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PREFACE

v

Through experience we know only appearances ..., but not the modum noumenon ..., not
things as they are in themselves.

—Immanuel Kant

Could cancer be treated, perhaps cured, by targeting and effectively removing its
“cause”? A possible answer to this question is often as difficult to conceptualize as is the
very essence of this life-threatening disease. In this regard, a reductionist viewpoint
emphasizes properties of a “cancer cell” (1,2) or evolving and transformed clones of such
cells (3) , each of these entities typically equated with a “unit of malignancy.” On the other
hand, cancer can also be viewed as a heterogeneous “society” of freely interacting but
phenotypically altered cells and cell subpopulations. Each of such co-existing cell sub-
sets, in and of itself, does not define the malignant process as a whole, but rather such
definition is encoded in the (aberrant) functional interplay between its constituents (4).
An even more “holistic” approach invokes a contribution of deregulated host responses,
which either fail to control the “spontaneous” emergence of cancer cells (e.g., immunity)
(5), or become subverted by the latter to support unrestricted tumor growth, invasion, and
metastasis (e.g., angiogenesis) (6). In the latter instance, the vascularized, multicellular
conglomerate involving both transformed and nontransformed (stromal) cells could be
viewed as a different type, more complex tumorigenic “unit” (1,7). Could these vastly
diverse concepts accommodate a common denominator, a unifying “causal” influence
that drives multifaceted pathological processes and is responsible for the multitude of
clinical manifestations of malignancy? Could such influence(s) be controlled therapeu-
tically?

Breathtaking developments in cancer genetics over the last two to three decades seem
to suggest that the answer to this crucial question may be affirmative. Indeed, intrinsic
genetic lesions in cancer cells are now thought to be the primum movens behind expres-
sion of all major “hallmarks of cancer” (1), including formation of the vascular tumor
stroma. In this sense, “cancer-causing” mutant genes are ultimately responsible for the
development and progression of the malignant disease as we know it (2). It is, of course,
possible that such overt genetic changes are preceded by more subtle epigenetic events
affecting tissue or cellular homeostasis. It is also possible that the “cancer-causing”
effects of mutant genes may be either direct or indirect in nature. Nevertheless, once they
occur, the biological impact of “broken genes” transcends cellular boundaries, and ema-
nates into the local and systemic realms of cancer-associated pathology.

Up to seven independent genetic “hits” are thought to be associated with development
and progression of an overt malignant tumor (8). However, recent studies suggest that
abnormal expression of only three genes might be sufficient, at least in some cases, for
a complete conversion of normal human cells into their cancerous counterparts (9).
Incidentally, all three of the “cancer-causing” genes implicated in such a process (i.e.,
H-ras, hTERT, SV40-LT) are known to induce “gain-of-function” type changes and
thereby could be traditionally classified as dominant acting, transforming oncogenes
(1,2). Moreover, inactivation of even a single oncogene (e.g., mutant ras) in the context



of a full-blown malignant tumor in vivo, can result in profound growth inhibition and/or
tumor regression (10,11). Thus, despite a multitude of genetic and epigenetic influences
and complexities associated with tumor formation, at least in some cases, sustained
expression of certain oncoproteins is clearly functionally important, nonredundant, and
virtually indispensable for continued tumor growth and “maintenance” (10,11). Indeed,
it is difficult to formulate a better definition of an (almost) ideal therapeutic target.

In recent years, oncogenes have attracted a great deal of interest as prospective mo-
lecular targets for anticancer therapy. The tremendous amount of work and thought that
went into exploration of this concept culminated in the recent FDA approval of at least
two oncogene-targeted anticancer agents—Herceptin/trastuzumab and STI571/
Gleevec—with several other compounds and approaches still in the “pipeline.” All of
these efforts hold great promise, but there are also challenges ahead. These challenges
have to be fully understood to be properly met in the future. For these various reasons,
it is difficult to imagine a more appropriate time for the publication of a comprehensive
overview on Oncogene-Directed Therapies. In the past, cancer research and cancer
treatment, although motivated by similar long-term goals and objectives, have been
developing along somewhat different trajectories influenced by their respective focus on
either current or future challenges in dealing with human malignancies. In 2002, we can
claim with some degree of credibility that with regards to the rational, causality-based,
scientifically sound cancer treatment, “the future is now.” The advent of new Protein
Kinase Inhibitors (PKI), Farnesyltransferase Inhibitors (FTIs), and other types of “anti-
oncogenic” signal transduction antagonists heralds a significant change in the practice of
oncology by bringing together the results of basic, translational, and clinical research. It
continues to be a fascinating pursuit and many more potential targets for oncogene-
directed therapies still remain unexplored (Table 1).

Although the nominal focus of this book is on targeting oncoproteins, it is important
to realize that traditionally, antithetical concepts of “oncogenes” and “tumor suppressor
genes” are gradually being replaced by more sophisticated models in which cellular
transformation and tumor progression can be explained more accurately by analysis of
interactive molecular circuitry involving protein products of both types of genes. We
attempted to highlight this conceptual shift in this book.

Oncogene-Directed Therapies is a result of the concerted effort of a number of devoted
individuals who have made significant contributions to this promising field of cancer
research. The content of the book is composed in such a way as to give readers a balanced
blend of fundamental science, basic research, experimental therapeutics, and early clinical
experiences. The first section (Chapters 1–7) is devoted to the “concept” of an oncogene
and oncogenesis. The reader will be presented with a series of up-to-date overviews on
“how” and “why” certain proteins can acquire the ability to transform eukaryotic cells, and
under what conditions. The many mechanisms, pathways, and complexities of the cell
transformation process will be the main themes of this section. Chapters 8–13 are meant
to introduce the crucial biological consequences of the oncogenic transformation, particu-
larly for cellular mitogenesis, survival, differentiation, migration, proteolysis, or angio-
genic competence. This is meant to open the discussion on how oncogene-directed therapies
may work to obliterate essential elements of cancer pathogenesis. Chapters 14–22 are
devoted to premises, principles, techniques, and approaches to oncogene targeting in vari-
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ous types of human cancer by using signal transduction inhibitors, immunological target-
ing methods, and/or antisense gene therapy. These chapters also review the results of
preclinical and clinical testing of some of the most advanced therapeutic agents already
developed (e.g., Gleevec, Herceptin, IMC225). It is also noteworthy that inhibition of
oncoprotein activity could sensitize cancer cells to more traditional forms of anticancer
therapy (e.g., radio- or chemotherapy) and, possibly, to inhibitors of angiogenesis. There-
fore, oncogene targeting agents are likely to be used not instead of, but rather in addition
to, already established treatment modalities. The discussion on each of these subjects is
supported by an extensive survey of the relevant literature, providing a resource to those
seeking more detailed information.

Many individuals have made their mark on this book and deserve thanks and gratitude.
In particular, I am deeply indebted to all the contributors to this volume for their outstand-
ing work and cooperation, to the publisher for a great deal of patience, to my colleagues,
particularly Drs. Petr Klement and Jeffrey Weitz, for their encouragement and support,
to my daughter Anna and wife Dana for their forgiveness and help, as well as to my
mother Stanislawa for pretty much everything.

I would like to include another personal note. While this volume was in preparation,
someone posed to me the following question: Why would an expert in a particular field
of research contribute a book chapter these days? Why would such an individual risk the
somewhat longer publication cycle and forgo the instant relief and gratification of much

Preface vii

Table 1

Functional Classification of Oncoproteins [adapted from R. Hesketh (12)].

Oncoproteins Biological  functions Examples

Class 1 Growth factors HSTF1, INT2, PDGFB/SIS, WNT1-3
Class 2 Tyrosine kinases HER-2/NEU, EGFR, ABL-1, TRK, SRC,
Class 3 Non-kinase receptors MAS, MPL
Class 4a Membrane G-proteins H-RAS, K-RAS, N-RAS, TC21, G�12

, G�13
Class 4b Guanine nucleotide exchange SDC25, OST

proteins
Class 4c RHO/RAC binding proteins BCR, DBL, TIAM1, VAV, TIM, ECT2
Class 5 Cytoplasmatic protein serine BCR, MOS, RAF, PKC , CLK, TPL-2

kinases
Class 6 Protein series, threonine AKT1, AKT2, STY

(and tyrosine)  kinases
Class 7 Cytoplasmatic regulators BCL1, CRK, NCK, PEM, ODC1
Class 8 Cell cycle regulators INK4A, INK4B, INK4C, CyclinD1, CDC25
Class 9 Transcription factors ETS, JUN, FOS, MYC, REL, TAL-1, E2F1
Class 10 Transcription elongation ELL

factors
Class 11 Intracellular membrane BCL2

factors
Class 12 Nucleoporins NUP98, NUP214
Class 13 Adapter proteins SHC
Class 14 RNA binding proteins EWS

(Translation factors) (eIF-4E)
Class 15 Unknown function MEL, MAF, DAN, DLK, LBC



faster publication in a scientific journal? My experience, with this book and otherwise,
has taught me that scientists who agree, or else can be persuaded, to write a book chapter
are a different breed. Perhaps these are the people who believe that in today’s reality often
illuminated by limelights of scientific “fashion,” flashes of information snapshots, and
the glow of ever changing research headlines, something qualitatively different is also
needed. Working on a book inherently entails a more collegial process and results in
something more lasting, more complete and comprehensive, and perhaps more mature
than the “last minute” research report. Books are more about ideas and directions than
about “hot” results. We hope that Oncogene-Directed Therapies will possess at least
some of these lasting qualities and that it will help to accurately reflect the emerging new
“climate” in oncology. We believe such understanding will benefit academics, students,
physicians, and ultimately, the patients.

Janusz Rak
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1. INTRODUCTION

The current paradigm for the development of cancer is that it is a genetic disease,
with the malignant phenotype resulting from an accumulation of genetic alterations.
This model was first postulated by Cavenee et al. (1) and further developed by Fearon
and Vogelstein (2). In the simplest situation of a hematologic neoplasm, such as
chronic myeloid leukemia (CML), neoplasia arises as a direct result of the formation of
the Philadelphia chromosome (1). This primary aberration is observed recurrently in
CML, and the onset of the more aggressive acute phase of the disease is usually her-
alded by the acquisition of secondary chromosomal changes (3). Many hematologic
neoplasms and sarcomas are characterized by the presence of consistent primary chro-
mosomal rearrangements. However, for most carcinomas, a more complex pattern of
acquisition of genomic aberration takes place. An advanced carcinoma may have
undergone multiple genetic alterations involving both simple mutations in tumor sup-
pressor genes and oncogenes, as well as extensive karyotypic aberrations. Genetic
changes are accompanied by a spectrum of phenotypic changes, and, as the number of
genetic aberrations increases, there appears to be a more marked histologic phenotype.
Through studies of colon cancer, we understand that colorectal neoplasia arises as a
result of the mutational activation of oncogenes coupled with the mutational inactiva-
tion of tumor suppressor genes (for a review see ref. 2). It is believed that the total
number of genetic changes, rather than the sequence in which they occur, is a primary

3

From: Oncogene-Directed Therapies
Edited by: J. W. Rak © Humana Press Inc., Totowa, NJ

1 Genetic Basis of Cancer Progression

Susan J. Done, MA, MB, BCHIR, PHD, FRCPC

and Jeremy A. Squire, PHD

CONTENTS

INTRODUCTION

DETECTION OF GENETIC PERTURBATIONS IN THE

DEVELOPMENT OF CANCER

EVIDENCE IN SUPPORT OF GENETIC MODELS OF

CANCER PROGRESSION

DEVELOPMENT OF THE GENETIC MODEL OF

CANCER PROGRESSION

SUMMARY

REFERENCES



factor in the development of malignancy. Vogelstein and coworkers found that at least
five distinct genetic events were required for colon cancer to develop (2). In this malig-
nancy, the specific genetic changes that lead to the production of invasive carcinoma
have been clearly identified: the combination of adenomatous polyposis coli (APC)
gene mutations; methylation status alterations; K-ras mutations; DCC (deleted in colon
cancer) gene mutations; and p53 mutations. Invasive carcinoma has more genetic alter-
ations than a benign lesion like an adenoma, and, in turn, an adenoma has more genetic
alterations than histologically normal epithelium (Fig. 1). This particular model has
guided much of our current thinking about how cancer arises.

Alterations in specific normal cellular functions appear to be prerequisites for malig-
nancy to develop: lack of a requirement for outside growth signals, loss of sensitivity to
growth inhibitory signals, avoidance of apoptosis, failure to repair DNA damage appro-
priately, and limitless replicative potential. In addition, tumor cells require the ability to
establish a blood supply and the ability to invade and metastasize (4). Genes altered in
cancer cells can broadly be divided into two groups, oncogenes and tumor suppressor
genes (see Chapter 6). Although many oncogenes are involved in the control of normal
growth and development, a persistent high level of oncogene activation in cancer cells
results in uncontrolled growth. Tumor suppressor genes act in the opposite direction to
prevent uncontrolled growth, and it is their inactivation that allows cancer to develop.
The activation and inactivation of these genes can occur in a variety of ways, including
mutation, loss of chromosomal material, and transcriptional up-regulation or silencing.
Normal somatic cells are dependent on external stimuli to control cell cycle check-
points. Cells become committed only toward the end of the G1 phase of the growth
cycle. Multiple proteins exert positive and negative regulatory influences on a family of
cyclin dependent kinases (cdks)(5). Any disturbance of this interplay can result in
unchecked proliferation.

New techniques used in the study of in vitro and in vivo models of cancer have
shown the tremendous complexity of these genetic alterations, although distinct sys-
tematic patterns are beginning to emerge. Evidence in support of the Vogelstein model
comes from a variety of sources, including analysis of chromosomal alterations,
methylation analysis of tumor DNA, and the study of mutations of known oncogenes,
tumor suppressors, and mismatch repair genes. The extraordinary success in the under-
standing of the genetic basis of progression of complex tumors, such as colon cancer,
has been a direct result of an increasing number of sensitive assays capable of screen-
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Fig. 1. Genetic changes associated with progression in colon cancer (modified from ref. 2).



ing and analyzing tumors for consistent genomic alteration. In this chapter, we will
review some of the key technologies that have improved our understanding of genetic
perturbations in tumors, and will then review some of the evidence supporting current
models of cancer causation and progression and recent developments in this area.

2. DETECTION OF GENETIC PERTURBATIONS IN THE
DEVELOPMENT OF CANCER

Advances in techniques for the analysis of genetic material have fueled improve-
ments in our understanding of the genetic basis of cancer. Studies have shown an
increasing number of genetic aberrations accompany the development of cancer. The
first techniques to be developed were for the study of whole chromosomes. Techniques
evolved to allow the study of segments of DNA and, more recently, to study DNA of
the whole genome.

2.1. Cytogenetics
Karyotyping was one of the first techniques employed to study chromosomal alter-

ations in human cancers. With the ability to see inside cells and visualize their chromo-
somes, came the recognition that certain consistent patterns of chromosomal
alterations could be found in particular tumors. One of the first consistent chromoso-
mal alterations to be detected was the translocation between chromosomes 9 and 22,
t(9;22), called the Philadelphia chromosome (Fig. 2), which is seen in CML. This
translocation brings the oncogenes BCR and ABL together. The BCR/ABL protein
product has elevated tyrosine kinase activity and phosphorylates many cellular sub-
strates (6). Karyotyping has proven very helpful for diagnosis in several other
leukemias and lymphomas, where recurrent well-defined translocations have been
found. However, traditional karyotyping methods, such as Geimsa (G)-banding, have
been less successful in many types of solid tumors, since it is difficult to prepare good
quality metaphase chromosomes, and the results are often complex and ambiguous.

2.2. Fluorescence In Situ Hybridization
Cancer cytogenetics has become more accessible as fluorescence in situ hybridiza-

tion (FISH) has been applied systematically (7). Specific FISH probes can assay for
subtle chromosomal changes that would have been impossible to detect by conven-
tional G-banded analysis. Target preparations for FISH analysis include metaphase and
interphase cells derived from standard cytogenetic preparations as well as archived for-
malin-fixed paraffin-embedded (FFPE) histological material and fixed cytological
preparations. To detect gene amplifications, translocations, or microdeletions, there are
a number of commercial unique sequence gene probes that can readily identify recur-
rent chromosomal aberrations. FISH is one of the techniques used clinically to detect
increased copy number of Her2/neu in breast cancer and c-myc in neuroblastoma.
Amplification of Her-2/neu, also known as c-erbB-2, has been found in several solid
tumors, most notably breast. Amplification of this oncogene appears to correlate with
poor prognosis in some patients and predicts response to chemotherapy (8). With the
recent introduction into the clinic of the humanized monoclonal antibody directed
against HER-2/neu protein (Herceptin trastuzumab), there has been an increased need
for assessment of HER-2/neu status as only those with amplification (usually measured
by FISH) or overexpression (usually measured immunohistochemically) are believed
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to respond (9). In neuroblastoma, a solid tumor of childhood, the myc oncogene may be
amplified. Amplification of myc can be seen by FISH as extrachromosomal material
(Fig. 3) with the number of copies present having prognostic value (10).

Useful probes for detecting terminal rearrangements are the telomere-specific
probes. Whole chromosome-specific paint probes can be very helpful for confirming
the identity of rearrangements in which G-banding has proved inconclusive. Recently,
some sensitive and highly specific screening FISH techniques utilizing differentially
labeled chromosome-specific paints (11) have been developed. These allow the full
chromosome complement to be analyzed to identify unknown karyotype aberrations.
Increasingly, the use of multicolor FISH painting techniques (called spectral karyotyp-
ing [SKY] or multicolor FISH [M-FISH]) is proving invaluable as a general cytoge-
netic screening method to detect the more complex classes of chromosomal
rearrangements that characterize the karyotypes of advanced malignancies.

2.3. Comparative Genomic Hybridization
Comparative genomic hybridization (CGH) is a technique that allows gene copy

number comparison between two genomes (Fig. 4a). One of the chief advantages of
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Fig. 2. Example of a G-banded karyotype derived from a patient with CML showing the transloca-
tion between chromosomes 9 and 22 (arrowed) leading to the production of the small Philadelphia
chromosome.



CGH is that it is only necessary to obtain DNA from a tumor to derive cytogenetic
information concerning genomic imbalances. This means that DNA collected over
many years can be used for retrospective CGH analysis. In typical experiments,
labeled DNA fragments from the tissue of interest are used to probe normal
metaphase chromosomes competitively against normal DNA fragments labeled with
a different colored fluorochrome. CGH offers the advantage of allowing a whole
genome scan in one experiment. However, the benefit of gaining a whole genome
overview comes at the cost of resolution. The smallest region of gain or loss that can
be detected is 5–10 Mb of DNA. Although, when high copy number amplification
(>10-fold) is present, it is possible to detect changes in the order of a few hundred
kilobases of DNA. The development of strategies that allow the CGH analysis of
FFPE tissues has increased the types of lesions amenable to analysis. Unfortunately,
several hundred nanograms of DNA are needed. For high quality CGH, the labeled
probes need to be 0.5–3 kb; thus, the starting material should contain a large propor-
tion of high molecular weight DNA fragments (4–20 kb). Whole genome amplifica-
tion methods, such as degenerate oligonucleotide-primed polymerase chain reaction
(DOP-PCR), primer-extension preamplification PCR (PEP-PCR), and improved
PEP-PCR (I-PEP-PCR) are making CGH possible using much smaller microdis-
sected samples (12). CGH analysis is being increasingly applied to microarray tar-
gets to overcome the resolution limitations of metaphase chromosome targets.

Chapter 1 / Genetic Basis of Cancer 7

Fig. 3. Example of FISH analysis of a neuroblastoma cell line with 50 copies of the N-myc onco-
gene. In the panel, one metaphase cell has a large homogeneously staining region (HSR) exhibiting
multiple yellow signals as a result of N-myc FISH. In the two interphase nuclei, the HSR generates a
large speckled yellow domain in each nucleus as a result of N-myc amplification.
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2.4. Loss of Heterozygosity
Loss of heterozygosity (LOH) analysis is used to study and localize genetic alter-

ations in human cancer. As loss of a portion of a chromosome is one mechanism of
inactivation of a tumor suppressor gene, LOH studies have been used to pinpoint the
positions of tumor suppressor genes (1). A large number of chromosomal loci can be
studied by assembling a panel of microsatellite markers (di-, tri-, or tetra nucleotide
repeats in noncoding regions) and reactions can be multiplexed. This technique has
been popular because selection of primer pairs amplifying short fragments of the order
of 150–300 bp has allowed the study of FFPE tissues. If an individual has inherited
detectably different genomic fragments from each of their parents, and one fragment is
absent in tumor tissue or lesional tissue from this individual, the tumor or lesion is said
to exhibit LOH. Although there are several methods of measuring LOH, the term usu-
ally refers to the study of PCR-amplified highly polymorphic genetic markers (13).
Sites for study are chosen that have a high frequency of heterozygosity, i.e., there are
many alleles at a selected locus, such that there is a high likelihood that an individual
will inherit alleles of different lengths from each parent. Having determined that an
individual is informative at a selected locus, i.e., they possess two alleles of different
lengths when normal tissue is studied, one can then study lesional tissue. LOH is said
to exist if only one of the two alleles can be detected in the lesional tissue, or there is
loss of intensity of one of the alleles below a predetermined threshold. A difference in
intensity could reflect differential amplification of one allele over the other rather than
complete loss. For this reason, some investigators prefer the term “allelic imbalance”,
as it is more strictly correct. In practice, LOH is the term that is more widely used and
encompasses either loss or amplification of one allele over the other.

2.5. Mutation Screening
Single-strand conformation polymorphism (SSCP) is a commonly used technique

for screening for mutations in cancer genes (14). This technique detects regions with
various types of DNA changes, including single base substitutions. It relies on the

Chapter 1 / Genetic Basis of Cancer 9

Fig. 4. (a) Example of CGH using DNA derived from a neuroblastoma. Note the intense small area
of green signal on the short arm of chromosome 2 (arrows) resulting from N-myc gene amplification,
in contrast to the red signal generated on most of the long arm of chromosome 6 (arrow heads) caused
by deletion of part of this chromosome. To the left of this panel are profiles from chromosomes 1
(upper), 2 (middle), and 6 (lower). When the yellow trace of red:green ratio is present close to the
green line, it indicates gain. If it is in between the red and green lines, there is no net DNA imbalance
in the tumor, and if the trace moves to the red line, then DNA loss or deletion is indicated. In these
examples, most of chromosome 1 is gained. There is high copy number amplification in the region
containing N-myc, and most of the long arm of chromosome 6 is deleted. (b) Microarray analysis of
prostate cancer gene expression using tumor RNA with reference to RNA derived from normal
prostate tissue. In this analysis, cDNAs were differentially labeled with Cy5 and Cy3 fluorophores,
respectively, and hybridized to a human cDNA microarray. For a list of the cDNA collection used for
this array and protocols used for array construction, please refer to the University Health Network
Microarray Centre Web site (http://www.uhnres.utoronto.ca/services/microarray). Differential gene
expression can be recognized as duplicate spots showing strong green (inset upper left) or red inten-
sity signals (inset lower right).



property of single-stranded DNA, having a tendency to adopt complex conformational
structures stabilized by weak intramolecular hydrogen bonds. When a mutation is pre-
sent in the DNA, it will affect the conformation of that sequence and will result in a dif-
ferent electrophoretic mobility relative to the wild-type sequences, typically referred to
as “shifts”.

Another useful screening technique for detecting mutations in DNA is heteroduplex
analysis. This method identifies mismatched bases formed when complementary
strands of a mutant and its normal sequence are allowed to hybridize to form a double-
stranded heteroduplex molecule (14). This PCR-based technique can detect single base
substitutions in a large tract of DNA; however, owing to its efficiency and simplicity, it
has been more widely used in the detection of nucleotide insertions and/or deletions in
heterozygous individuals. Heteroduplex formation is carried out by subjecting PCR
products to heat denaturation, during which PCR molecules are separated into their
single-stranded forms, followed by a cooling down step where single-stranded mole-
cules reanneal to form double-stranded molecules. Compared to homoduplex mole-
cules, where base pairing between the strands is complete, the mismatched
heteroduplex molecules migrate much more slowly in polyacrylamide gels owing to
their shape, thus, enabling the detection of mutations. Since both heteroduplex analysis
and SSCP do not provide information about the nature of the change found, DNA
sequencing must be performed on the abnormal regions of the gene to determine the
nature of the mutation.

2.6. Methylation, Imprinting, and Epigenetics
Alterations in DNA methylation are widespread in cancers. Evidence is now accu-

mulating that methylation changes may occur progressively during carcinogenesis
(15). In addition, differential methylation can be associated with the natural process of
transcriptional silencing of alleles of specific genes, in a process termed genomic
imprinting. Often, the genes that appear to be imprinted are growth factors or are
involved in growth control, and there are several examples of loss of imprinting associ-
ated with specific types of tumors. To detect genomic DNA that is differentially methy-
lated or imprinted, it is common to use methylation-dependent restriction endonuclease
digestion and Southern analysis. Methylation and imprinting can also be associated
with alterations to the overall chromatin structure in large domains of genomic DNA
encompassing several hundred kilobases of DNA. It is probable that more sensitive
assays capable of scanning these intriguing regions of the genome will soon be avail-
able. DNA methylation of promoter-associated CpG islands is an alternate mechanism
to mutation in silencing gene function and has been shown to affect tumor-suppressor
genes, such as p16 and RBI, growth and differentiation controlling genes, such as
IGF2, and many others (16).

2.7. Microarrays
Prospects for whole genome scanning in the future lie with microarrays. The devel-

opment of microarrays comprising hundreds or thousands of different cDNAs, bacter-
ial artificial chromosomes (BACs), or oligonucleotides dotted onto glass slides is
allowing analysis of gene expression patterns (17), sequence analysis (18), and com-
parative genomic hybridization (19) (Fig. 4b) on a vastly greater scale than has been
possible before. It will be possible to simultaneously analyze samples for hundreds of
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separate parameters, allowing for a much richer understanding of gene interactions.
The challenge is now to develop statistical approaches that will permit us to make
sense of the vast amounts of data that this technology will generate. In addition, tissue
arrays have also been developed that allow as many as 1000 cylindrical tissue biopsies
(of diameter of 1 mm or less) from individual FFPE blocks, to be placed into a single
paraffin block. This enables the parallel analysis of in situ DNA, RNA, and proteins in
histologically defined tissue (20).

2.8. Tissue Microdissection
Improvements in PCR technologies have allowed the analysis of smaller and smaller

amounts of starting template. This has permitted the study of genomic material in sin-
gle cells or groups of cells. Initially, tissue microdissection was performed by excavat-
ing material from paraffin-embedded tissue blocks. However, owing to the destructive
nature of this technique, methods have been developed to allow study of samples dis-
sected from standard tissue sections of the order of 5 µm thick. Depending on the size
of the lesion of interest, the tissue can be removed by either manual microdissection
using a stereomicroscope or, for smaller lesions, a laser-capture microdissection
(LCM) system can be used. In one of the most widely used LCM systems, a cap coated
with adhesive material is placed directly over the lesion of interest. Firing of a laser
beam through the tissue melts the tissue to the cap allowing precise removal of the
lesion (21) for genetic analysis of DNA, RNA, and/or protein.

3. EVIDENCE IN SUPPORT OF GENETIC MODELS OF 
CANCER PROGRESSION

Evidence in support of the genetic basis of cancer comes from a variety of sources
(reviewed in ref. 4). Many years ago, it was recognized that most carcinogens are
mutagens. Later studies showed that the susceptibility to certain carcinogens is depen-
dent on the ability of particular cellular enzymes to convert them to the DNA damaging
mutagenic form. Additional support is found in the study of situations of increased
DNA damage, including aging and exposure to radiation. Defects in DNA repair
increase the probability of an individual developing cancer, and acquired mutations in
DNA repair proteins are found in some classes of tumors. Ionizing radiation is capable
of causing both single- and double-strand breaks in DNA. Studies of atomic bomb sur-
vivors in Hiroshima and Nagasaki (22) have shown an increased incidence of cancer,
suggesting that increasing the frequency of genetic alterations shifts the incidence
curve. Following radiation, an increase in mutation rate can be seen in the next genera-
tion in both germline and somatic cells (23). Consistent genetic alterations observable
at a karyotypic level in specific tumors, provides strong evidence in support of the
genetic basis of cancer (3). The most direct evidence is the strong association between
the presence of somatic mutations in cellular oncogenes and tumor suppressor genes.

Additional evidence in support of the model of cancer resulting from an accumula-
tion of genetic events comes from age incidence data of cancer (24). Most common
cancers, e.g., lung, breast, and colon, become increasingly common to age 80. This
age-dependence is to be expected if the genetic perturbations that lead to cancer are
considered as stochastic events. With an increasing amount of time, an increasing num-
ber of events will occur.
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3.1. Familial Cancer
Some of the most convincing evidence in support of a genetic model of cancer

development comes from studies of familial cancer syndromes. The genetic basis of
many inherited cancer syndromes has been elucidated and is listed in Table 1. Familial
cancer tends to occur at an earlier age, consistent with some of the key alterations
being present at birth and, thus, less somatic genetic alterations being required for its
development. Familial tumors are more likely to be multiple, consistent with the sto-
chastic model of disease progression. As one of the key transformative genetic events
has already occurred, there is an increased risk for tumor development. Various
approaches are being taken to discover genes that play a role in the development of
cancer. One approach is to study the inheritance patterns in families that have a higher
frequency of cancer than would be expected from the general population risk. Con-
founding this approach is the fact that tumors in inherited cancer syndromes can also
be found in sporadic cases. In the past, linkage analysis was used to identify affected
individuals within familial cancer kindreds. More recently, many of the genes responsi-
ble for these syndromes have been identified, allowing the delineation of the specific
mutation present within a family.

One of the first familial cancers to be studied was retinoblastoma. Retinoblastoma is an
eye tumor of young children, caused by inactivation of the retinoblastoma (RB) gene on
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Table 1
Genes Involved in Inherited Cancer Syndromes (42,43)

Syndrome Gene

Retinoblastoma RB1
Li Fraumeni p53
Wilm’s tumor WT1
Neurofibromatosis type 1 NF1
Neurofibromatosis type 2 NF2
Von Hippel Lindau VHL
Multiple endocrine neoplasia type 1 MEN 1
Multiple endocrine neoplasia type 2 MEN 2(ret)
Cowden syndrome PTEN
Breast cancer BRCA1, BRCA2
Familial adenomatous polyposis APC
Dysplastic nevus syndrome p16 (CDKN2A)
Gorlin-Goltz syndrome PTC
Tuberose sclerosis TSC1, TSC2
Juvenile polyposis SMAD4
Familial gastric cancer E-cadherin
Peutz-Jeghers syndrome LKB1
Xeroderma pigmentosa XP-A to G
Ataxia telangiectasia ATM
Bloom syndrome Helicase gene
Hereditary non-polyposis colon cancer hMSH2, hMLH1, hPMS1, hPMS2, hMSH6

(Lynch) syndrome
Werner syndrome RNA helicase gene
Fanconi’s anemia FAA, FAC, FAD



13q14. In 40% of individuals, mutations are inherited in an autosomal dominant fashion
with a penetrance of 90–95%, and the remaining approx 60% of children have sporadic
tumors. From the work of Alfred Knudson on hereditary retinoblastoma, we understand
that in order to develop, a cancer must have lost both copies of the relevant tumor sup-
pressor gene either by mutagenesis, deletion of a small region, or loss of a chromosomal
arm (25). Based on Knudsen’s “two hit hypothesis” of tumorigenesis, it is plausible that
after inactivation of one allele of a tumor suppressor gene by mutation, the other may be
lost through genomic deletion. Indeed, it was recognized, when cytogenetic analysis was
first applied to both heritable or sporadic retinoblastoma tumors, that 70% of tumors have
undergone karyotypic deletions or LOH affecting band 13q14 (1). This observation led to
the molecular mapping and cloning of the RB gene, permitting a better understanding of
how tumor suppressor genes function. Significantly, RB mutations were found not only in
retinoblastoma tumors, but also as acquired mutations in diverse tumor types. The
retinoblastoma protein is intimately involved in cell cycle control, and it appears to be fre-
quently subject to mutation as part of cancer progression.

Studies of large breast cancer kindreds by linkage analysis and positional cloning,
led to the discovery of two familial breast cancer genes, BRCA1 and BRCA2. Together,
germline mutations in these two genes account for a significant proportion of familial
breast cancer. Female mutation carriers have a lifetime breast cancer risk of 60–80%
and tend to develop breast cancer at a younger age. Germline mutations in BRCA1 have
been found in 60–80% of women with a family history of both breast and ovarian can-
cer (26). BRCA1 and BRCA2 are large genes, and many different inherited mutations
have been described throughout the genes (27). Recurrent mutations have been
described in particular populations. Inherited mutations in BRCA2 typically give rise to
breast cancer (male as well as female), although prostate, pancreas, and ovarian cancer
have also been reported (28). A germline defect in BRCA1 or BRCA2 is usually fol-
lowed by LOH of the wild-type allele (seen in about 85% of informative tumors), sup-
porting their role as tumor suppressor genes (29). In contrast to RB, the role of BRCA1
and BRCA2 in sporadic breast cancer remains unclear. This is perhaps reflective of the
number of genetic events that need to occur for a breast carcinoma to develop, as com-
pared to a tumor with its origin in an embryonal tissue such as retinoblastoma (30).

4. DEVELOPMENT OF THE GENETIC MODEL 
OF CANCER PROGRESSION

4.1. Preinvasive/Field Effect
Early stages in cancer development may not be observable in terms of tissue

changes. There is growing evidence that genetic alterations often precede phenotypic
changes. For example, mutations in the p53 tumor suppressor gene have been
described in benign breast tissues (31). Molecular alterations have been noted in histo-
logically normal epithelium surrounding invasive breast cancer, suggesting that the
tumor arose from a field or zone of epithelium containing genetic alterations (32). For
these alterations to be detectable, they must be present in a substantial number of cells.
As the same alteration is present in a group of cells, it most likely arose from a single
cell and, thus, represents a clone that has propagated. Therefore, even lesions that have
previously been considered benign can be clonal and, hence, neoplastic. These studies
are forcing a reevaluation of the definitions of neoplasia and malignancy.
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4.2. Aging, Telomere Erosion, and Genomic Instability
As discussed previously, the incidence of cancer is strongly associated with age. It

was, thus, of great significance when it was recognized that age-dependent telomere
erosion may lead to genomic instability and tumorigenesis. Telomeres are specialized
stabilizing structures at chromosome ends, whose shortening with each replication is
thought to serve as a mitotic clock in humans, defining the number of divisions a cell
can go through before it reaches senescence. Bypass of senescence, leads to critical
telomere shortening (“crisis”), resulting in genomic instability including formation of
dicentrics, ring chromosomes, bridge-breakage-fusions, and aneuploidy. Abrogation
of crisis and immortalization has been linked in many cell systems to the process of
tumorigenesis. Cells from primary tumors have, in general, shorter telomeres than
normal counterpart somatic cells, reflecting a greater number of cell divisions these
cells undergo prior to reactivation of telomerase. Telomerase, an enzyme that elon-
gates telomeric ends, is inactive in differentiated tissues, but its presence can be
detected in germ and stem cells as well as in over 80% of cancers. In cancer cells, it
maintains a minimal telomere length required for indefinite cell proliferation. There
are some examples of the importance of telomerase activity and cancer progression.
In neuroblastomas with high telomerase activity, other genetic changes (e.g., N-myc
amplification) and an unfavorable prognosis have been observed, whereas tumors
with low telomerase activity have acquired less genetic alterations and have a more
favorable prognosis (33).

4.3. Gatekeepers and Caretakers
It appears that most tumor suppressor genes can be broadly divided into two groups

that have been termed “gatekeepers” and “caretakers” (34). Gatekeepers are, in gen-
eral, genes that directly regulate the growth of tumors by promoting apoptosis. Loss of
function of both alleles of a gatekeeper, such as RB, is required to produce tumors. In
contrast, inactivation of caretakers does not directly promote growth of tumors. Rather,
loss of caretaker function leads to genomic instability, which indirectly promotes
tumor growth by increasing the somatic mutation rate in the developing tumor. We
probably have more knowledge of gatekeeper function in tumorigenesis at present, but
there is increasing interest in understanding cellular processes that control genomic
integrity during tumor progression.

It has recently been proposed that cancer can develop by two distinct pathways:
chromosomal instability (CIN) or microsatellite instability (MIN). MIN appears to
play a role in the development of a proportion of familial colon cancers. Defects in
mismatch repair genes result in errors in DNA replication being propagated. CIN may
be more important in the development of most human cancers. The basis for CIN is not
yet clear, but could be owing to mutations in cell cycle control genes, genes involved in
spindle formation, chromosome stability genes, or defects in the centrosome, which
lead to abnormal cell division and chromosome missegregation (35,36).

In colon cancer, individuals with the familial type of disease, tend to develop tumors
at an earlier age and show increased rates of multiple tumors. Inherited tumors have
been found to be owing to defects in mismatch repair genes. Mutations accumulate
because of uncorrected misalignments between template and daughter DNA strands
during replication. Errors occur particularly during replication of repetitive sequences.
This phenomenon is termed microsatallite instability (MIN). Defects in these genes are
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diagnosed clinically by the analysis of a panel of microsatellite markers. Amplified
fragments differ in length in affected individuals.

One of the most frequently altered genes in human cancer is the tumor suppressor
gene, p53. p53 is a negative regulator of cell growth, and loss of p53 function results in
failure to undergo apoptosis and increased cell proliferation (37). Many functions have
been proposed for p53, including transcriptional activation and repression, non-tran-
scriptional activation of apoptosis, signal transduction, and a role as a replication fac-
tor. Cellular stressors, such as cytokines, hypoxia, genotoxic damage, and metabolic
damage, activate p53 to produce coordinated responses, resulting in growth arrest,
apoptosis, or adaptation (38). p53 has been called the “guardian of the genome”,
because normal cell cycle arrest associated with DNA damage is altered in cells with
mutant p53, and DNA amplification of a reporter gene can occur up to several hundred-
fold in cells containing mutant p53 (39).

Alteration of certain key genes within the cell leads to the loss of normal homeosta-
tic controls of genetic material. Subsequent to this, more general genetic alterations
may occur, producing a wide range of diversity within the population of cells that make
up a tumor. Many of these secondary changes will make the cells unstable and, thus,
will be selected against. Only certain cells will acquire the genetic changes necessary
for invasion and metastasis, and it is these cells that will gradually comprise the bulk of
the tumor (40).

5. SUMMARY

The results from the application of new genetic and molecular biological tools con-
tinue to expand our understanding of the genetic basis of cancer progression. If the cur-
rent paradigm holds true, namely that cancer is a genetic disease with the malignant
phenotype resulting from an accumulation of genetic alterations, then in theory, it should
be possible to identify critical events in this pathway to invasion. With enhanced under-
standing will come the opportunity to diagnose tumors at earlier and potentially curable
stages and also help in the development of new therapeutic modalities, such as gene ther-
apy. Array technology seems likely to change the way we diagnose and treat cancer.
Molecular profiling of tumors (41) will produce very detailed portraits of individual
tumors. The genetic pathways thus identified will provide new information for more tar-
geted drug development and increased antineoplastic activity. This will allow more accu-
rate prognostic information to be given and also permit therapies to be customized.

REFERENCES
1. Cavenee WK, Dryja TP, Phillips RA, Benedict WF, Godbout R, Gallie BL, et al. Expression of reces-

sive alleles by chromosomal mechanisms in retinoblastoma. Nature 1983; 305:779–784.
2. Fearon ER, Vogelstein B. A genetic model for colorectal tumorigenesis. Cell 1990; 61:759–767.
3. Heim S, Mitelman F. Cancer Cytogenetics. 2nd ed. Wiley-Liss, New York, 1995.
4. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell 2000; 100:57–70.
5. Sandhu C, Slingerland J. Deregulation of the cell cycle in cancer. Cancer Detect Prev 2000;

24:107–118.
6. Sattler M, Griffin JD. Mechanisms of transformation by the BCR/ABL oncogene. Int J Hematol 2001;

73:278–291.
7. Blancato JK. Fluorescence in situ hybridization. In: Gersen SL, Keagle MB, eds. The Principles of

Clinical Cytogenetics. Humana Press, Totowa, 1999, pp. 443–472.
8. Yamauchi H, Stearns V, Hayes DF. When is a tumor marker ready for prime time? A case study of c-

erbB-2 as a predictive factor in breast cancer. J Clin Oncol 2001; 19:2334–2356.

Chapter 1 / Genetic Basis of Cancer 15



9. Schnitt SJ. Breast cancer in the 21st century: neu opportunities and neu challenges. Mod Pathol 2001;
14:213–218.

10. Minard V, Hartmann O, Peyroulet MC, Michon J, Coze C, Defachelle AS, et al. Adverse outcome of
infants with metastatic neuroblastoma, MYCN amplification and/or bone lesions: results of the French
society of pediatric oncology. Br J Cancer 2000; 83:973–979.

11. Bayani J, Squire J. Advances in the detection of chromosomal aberrations using spectral karyotyping.
Clin Genet 2001; 59:65–73.

12. Dietmaier W, Hartmann A, Wallinger S, Heinmoller E, Kerner T, Endl E, et al. Multiple mutation
analyses in single tumor cells with improved whole genome amplification. Am J Pathol 1999;
154:83–95.

13. Dracopoli NC. Current Protocols in Human Genetics. John Wiley & Sons, New York, 2001.
14. Ausubel FM, Brent R, Kingston RE, Moore DD, Seidman JG, Smith JA, et al. Current Protocols in

Molecular Biology. John Wiley & Sons, New York, 2001.
15. Baylin SB, Esteller M, Rountree MR, Bachman KE, Schuebel K, Herman JG. Aberrant patterns of

DNA methylation, chromatin formation and gene expression in cancer. Hum Mol Genet 2001;
10:687–692.

16. Feinberg AP. DNA methylation, genomic imprinting and cancer. Curr Top Microbiol Immunol 2000;
249:87–99.

17. DeRisi J, Penland L, Brown PO, Bittner ML, Meltzer PS, Ray M, et al. Use of a cDNA microarray to
analyse gene expression patterns in human cancer. Nat Genet 1996; 14:457–460.

18. Kozal MJ, Shah N, Shen N, Yang R, Fucini R, Merigan TC, et al. Extensive polymorphisms
observed in HIV-1 clade B protease gene using high-density oligonucleotide arrays. Nat Med 1996;
2:753–759.

19. Pollack JR, Perou CM, Alizadeh AA, Eisen MB, Pergamenschikov A, Williams CF, et al. Genome-
wide analysis of DNA copy-number changes using cDNA microarrays. Nat Genet 1999; 23:41–46.

20. Kononen J, Bubendorf L, Kallioniemi A, Barlund M, Schraml P, Leighton S, et al. Tissue microarrays
for high-throughput molecular profiling of tumor specimens. Nat Med 1998; 4:844–847.

21. Simone NL, Bonner RF, Gillespie JW, Emmert-Buck MR, Liotta LA. Laser-capture microdissection:
opening the microscopic frontier to molecular analysis. Trends Genet 1998; 14:272–276.

22. Ron E, Preston DL, Mabuchi K, Thompson DE, Soda M. Cancer incidence in atomic bomb survivors.
Part IV: Comparison of cancer incidence and mortality. Radiat Res 1994; 137(2 Suppl):S98–S112.

23. Dubrova YE, Plumb M, Gutierrez B, Boulton E, Jeffreys AJ. Transgenerational mutation by radiation.
Nature 2000; 405:37.

24. National Cancer Institute of Canada. Canadian Cancer Statistics 2001.
25. Knudson AG. Hereditary cancer, oncogenes, and antioncogenes. Cancer Res 1985; 45:1437–1443.
26. Nathanson KL, Wooster R, Weber BL, Nathanson KN. Breast cancer genetics: what we know and what

we need. Nat Med 2001; 7:552–556.
27. Gayther SA, Mangion J, Russell P, Seal S, Barfoot R, Ponder BA, et al. Variation of risks of breast and

ovarian cancer associated with different germline mutations of the BRCA2 gene. Nat Genet 1997;
15:103–105.

28. Goggins M, Schutte M, Lu J, Moskaluk CA, Weinstein CL, Petersen GM, et al. Germline BRCA2
gene mutations in patients with apparently sporadic pancreatic carcinomas. Cancer Res 1996;
56:5360–5364.

29. Arason A, Jonasdottir A, Barkardottir RB, Bergthorsson JT, Teare MD, Easton DF, et al. A population
study of mutations and LOH at breast cancer gene loci in tumours from sister pairs: two recurrent
mutations seem to account for all BRCA1/BRCA2 linked breast cancer in Iceland. J Med Genet 1998;
35:446–449.

30. Knudson AG. Hereditary cancer: two hits revisited. J Cancer Res Clin Oncol 1996; 122:135–140.
31. Millikan R, Hulka B, Thor A, Zhang Y, Edgerton S, Zhang X, et al. p53 mutations in benign breast tis-

sue. J Clin Oncol 1995; 13:2293–2300.
32. Deng G, Lu Y, Zlotnikov G, Thor AD, Smith HS. Loss of heterozygosity in normal tissue adjacent to

breast carcinomas. Science 1996; 274:2057–2059.
33. Hiyama E, Hiyama K, Yokoyama T, Matsuura Y, Piatyszek MA, Shay JW. Correlating telomerase

activity levels with human neuroblastoma outcomes. Nat Med 1995; 1:249–255.
34. Vogelstein B, Kinzler KW. The Genetic Basis of Human Cancer. McGraw-Hill, New York, 1998.
35. Cahill DP, Kinzler KW, Vogelstein B, Lengauer C. Genetic instability and darwinian selection in

tumours. Trends Cell Biol 1999; 9:M57–M60.

16 Section 1 / Basic Concepts in Oncogene Research



36. Cahill DP, Lengauer C, Yu J, Riggins GJ, Willson JK, Markowitz SD, et al. Mutations of mitotic
checkpoint genes in human cancers. Nature 1998; 392:300–303.

37. Elledge RM, Allred DC. The p53 tumor suppressor gene in breast cancer. Breast Cancer Res Treat
1994; 32:39–47.

38. Hall PA, Meek D, Lane DP. p53—integrating the complexity. J Pathol 1996; 180:1–5.
39. Davidoff AM, Humphrey PA, Iglehart JD, Marks JR. Genetic basis for p53 overexpression in human

breast cancer. Proc Natl Acad Sci USA 1991; 88:5006–5010.
40. Shackney SE, Shankey TV. Genetic and phenotypic heterogeneity of human malignancies: finding

order in chaos. Cytometry 1995; 21:2–5.
41. Liotta L, Petricoin E. Molecular profiling of human cancer. Nat Rev Genet 2000; 1:48–56.
42. Prime SS, Thakker NS, Pring M, Guest PG, Paterson IC. A review of inherited cancer syndromes and

their relevance to oral squamous cell carcinoma. Oral Oncol 2001; 37:1–16.
43. Lindblom A, Nordenskjold M. The biology of inherited cancer. Semin Cancer Biol 2000; 10:251–254.

Chapter 1 / Genetic Basis of Cancer 17





1. INTRODUCTION

Aneuploidy, the presence of numerical aberrations in chromosome complement, is
characteristic of the vast majority of epithelial solid tumors. This phenotype of human
cancer has been well described throughout the long history of careful microscopic and
karyotypic scrutiny of human tumors (1,2). More recently, this tradition has been com-
plemented by molecular and cellular analyses of tumor cell aneuploidy. These analyses
have shown that tumor cell aneuploidy is the result of a persistent chromosomal insta-
bility (CIN). In human cancer cells, CIN appears to be the manifestation of an intrinsic
defect in the chromosome segregation machinery. As a result of this defect, CIN drives
the continual generation of aneuploidy in human tumors. But what is the molecular
genetic basis, if any, for the CIN phenotype? Recent work has demonstrated that some
aneuploid cancers have alterations in mitotic checkpoint genes that affect their ability
to direct the appropriate segregation of chromosomes in cell division. Future work is
aimed at the identification of the genes involved in these processes that are altered in
human cancers.

2. WHY ARE HUMAN CANCERS ANEUPLOID?

Recent studies have shown that aneuploidy, or numerical aberrations in chromosome
complement, is seen at the earliest stages of tumor development (3–5). However, the
underlying reason why aneuploidy is observed early in tumor evolution is not yet clear.
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One theory (6,7) suggests that aneuploidy is the spontaneous and self-maintaining
result of catastrophic divisions early in tumorigenesis. According to this hypothesis,
aneuploidy begets further aneuploidy, thus, CIN is both a cause and a result of tumor
cell aneuploidy. The self-generating phenomenon is initiated by chance environmental
interactions that turn a normal diploid cell down the path that inexorably leads to aneu-
ploid instability.

There are several predictions that arise from this proposal. The most striking is that
specific molecular genetic alterations are not necessary to drive CIN and the resultant
aneuploidy. Rather, the discovery of genetic alterations of instability genes will be the
exception, not the rule. In most cases, this theory predicts that no molecular genetic
cause for CIN will be found. The cause of CIN can be thought of as an unfortunate
“episodic” occurrence early in the process of tumor evolution.

Alternatively, there is a mutational theory for tumor cell aneuploidy (8). Perhaps, the
vast majority of tumor cell aneuploidy is the direct phenotypic result of genetic alter-
ations in genes controlling chromosome segregation. One key to further molecular
analysis of tumor cell aneuploidy lies in the cellular studies done to detail the exact
nature of the CIN phenotype. The descriptive characterization of tumor cell CIN pro-
vides critical guidance to the molecular analyses of this phenotype. A series of experi-
ments performed with aneuploid cancer cells helps to delineate the phenotypic
characteristics of tumor cell aneuploidy (9).

3. CHARACTERISTICS OF HUMAN TUMOR CELL ANEUPLOIDY

First, by scoring the number of chromosome gains and losses that accumulate in
tumor cells passaged through a defined number of generations, Lengauer et. al calculate
the absolute rate of mis-segregation events that occur per division. As it turns out, the
rate of errors in chromosomal segregation in aneuploid tumor cells versus diploid cells is
approx 100-fold higher than the rate of these errors in normal diploid cells, leading to a
nondisjunction event on the order of once every five cell divisions in tumor cells (9).

Next, analysis of a series of fusion cell clone experiments performed by Lengauer et
al. (9) identifies the key phenotypic traits of chromosomal instability. First, consider a
stable diploid cell line fused to a second stable diploid cell line, artificially inducing
tetraploidy at the chromosomal level. Based on studies in yeast (10,11), some have
hypothesized that there is an episode of tetraploidization during tumor development
that serves as a “first step” towards the degeneration into chromosome instability and
aneuploidy. It is easy to appreciate how this model would not require a specific
genetic alteration to initiate instability, but rather a single flawed mitosis could lead
to the precursor of eventual CIN. According to this proposal, CIN represents an
inherent difficulty of the normal chromosomal segregation machinery when con-
fronted with too many chromosomes; therefore, this tetraploid fusion should degener-
ate into chromosomal instability. Strikingly, though, this fusion has exactly the same
level of chromosome stability as the diploid parent fusions (9). Thus, one relatively
common conjecture for an episodic (or nongenetic) cause of CIN can be excluded with
experimental data.

However, one can argue that this fusion experiment may have been too simplistic.
Perhaps CIN can ensue only when there is a loss of chromosomal symmetry (11), that
is to say, diploidy (2 copies of each chromosome) or tetraploidy (4 copies) will be sta-
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ble, but triploidy (3 copies) will be unstable. To address this possibility, a stable diploid
line to which a single extra chromosome had been added was examined. This line has
the normal diploid chromosome complement with a single additional chromosome
added by microsomal fusion techniques, therefore 47 chromosomes in all and a loss of
symmetry due to three copies of the added chromosome. Notably, this line is neither
CIN across the full complement of chromosomes nor CIN for the additional chromo-
some (9). All three copies of the added chromosome stably segregate to the daughter
cells during division at a rate directly comparable to that of diploid cells. This result
suggests that the isolated gain of a single chromosome does not destabilize the segrega-
tion machinery.

The most informative experiment, however, is the fusion between a stable diploid
cell and a CIN cell. The phenotype of this fusion line should provide insight into the
nature of the defect responsible for CIN. For example, if the CIN phenotype were
owing to recessive inactivating mutations, then the phenotype of the resulting fusion
should be wild-type, since these inactivating mutations would be complemented by the
wild-type copies contributed by the stable diploid parent of the fusion. Strikingly, how-
ever, the CIN phenotype persists in this fusion line (9). Thus, the CIN defect was not
complemented by the wild-type chromosome segregation phenotype of the stable
diploid line. The simplest interpretation of this observation is that, at least in this line,
the CIN phenotype is dominant, and accordingly, the genetic basis of the CIN pheno-
type has molecular features of a dominant mutation. From the point of view of
Mendelian genetics, this leads to the hypothesis that the CIN gene mutation is equiva-
lent to a classically defined oncogenic or single-hit mutation.

4. TUMOR CELL ANEUPLOIDY IS A PRODUCT OF 
GENOMIC INSTABILITY

An oncogene has been described as any single-allele gain-of-function alteration in a
gene that provides a selection advantage during tumor evolution (12). Practically
speaking, most think of oncogenes as those genes which, when genetically altered in
human tumors, directly affect the growth and differentiation characteristics of the can-
cer cell, such as ras or myc. However, the cell fusion studies support the proposal that
the CIN seen in human tumors may be the result of a single-hit mutation in genes that
control the proper segregation of chromosomes (8,13). Thus, at the molecular level, the
hypothetical class of mutations that drive CIN in human cancers act in an oncogenic
manner, as single allele alterations that promote the development of the tumor.

An important theory (14–16), informing the work on CIN, was the proposal that
there is a class of genes that are distinct from classical growth-controlling tumor sup-
pressor and oncogenes, which are responsible mainly for preventing the accumulation
of genetic alterations in the genome. Initially, this theory focused on simple elevation
of the nucleotide mutation rate through inactivation of repair genes and the role of the
elevated mutation rate in the process of tumor evolution. Loeb termed these genes
mutators, and a great deal of molecular evidence has arisen in the decades since to sup-
port the role of an increased mutation rate driving the tumorigenic process (14,16).

At first, the evidence was best developed in the heritable cancer syndromes. In
hereditary nonpolyposis colon cancer (HNPCC), inactivating mutations in the genes
responsible for nucleotide mismatch repair (MMR), inherited in the germline, give rise
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to colon cancers solely as a result of the increased mutation rate in the precancerous
adenomas. The MMR genes, when inactivated, also cause a characteristic nucleotide
instability in microsatellite repeats, referred to as microsatellite instability (MIN). This
focused role of preventing nucleotide instability leads this class of genes to be referred
to as caretakers (17,18). Myriad other inherited cancer syndromes (e.g., hereditary
breast cancer (19), Bloom’s syndrome (20), Werner’s syndrome (21), ataxia telangeic-
tasia (22), Nijmegen breakage syndrome (23,24)) have now been described where the
key role of the inherited mutant gene in driving cancer formation seems to be an eleva-
tion of the effective mutation rate.

A significant minority of nonhereditary sporadic colon cancers contain somatic
inactivation of MMR genes (25). Thus, the caretaker’s role does not appear to be lim-
ited to heritable syndromes, but can also impact sporadic disease. However, the
nucleotide MMR type of instability is typical of only a minor fraction of epithelial
tumors. In aggregate, most sporadic tumors seem to have CIN. CIN may thus represent
an alternative instability that arises more frequently in sporadic tumors (Fig. 1). Are
there genetic alterations that could account for the CIN phenotype?

5. MOLECULAR BASIS OF TUMOR CELL ANEUPLOIDY

There are two approaches possible to pursue the identity of a putative CIN gene muta-
tion. The first, and most direct, is positional. Using the above described diploid (stable)
to aneuploid (unstable) fusion experimental design as a model, one could establish a sys-
tem whereby defined portions of the CIN cell’s genome are added to the background of a
stable line, and the resulting clones screened for CIN. Since the hypothesis detailed
above suggests that the genetic mutation should act dominantly, similar to a classical
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Fig. 1. Two pathways to tumor cell instability. Colorectal cancers appear to develop one of (at least)
two distinct pathways of genetic instability. MIN cancers, which are seen in patients with the
HNPCC syndrome and in a small percentage of sporadic nonfamilial cases, have nucleotide instabil-
ity. This instability is cause by genetic alteration of one of the MMR genes. Alternatively, CIN can-
cers, which represent the vast majority of sporadic tumors, have CIN. This CIN has been shown, in
some cases, to be due to dominant mutations in mitotic checkpoint genes that affect the fidelity of
chromosome segregation.



oncogene, theoretically, this approach would have similarities to the classical genome
transfer approaches used to identify ras (26) or RAG1 and RAG2 (27,28).

A second, and parallel, approach would mirror the effort used to attack the problem
of cloning the MIN genes. In that case, a clear cellular phenotypic correlate was estab-
lished with recognition of the presence of microsatellite repeat instability (29). A series
of experiments was able to show that this cellular phenotype of MIN was present in
model organisms that had inactivated a gene in the pathway controlling DNA mismatch
repair. Following this clue, investigators were able to identify the human counterparts
(or homologs) of lower organism MMR genes and then test these homologs for muta-
tion in MIN tumors (30–32). This strategy of phenotypic characterization in model
organisms implicating a pathway of genes and then candidate testing of the human
homologs in human disease proved successful. Thus, much as with the example set

Chapter 2 / Chromosomal Instability in Cancer 23

Fig. 2. Nondisjunction after metaphase with a lagging chromosome. One sequence of events that
leads to the generation of aneuploidy is an isolated nondisjunction event during the normal process of
mitosis. The two copies of each of the 46 human chromosomes align at the metaphase plate during
chromosome congression in late prometaphase. Occasionally, due to chance, a chromosome will lag
during this process, not aligning appropriately before the initiation of anaphase, thus leading to the
gain of a chromosome in one of the daughter cells of the division and the concomitant loss of a chro-
mosome in the other daughter.



forth from the work with MIN, we look to model systems to identify the genetic com-
ponents of these processes to guide our molecular analysis of human tumors.

The phenotypic correlate in the case of CIN is the gain and loss of chromosomes
during cell division (Fig. 2). The detailed description of this phenotype becomes partic-
ularly important when considering corresponding pathways of genes from model
organisms as potential targets of genetic alteration. For example, genes that when
mutated lead to increased rates of tetraploidization are not candidates that best typify
the CIN phenotype in human cancer. This particular example is important, because a
number of checkpoint genes involved in either the replication of DNA or the appropri-
ate timing of entry and exit from mitosis have this phenotype when inactivated in lower
organisms (33). While many of these genes are classically thought of as the “guardians
of the genome”, they do not seem to fit as candidates for CIN genes.

The observations of the dynamics of human cancer karyotypes suggest that there is a
defect in the basic mechanics of cell division that contributes to the aneuploidy seen in
tumor karyotypes. What is known about the basic biology of cell division that can
inform our investigations into CIN in cancer? As it turns out, the answer is “A great
deal”—the study of the genetics of mitotic cell division is one of the most active areas
of basic biological investigation. Work has detailed many of the structural components
necessary for cell division in the yeast Saccharomyces cerevisiae (34,35), the impor-
tance of mitotic protein kinase networks (36–39), and control of mitotic motor proteins
in the alignment of chromosomes (40–42).

6. MITOTIC CHECKPOINTS

The phenotype of yeast cells that have alterations in genes involved in mitotic spin-
dle assembly (34,35) is probably most directly analogous to the CIN of human cancer
cells. Genetic screens in yeast have led to the discovery of several genes that can dis-
rupt the mitotic checkpoint and lead to CIN phenotypes (43,44). Perhaps the best stud-
ied pathway leading to chromosome instability, yeast cells with alterations of these
genes, have an increased rate of single chromosome gain and loss, thus developing ane-
uploidy in a process similar to human tumors. In addition, there is a subset of these
genes that is more specifically involved in a spindle assembly checkpoint that monitors
for the alignment of chromosomes on the metaphase plate (Fig. 3), including BUB1, 2,
3, MAD1, 2, 3, and MPS1, some of which bind to the kinetochore, and all of which are
required for a normal mitotic delay in response to spindle disruption (45–50) (Fig. 4).
Subsequent work has detailed other important protein components of this pathway and
has provided insight into how the interactions between these components propagate the
inhibitory signal.

These checkpoints are typically assessed after treatment of cells with microtubule-
disrupting agents, which prevent spindle assembly during mitosis (mitotic checkpoints)
(43). Cells with intact checkpoints sense that kinetochores are not attached properly to
the spindle and delay chromosome decondensation, nuclear membrane reformation,
and other events that would normally initiate interphase at the completion of mitosis
(Fig. 5). Cells with defective checkpoints do not recognize the presence of a lagging
chromosome and, subsequently, undergo much less of a delay and exit mitosis prema-
turely (51), leading to gains or losses of chromosomes (52–54). Elegant cytological
experiments by Li and Nicklas have shown that a single lagging chromosome can gen-
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erate an inhibitory checkpoint signal that arrests mitosis at metaphase (51,55). Thus,
the proposed mechanism for aneuploidy is that loss of the mitotic checkpoint leads to a
premature initiation of metaphase and a nondisjunction event for the lagging chromo-
some (Fig. 2).

6.1. Mitotic Checkpoint Gene Mad2
The first piece of evidence supporting the involvement of the spindle checkpoint in

human cancers was a key observation from Li and Benezra (56), in their initial descrip-
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Fig. 3. Mitotic checkpoint pathway genes. The genes in the mitotic checkpoint that monitors for the
alignment of chromosomes on the metaphase plate include BUB1, 2, 3, MAD1, 2, 3, and MPS1.
These genes are involved in the generation of an inhibitory signal that delays the onset of metaphase
to allow the lagging chromosome time to align correctly. This signal appears to be mediated through
the Cdc20 protein and its interactions with the anaphase-promoting complex (APC), which prevents
the breakdown of Pds1 and other proteins involved in sister chromatid adhesion.



tion of the human homolog of the mitotic spindle checkpoint gene Mad2. The protein
product of this gene appears to be required in stoichiometric amounts to prevent the
onset of anaphase when chromosomes are not properly aligned at the metaphase plate
(57–62). As a result, when Li and colleagues microinjected antibodies to this protein
into cells exposed to microtubule depolymerizing agents, the normal mitotic arrest phe-
notype is abrogated. In a survey of expression levels of this gene in a small set of can-
cer cell lines, these investigators showed a decreased level of Mad2 expression in a
breast cancer cell line by Western blot analysis. With the above hypothesis in mind, this
decreased level of expression could be the basis for chromosome instability in this
tumor. This raised the possibility that underlying alterations in expression of the Mad2
protein could contribute to CIN.
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Fig. 4. Normal mitotic checkpoint. Some of the mitotic checkpoint genes bind to the kinetochore of a
lagging chromosome during metaphase and activate the propagation of an inhibitory signal that
delays the onset of metaphase to allow the lagging chromosome time to align correctly and ensure
mitosis proceeds with both daughter cells receiving equivalent contributions from the parent cell.



Subsequently, Dobles et al. demonstrated that a murine homozygous knock-out of
the Mad2 gene is lethal at the organismal level (63). The knock-out cells display
markedly aberrant chromosome segregation with high levels of nondisjunction. Impor-
tantly, these results demonstrate that unlike in the yeast, where checkpoint pathways
are not essential for survival in normal growth conditions, inactivation of the mitotic
checkpoint is lethal in mammalian multicellular systems. Inactivating knock-outs of
the homologous Mad2 gene in the yeast divide under normal conditions, but die when
challenged with microtubule depolymerizing agents. However, the mammalian version
of this gene seemed to be required for normal mitosis to proceed.

Interestingly, heterozygous knock-out of Mad2 in human and mouse cells induces a
low but significant level of chromosomal instability (64). It will be interesting to see if
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Fig. 5. Mitotic checkpoint assay. Spindle microtubules form the basic structural elements of the
mitotic spindle. When these microtubules are depolymerized with antimicrotubule agents such as
nocodazole or colcemid, all mitotic chromosomes fall off alignment on the metaphase plate. Since
each of these chromosomes represents a “lagging” chromosome, this treatment generates a strong
inhibitory signal in cells with intact mitotic checkpoints. This signal enforces chromosome condensa-
tion and prevents further progression through the cell cycle, attempting to delay mitotic progression
until the microtubules can properly assemble the chromosomes to divide equally among the two
daughter cells.



the heterozygous Mad2 instability phenotype can contribute to tumorigenesis in these
mice.

These data in model systems cast a new light on the role of Mad2 in human cancers.
Indeed, recent studies have documented decreased expression levels of Mad2 (65), or
in one case heterozygous mutation of the gene (66), in human cancers. Whether this
class of mutants is the cause of instability in these tumors is an important question for
future investigation.

6.2. Mitotic Checkpoint Genes Bub1 and BubR1
To begin to elucidate the genetic mechanisms underlying the checkpoint defect in

CIN cells, we chose to evaluate the human homologue of S. cerevisiae BUB1. BUB1 is
the prototype member of the mitotic spindle checkpoint gene family (45–50). This
gene is at or near the top of the mitotic spindle checkpoint signal cascade in yeast by
epistasis analysis (67). It has an interesting domain structure, the N terminus of the
protein appears to be responsible for localization to a lagging chromosome’s kineto-
chore, while the C terminus contains a kinase domain that is thought to be involved in
the generation of the inhibitory checkpoint signal. Interestingly, it had been shown that
in vitro-generated variants of murine BUB1 can exert a dominant negative effect,
allowing cells to exit mitosis prematurely (68). These investigators generated a trun-
cated version of the protein that separated the N-terminal localization domain from the
C-terminal kinase domain. This truncated protein acts in a dominant negative manner,
localizing to the lagging kinetochore region and inactivating the mitotic spindle check-
point when overexpressed in mammalian cells.

This dominance was intriguing in light of the demonstration that the CIN phenotype
is dominant in cell fusions between stable and CIN cells (9). The BUB1 gene is not
only a key component of the mammalian mitotic spindle checkpoint, but it is possible
for truncating mutations to act dominantly, a potential feature consistent with the previ-
ous cell fusion data about the dominant maintenance of CIN at the cellular level. There
are two human homologs of the yeast BUB1 gene, Bub and BubR1 (which has been
referred to as Mad3L by some investigators (69).

Mutational evidence implicating the spindle checkpoint pathway came with the
identification of mutations in the checkpoint genes Bub1 and BubR1 (70). These muta-
tions were heterozygous, which was consistent with the notion that some genetic alter-
ations responsible for CIN might function as dominant negative mutations and be
heterozygous in the cancer cells. Functional characterization of the mutant proteins
was necessary to prove they acted in a dominant manner. Both transient transfection
experiments (70) and stable inducible versions of these mutations inactivate the mitotic
checkpoint to a level seen in typical CIN cancers. In addition, these mutations cause
true CIN when reintroduced into stable diploid cell lines in an inducible system. Subse-
quent studies have shown that mutations in Bub1 and BubR1 occur at a low level in
tumors (71–78).

6.3. Mitotic Checkpoint Gene Mad1
Additional evidence for the role of the mitotic spindle checkpoint pathway came

from studies of the mammalian homolog of the mitotic spindle checkpoint gene Mad1
(79). The endogenous Mad1 protein is bound and inactivated by the human T-cell
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leukemia virus protein tax. These data suggests that this inactivation is a contributing
factor in the development of chromosomal instability that precedes the development of
T-cell leukemias. The recent description of mutations in BUB1 and BubR1 in T-cell
leukemias strongly supports the role of checkpoint inactivation in the causal develop-
ment of these cancers (74).

7. CONCLUSIONS

The mutations described in the mitotic spindle checkpoint pathway thus far are all
heterozygous single allele alterations. Functional data for some of the heterozygous
mutants suggests that these alterations represent oncogenic mutations. Is this heterozy-
gous spectrum of mutation indicative of the underlying biology of CIN? One explana-
tion for this observed spectrum could be that single hit mutations causing CIN are
simply a reflection of the mutational space that is favored statistically (8). According to
this reasoning, we observe many more tumors with CIN rather than with nucleotide
instability; because there are more opportunities for a random mutational load to affect
chromosomal segregation processes with a single allele mutation than nucleotide repair
pathways, which are usually disrupted with biallelic inactivating mutations. Evidence in
favor of this argument comes from the recent completion of the human genome project.
There appear to be hundreds of genes that are potentially involved in chromosome seg-
regation vs a smaller number directly involved in the mechanics of nucleotide MMR.

A second reason for the mutational spectrum is that perhaps it represents a reflection
of the selective pressures on tumors (80). Given the balance of selective pressures in
tumor evolution, perhaps single hit mutations are seen because there is a selective pres-
sure against complete abrogation of the mitotic checkpoint pathway. Accordingly, we
can explain the spectrum of mutation with a balanced principle, whereby some
genomic instability is necessary for tumor evolution, but too severe a mutation leads to
catastrophic cell death. Only a mutation that is just right will lead to the right amount
of increased instability, and, thus, increased rate of evolution of the tumor cell lineage
without too much cell death.

At the level of the germline, the murine Mad2 knock-out experiments (63) suggests
drive further studies to find the molecular basis for human inherited CIN syndromes.
For example, defective mitotic checkpoints have been observed in the rare congenital
disease mosaic variegated aneuploidy (81). Is it possible that inherited syndromes can
be found that are segregating aneuploidizing mutations? Based on a single-hit model of
CIN, it might seem unlikely that such a mutation could exist and give rise to viable off-
spring. However, the murine heterozygous knock-out studies (64) demonstrate the pos-
sibility of heritable CIN disease. It will be interesting to see what future investigation
in this area will reveal.

As we look to the future, it is important to keep in mind the significant differences in
the mechanics of mitosis between mammalian cells and S. cerevisiae. It is likely that
the mitotic checkpoint pathways are more complex in mammalian cells, with more
genes playing important roles in monitoring the correct segregation of chromosomes.
Work with nonhuman organisms can identify potential instability gene candidates, but
can also provide powerful ways to explore their biochemical and physiological mecha-
nisms of action.
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Indeed, experiments in Drosophila melanogaster have identified novel genes for
which there are no counterparts in yeast that appear to work in a parallel mitotic check-
point pathway to the canonical spindle checkpoint. These experiments highlight the
differences between the mechanisms of mitosis in yeast and human and stress the
importance of not drawing overly broad connections between these two systems. For
example, the genes zw10 and rod, which were first identified in D. melanogaster
(82,83), have been shown to be involved in the accurate segregation of chromosomes in
mitosis (84). There are no yeast homologs of these genes, and our understanding of
these parallel pathways of instability depends almost solely on the elegant genetic
analyses that have been carried out in Drosophila. These genes seem to function in a
mitotic checkpoint pathway (85,86), but this pathway is genetically distinct from the
Bub/Mad mitotic checkpoint genes (87). Since these genes cause a characteristic CIN
when inactivated, and there are known human homologs (88), it will be interesting to
examine their involvement in human tumors.

The most direct interpretation of recent work is that the aneuploidy characteristic of
the vast majority of epithelial solid tumors is the result of alterations in genes involved
in mitotic checkpoint pathways like the spindle checkpoint. There are a number of
genes that have been identified in model organisms, which appear to control various
aspects of this process in mammalian cells. The evolutionary trip from yeast to human
has spawned a series of parallel control pathways that effect the same result during the
mammalian cell division. It is likely that genes more critical to driving aneuploidy in
tumors will be found in the not-so-distant future. Indeed, perhaps the most significant
contribution of the work in model organisms is to serve as a framework for the analyses
of the genetic basis of CIN and aneuploidy in human cancers. These discoveries will
lead us to a more fundamental understanding of this phenotype so unique and charac-
teristic of the tumor formation process.
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1. INTRODUCTION

Research in signal transduction has changed radically in recent years. Attention has
shifted from functions of individual proteins to relationships between proteins and
pathways. As pathways have been elucidated, it has become evident that these path-
ways form complex interactive networks, in which boundaries between pathways
become blurred. This chapter discusses some of the implications of this emerging view
in terms of understanding the biology and also the prospects for therapy based on sig-
naling networks.

Many of the paradigms on which our current understanding is based derive from
study of oncogenes. In the early days of oncogene research, it appeared that individual
oncogenes acted alone, causing dramatic effects on normal cells in culture. Later, it
was found that oncogenes act in complementation groups and that the normal cells,
which they transformed, harbored mutations that supplied complementing functions.
The Ras oncogene illustrates these points quite clearly and has special significance as
the first oncogene identified from human tumor DNA. This chapter focuses on Ras and
its relationship to the Rb, p53, and APC pathways, particularly in human cancer. These
are the pathways that are mutated most frequently in human cancer and offer multiple
opportunities for rational cancer therapy.

A current view of Ras signaling is shown in Fig. 1. Ras can interact with several
effector proteins to generate downstream signals. These proteins appear to have little in
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common; they have very different biochemical functions and do not have significant
sequent homology to one another in the Ras-binding regions. However, structural analysis
of Ras proteins bound to Raf, PI 3′ kinase or RalGDS reveals more subtle similarities (1).
In addition to multiple direct effectors, Ras proteins cause multiple biological effects.
However, it is abundantly clear that these effects are not mediated by distinct effectors,
but require cross-talk between effector pathways, as we will discuss in subheadings.

The idea that Ras interacts with multiple effectors is now well accepted, but only 10
yr ago, it was thought more likely that Ras interacts with a single downstream target. In
contrast, it has been clear for many years that the receptor tyrosine kinase interacts
with multiple targets simultaneously, since these can be identified in complexes in acti-
vated cells. Ras, of course, cannot interact with more than one target at a time, and we
assume that the relative abundance of different targets under different conditions deter-
mines which is the major signal output, though this issue has been difficult to address.

The biological effects of Ras signaling are complicated and involve changes in cell
cycle, cell survival, cell motility, cell senescence, and other phenotypes (2). It is, there-
fore, not surprising that the endpoints of Ras signaling pathways impinge on pathways
regulating each of these biological responses, and the feedback loops sensing these
phenotypes regulate Ras signaling output. Ras is well known as a protein that promotes
cell proliferation, and its interactions with the cell cycle regulatory proteins and the Rb
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Fig. 1. Pathways downstream of Ras p21. The GTP-bound form of Ras interacts directly with multi-
ple effectors. The consequences of Raf activation and PI 3 kinase activation are best understood: this
figure shows some of them and their biological consequences.



pathway specifically illustrate how multiple independent biochemical cascades can
affect a single protein by distinct mechanisms.

Three major Ras effector pathways have been identified, with several other candi-
dates under investigation (reviewed in ref. 2), including AF6/Canoe and Rin1, which
bind to Ras proteins in a GTP-dependent manner, and more recently, protein kinase Cζ
(3). Ras activation of Raf kinase is the best known effector function, and the conse-
quent activation of the MAP kinase pathway has been well documented. However, the
biochemical mechanisms underlying Ras-dependent activation of Raf kinase activity
are still unclear (4) and are beyond the scope of this review.

The Raf/MAP kinase pathway activates transcription of many target genes, through
phosphorylation of Ets family members, through Sp1, AP1, and by other means. A
gene array analysis of genes induced by artificial activation of Raf kinase has been
reported recently (5). This analysis confirmed some well-known targets (cyclin D1,
heparin-binding epidermal growth factor [HB-EGF]) and introduced many others. This
analysis, along with multiple publications reporting a role for the MAP kinase in tran-
scription of specific target genes, leaves the problem of determining which targets are
most critical in normal signaling and in cancer.

2. Ras AND THE Rb PATHWAY

One approach to the problem of identifying critical effectors has utilized the power
of mouse genetics, by knocking out major targets of the Ras/MAP kinase pathway and
determining effects on normal and neoplastic growth. Analysis of one major target,
cyclin D1, has been especially informative. Cyclin D1-deficient mice have been cre-
ated and are normal in most aspects of their development and physiology, except that
they are defective in mammary organ development (6). These data obviously rule out
cyclin D1 as an important target of mitogenic signaling during normal growth and
development. However, mice lacking cyclin D1 are less prone to carcinogen-induced
skin cancers, which is a disease driven by activation of H-ras (7), and are totally resis-
tant to H-Ras-driven mammary carcinomas (8). In contrast, mammary carcinomas dri-
ven by wnt and myc still develop in cyclin D1-deficient mice. Cyclin D1 is, therefore,
an important target of the Ras and receptor tyrosine kinase oncogenes in this patholog-
ical situation, though not in most normal circumstances, and immediately suggests
itself as an ideal target for cancer therapy. Unfortunately, it is not at all obvious how
this protein could be targeted for therapeutic intervention using current methods of
drug discovery. Cdk4 has been a popular target among the pharmaceutical and biotech-
nology industry, because this kinase is hyperactive in most cancer cells as a result of
the loss of Rb, the loss of p16, or the up-regulation of cyclin D1 expression, but drugs
targeting cdk4 are less likely to be selective than those targeting cyclin D1.

Cyclin D1 is regulated at the transcriptional level by the Raf/MAP kinase pathway,
but the stability of the protein is regulated by PI kinase, itself an effector of activated
Ras (9). PI 3′ kinase produces phosphatidyl inositol tris phosphate (PIP3), which acti-
vates PDK1 and Akt. Activated Akt has many potential targets, and one of those that is
better characterized is glycogen synthase kinase 3 (GSK3), which phosphorylates
cyclin D1 and targets it for degradation. Phosphorylation of GSK3 by Akt inhibits its
activity, thereby stabilizing cyclinD1 as well as other GSK3 targets. The relative contri-
bution of the Raf/MAP kinase pathway and the PI kinase pathway to expression of
cyclin D1 levels is difficult to determine, particularly since Raf activation promotes
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indirect activation of PI 3′ kinase activity by autocrine production of growth factors, as
discussed below.

p21 Cip1 is another target of the MAP kinase pathway, though the mechanism by
which this protein is regulated is not clear; evidence for transcriptional and posttran-
scriptional regulation has been reported. p21 Cip1 is an assembly factor for cyclin
D1/cdk4 complexes, but a potent inhibitor of cdk2. Excessive signaling, through
expression of high levels of activated Raf kinase or expression of high levels of acti-
vated Ras however, causes growth arrest in wild-type cells, though induction of p21.
The cdk inhibitor p16 INK4a and the cdk2 inhibitor p27 Kip1 are also induced by high
levels of signaling through the Raf/MAP kinase pathway, as reviewed recently (10).

Levels of p27 Kip1 are also regulated by the PI 3′ kinase pathway, which controls
p27kip1 degradation (11). As with cyclin D1, the two major arms of the Ras pathway
may, therefore, work together: the Raf/MAPK pathway regulating transcription, and
the PI 3′ kinase regulating protein stability. This interaction may provide a satisfactory
explanation for synergy between Ras effector pathways in transformation assays, origi-
nally reported for interactions between Rac and Raf, and later between PI 3′ kinase
itself and Raf (12,13).

3. Ras AND Rho

The effects of Ras on cell morphology are equally complex and involve other signal-
ing networks. In the classic studies of Ridley and Hall, the effects of Ras on actin stress
fibers could be attributed to activation of Rac, which, in turn, activates Rho. However,
the extent to which Ras regulates Rho during the process of transformation is less clear.
Rho is regulated by G protein-coupled receptors, such as the lysophosphatidic acid
(LPA) receptor, as well as by multiple other signaling inputs. Recent work from Dr.
Chris Marshall and coworkers (14) suggests that Rho activity is regulated independent
of Ras, but the fates of signals downstream from these GTPases is intertwined. Fig. 2
summarizes some of these relationships. In transformed cells, high levels of Rho. GTP
suppress accumulation of p21/Waf1, which is a protein that acts as an assembly factor
of Cdk4/cyclin D1 complexes, but inhibits Cdk2 and blocks cell cycle progression at
high concentrations. Rho.GTP, therefore, modulates one of the effectors of the
Ras/MAP kinase pathway. On the other hand, the Ras/MAP kinase modulates some of
the effects of Rho, by suppressing activity of the Rho-regulated kinases ROCK and
Rho kinase. These kinases regulate actin stress fiber formation through the LIM kinase.
The well-known effects of activated Ras on actin stress fibers (dissolution of stress
fibers in transformed cells) appears to be mediated through this interference effects on
Rho activity.

The Rho-related protein, Rnd3, may also be involved in the complicated relationship
between Ras and Rho (15). Rnd3 appears to function as an inhibitor of Rho function, by
acting as a sort of dominant negative mutant: it is locked in the GTP state through changes
in the GTPase domain that prevent GTP hydrolysis, and it cannot localize in memberanes,
as it lacks a CAAX motif at the C terminus. Rnd3 is induced by activated Raf kinase and
appears to be responsible, at least in part, for inhibition of Rho-mediated actin stress fiber
formation. Relationships between Ras and Rho are summarized in Fig. 2.

In epithelial cells, alterations in cell morphology and motility following Ras activa-
tion may be due additional factors that are not directly related to Rho. Raf induces
expression of transforming growth factor (TGF)-β in such cells, and autocrine or
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paracrine production of this factor appears to be responsible for increased cell motility
(16). TGF-β itself promotes apoptosis in normal epithelial cells. However, cancer cells
with activated Ras may be resistant to TGF-β-dependent apoptosis, because Ras also
promotes cell survival in the face of numerous pro-apoptotic signals. However, the
effects of Ras on survival and apoptosis are just as complicated as effects of Ras on cell
morphology and also involve interacting signal transduction pathways.

4. Ras AND PI 3′ KINASE

The best documented role of Ras in survival is mediated through its effects on PI
kinase. Epithelial cells are particularly prone to undergo apoptosis when they are
removed from their neighbors; this form of cell death even has its name, anoikis. Acti-
vated Ras prevents anoikis and allows cells to survive after detachment. This is medi-
ated by PI kinase (17). This may be a major selective advantage to tumor cells, since
these cells typically show decreased dependence on normal cell–cell interactions and
on increased ability to survive and migrate into inappropriate cellular environments.

The degree to which this effector pathway contributes to Ras’ role in human cancer
is demonstrated by the observation that loss of the tumor suppressor PTEN and muta-
tional activation of Ras are mutually exclusive, at least in cutaneous melanoma (18)
and in endometrial cancers (19). PTEN is a phosphatase that degrades PIP3, which is
the product of PI 3′ kinase. Loss of PTEN is, therefore, similar biochemically to activa-
tion of PI 3′ kinase; both lead to accumulation of PIP3. These data suggest that loss of
PTEN is phenotypically equivalent to mutation of Ras and that the major selective
advantage of Ras activation is hyperactivation of PI kinase to generate PIP3.

PIP3 activates a large number of substrates, through binding to PH domains and pos-
sibly other means. A major target is Akt (also known as protein kinase or PKB). Acti-
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morphology through effects on Rb and Actin polymerization.



vation of Akt appears to account for many of the survival effects of PI 3′ kinase and
PIP3. Activated Akt suppresses anoikis, for example. Akt itself phosphorylates badly
and prevents it suppressing apoptosis, and it regulates nuclear import of the transcrip-
tion factor AFX, which itself may regulate genes involved in apoptosis. These effects
may well account for some of Akt’s survial properties, but there may be other targets
yet to be identified. PIP3 also activates the Rac pathway, and, indeed, activated Rac
suppresses apoptosis. We can, therefore, appreciate that the role of the PI 3′
kinase/PTEN pathway in survival signaling is complicated, and like the Ras pathway
itself, a major challenge is to determine which of the many possible candidates is the
more important under physiological or pathological conditions.

The Ras pathway contributes to cell survival and apoptosis through another set of
interactions that appear at first sight to be distinct from Ras’ role in activating PI 3′
kinase to generate PIP3; activated Ras regulates p53. This connection was inferred
many years ago when it was discovered that Ras causes growth arrest in certain cells in
culture. This was considered astonishing at the time, since Ras was known to be one of
the more powerful oncogenes in similar cell culture systems. Growth arrest is now
known to be through induction of p21, as described above previously. p21, of course, is
a transcriptional target of p53 (20), and it is not surprising that Ras induction of p21, in
some cells at least, is p53 dependent. It could also be anticipated that alternative path-
ways connect Ras to p21 that are p53 independent.

5. Ras AND P53

Ras induction of p53 is mediated by p14ARF, the product of an alternative reading
frame within the p16 INK4 locus. p14ARF is expressed at very low levels in normal
cells, but can be induced by various oncogenes, including c-myc, Ela, and Ras,
(21–23). E2F itself induces p14ARF (24), but it is not yet clear whether this is through
direct transcriptional activation. A survey of E2F inducible transcripts recently failed to
reveal p14ARF as an E2F target (25). Nevertheless, oncogenes induce p14ARF, and
this inhibits MDM2, allowing p53 to accumulate (Fig. 3).

MDM2 is a major negative regulator of p53. This has been known for many years,
but was made most clear by analysis of mice lacking the mdm2 gene: these mice die in
embryo unless p53 is also knock-out (26). In this case, they survive, but get tumors
with a similar spectrum to p53 knock-out animals. However, this does not mean that
MDM2 is the only major negative regulator of p53. Mice lacking the MDM2-related
protein, MDMX, are also rescued by knocking out p53, showing that MDMX is a
major regulator, at least in some tissues during development (27).

MDM2 itself is regulated by p53. The P2 promoter within the MDM2 gene con-
tains a p53-responsive element, and, indeed, MDM2 mRNA is induced following p53
activation (28,29). This induction provides a feedback loop that results in down-reg-
ulation of p53 and inhibition of p53 signaling. However, this feedback loop is by no
means the only way that MDM2 levels are regulated. p53-independent regulation of
MDM2 was reported by Oren and coworkers in 1997 (30), and MDM2 transcripts
were detected as early inducible targets of fibroblast growth factor (FGF) signaling
using microarrays (31). Recently, we pursued this further and found that MDM2 is a
transcriptional target of the Ras/MAPK pathway (32). Ras-responsive elements in
the MDM promoter were identified and shown to act independently of p53. This
explained high levels of MDM2 that we had observed in cancer cells lacking func-
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tional p53 and also explained an older observation that Ras-transformed cells are
resistant to radiation. In these cells, high levels of MDM2 suppress the p53 response
to DNA damage.

In normal cells, activated Raf kinase can regulate an inhibitor of MDM2, p14ARF,
and transcription of Mdm2 itself. Activation of the Raf/MAP kinase pathway in normal
cells, therefore, has little net effect on p53 (32). However, a large fraction of human
cancers, perhaps as many as 40–50% maintain expression of wild-type p53, but fail to
express p14ARF. In these cells, p53 is suppressed by MDM2, which is expected to be
hyperactive as a result of loss of p14ARF, and highly expressed through activation of
the Raf/MAP kinase pathway. In these cancer cells, inhibition of the MEK activity
leads to accumulation of p53 as levels of MDM2 fall. This sensitizes cells to killing by
DNA-damaging agents or ionizing radiation. Normal cells are not sensitized by MEK
inhibitors, because p53 levels are not affected for reasons discussed above. In this
example, intersecting signaling pathways can be used to devise selective approaches to
cancer therapy.

The question remains as to why the Ras pathway would regulate mdm2 and p14ARF
simultaneously, resulting in no net effect on MDM2 activity. One explanation may be
that these two effects are separated in time. Induction of mdm2 appears to be an early
response to growth factor signaling and may be a mechanism to keep p53 at low levels
as cells move from G0 and through the G1 phase of the cell cycle. E2F activity
increases as cells approach S-phase, and p14ARF is then able to regulate MDM2 and,
thus, regulate levels of p53 as cells enter S-phase. Indeed, an increase in p53 has been
noted in quiescent cells approaching S-phase.
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Recently, another connection between Ras and MDM2 has been noted: PI 3′ kinase
regulates nuclear import of MDM2 through AKT phosphorylation of serine residues on
MDM2 itself (33). Activation of both Ras effectors may, therefore, be necessary for
maximal effects on MDM2. This duality of function is reminiscent of Ras’ effects on
cyclin D1 and p27 Kip1 as in subheading; the Raf/MAP kinase arm increases tran-
scription and the PI 3′ kinase arm regulates protein stability.

6. Ras AND HB-EGF

One of the first identified targets of the Raf/MAP kinase pathway was HB-EGF (34). A
differential display analysis revealed induction of this gene following activation of Raf
kinase using an endoplasmic reticulum (ER) fusion protein that renders Raf kinase sensi-
tive to tamoxifen. HB-EGF was also identified as a Raf/MAP kinase target using microar-
ray analysis. Transformation of cells was found to be dependent, at least in part, on
HB-EGF expression. These discoveries, like the discovery that Raf activates autocrine
production of TGFβ, add another dimension to the complexity of signaling networks. The
preceding discussion illustrates the complexity of signaling pathways emitted from a sin-
gle key regulatory protein. Similar levels of complexity have been described for regula-
tory proteins such as c-src, Rac and Rho proteins, protein kinase β (PKB), NF-κ B, and
many other proteins that have received a similar level of scrutiny. In each case, effects
appear astonishingly diverse, typically involving direct interaction.

7. Ras AND APC

The wnt pathway has been implicated for many years in oncogenesis. Increased
expression of wnt resulting from proximal integration of mouse mammary tumor virus
(MMTV) proviral DNA causes mammary carcinoma in mouse models. Dissection of
pathways downstream of wnt was facilitated by analysis of related pathways in
Drosophila and Xenopus and in human cancers (35). Fig. 4 depicts a consensus view of
the wnt pathway in mammalian cells. Altered activity of this pathway in human cancers
occurs through loss of APC, which is a protein that is necessary for degradation of β-
catenin, through mutation of β-catenin itself to make it resistant to degradation. Target
genes of the wnt pathway include cyclin D1 (36), and c-myc (37), both of which are
proteins involved in growth control and are candidates for targets involved in patholog-
ical wnt signaling in cancer. In addition to points of convergence between mitogenic
signaling pathways at cyclin D1 and c-myc, and possible connections between the wnt
pathway and p53 through E2F and myc regulation of p14ARF (38), another major
intersection has been noted. GSK3 is involved in insulin regulation of glycogen storage
and in wnt regulation of β-catenin, two seemingly unrelated pathways. Some cells have
the capacity to activate both of these pathways simultaneously. In both cases, depres-
sion of GSK3 activity promotes downstream signaling, yet inhibition of GSK3 by
insulin does not lead to accumulation of β-catenin (39). Nor does wnt affect glycogen.
These two pathways appear to be insulated from one another within the cell, presum-
ably through different associated protein complexes.

8. SIGNALING NETWORKS AND DRUG DISCOVERY

This chapter has focused on the Ras pathway as a paradigm for signaling complex-
ity. Perhaps this pathway appears most complex because it is one of the better studied
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pathways. Examples of cross-talk abound in other areas of signal transduction. For
example, there is clear evidence that the JAK/STAT pathway is coregulated with the
EGF receptor. G protein-coupled receptors use similar signaling pathways to receptor
tyrosine kinases, and receptors of these distinct structural classes cross-activate one
another. Equally, transcriptional elements receive input from multiple pathways. We
have mentioned the cyclin D1 promoter, which is regulated by the MAP kinase path-
way and by T-cell factor (TCF). It also receives signals from NFκB (40), notched (41),
Egr-1 (42), and probably other sources. This complexity offers unexpected opportuni-
ties for therapeutic intervention. For example, in the early days of oncogene research, it
appeared likely that differences between signaling in normal and cancer cells were
strictly quantitative; mutations in Ras, to pursue this paradigm further, locked the pro-
tein in the active state and generated a persistent version of a signal that would nor-
mally be transient. Therapies based on these strong persistent signals would be aimed
at reducing signal strength by blocking key steps in the cascade. This strategy is likely
to be effective at blocking growth of transformed cells, but offers little rational hope of
selectivity. However, we now suspect that signaling from activated Ras mutants may be
qualitatively different from normal Ras signaling; in normal cells, activation of PI 3′
kinase is only partially dependent on Ras (43). Activated receptor tyrosine kinases turn
on PI 3′ kinase directly in most cases. However, in Ras transformed cells, PI 3′ kinase
is largely dependent on Ras. These discoveries lead to the suggestion that a drug block-
ing Ras-PI 3′ kinase activation might have selective effects on cancer cells.

Another way in which the complexity of signaling networks might provide opportu-
nities might be based on cross-talk between pathways that are normally isolated from
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one another. For example, pathways activated by receptor tyrosine kinases following
mitogenic stimulation show transient peaks of activation, and downstream products
accumulate and disappear with rapid kinetics. In contrast, persistent signaling resulting
from mutant signaling proteins leads to sustained production of downstream signals
that may now interact.

The discovery that signaling proteins can have multiple effectors raises the problem
of determining which effector is most critical to normal and pathologic conditions. On
the other hand, if downstream pathways interact synergistically, as shown for Ras, we
expect that drugs that block any one pathway will have an indirect effect on the others.
Using dominant negative proteins as surrogates for active compounds, we showed that
Ras transformation is efficiently blocked by preventing signaling to MAP kinase or to
other Ras effectors (12,44). Interacting pathways, therefore, offer opportunities for dra-
matic therapeutic responses that might not have been expected in earlier days of signal
transduction research. Hopefully, these opportunities will soon be translated in the
clinic.
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1. INTRODUCTION

Polypeptide growth factors are relatively small and stable molecules that communi-
cate short range signals for cell fate determination. Unlike steroid hormones, which pen-
etrate through the plasma membrane due to their hydrophobic character, these factors
must bind a cell surface-localized receptor. In contrast to multispan receptors for neu-
ropeptides and chemical transmitters, growth factor receptors transverse the plasma
membrane only once, and their cytoplasmic domains harbor a tyrosine-specific catalytic
activity, called protein tyrosine kinase. Ligand binding to a receptor tyrosine kinase
(RTK) initiates a cascade of biochemical and phenotypic events known as the pleiotropic
response. In addition to ion channels and membrane enzymes, cytoskeletal rearrange-
ments, cytoplasmic enzymes, and adhesive properties of the growth factor-stimulated
cell are also modified within seconds to hours. This plethora of surface and cytoplasmic
events culminates in the regulation of gene transcription, eventually leading to alter-
ations in cellular behavior ranging from entry into the cell cycle to terminal differentia-
tion (for a specific example of the pleiotropic response to a growth factor see ref. 1).

Cultured cells experimentally converted from a normal state to a neoplastic pheno-
type (a process referred to as transformation) share many characteristics with growth
factor-stimulated cells; in both cases, cells appear more refractile and rounded, and
their actin cables disappear. In addition, transformed cells, as well as cells exposed to a
growth factor, lose, in part, their adhesive properties, and some of their metabolic path-
ways are altered (for a fuller description of the transformed phenotype refer to ref. 2).
The reduced growth factor dependency of cancer cells and the relatedness of the trans-
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formed phenotype to the pleiotropic response were early indications for the signifi-
cance of growth factors to neoplastic transformation and maintenance of a malignant
state. However, these clues solidified only with the findings of parallelism between
retroviral oncogenes and cellular genes (proto-oncogenes) encoding molecular compo-
nents of growth factor signaling. Seminal examples include the discovery in 1983 that
sis, the oncogene of simian sarcoma virus, encodes an isoform of the platelet-derived
growth factor (PDGF)(3), and a truncated form of the receptor for another growth fac-
tor, the epidermal growth factor (EGF) is encoded by the erbB oncogene of the avian
erythroblastosis virus (4). Altered forms of two additional RTKs, the receptors for the
macrophage growth factor (CSF-1 receptor) and the stem cell factor (SCF) are encoded
by two feline retroviruses: the Susan McDonough strain (the v-fms oncogene) and the
Hardy-Zukerman 4 strain (the v-kit oncogene), respectively (5,6). Retroviruses that
carry no oncogene can still transform cells by means of proviral insertional mutagene-
sis. For example, the avian leukosis virus alters expression of c-erbB, a gene driving
expression of EGF-receptor (EGFR/ErbB-1) by proviral insertion, whereas the murine
leukemia virus similarly affects c-fms (7).

However fruitful and strongly influential, isolation of oncogenes through characteriza-
tion of transforming viruses lacked the resolution power and systematic nature of screen-
ing the genome of transformed cells. DNA transfer analyses performed with a
transformed donor and a quasinormal recipient cell line (e.g., NIH-3T3 fibroblasts)
enabled exhaustive screening for oncogenes in chemically and otherwise transformed
cells (8). This strategy yielded several more oncogenic forms of RTKs: a point mutant of
neu/erbB-2 was isolated from a carcinogen-induced rat neuroblastoma (9), and the met
oncogene was isolated from a human osteosarcoma cell line transformed in vitro by a
chemical carcinogen (10). The isolated oncogene turned out to be a fusion between the N
terminally truncated kinase of met, which is a gene encoding a receptor for the hepatocyte
growth factor (HGF), and the tpr (translocated promoter region) gene. Similarly, a fusion
gene comprised of a truncated trk, which encodes a receptor for neurotrophic factors, and
the tropomyosin gene was identified in human colon cancer (11). Lastly, the ret oncogene
encoding a receptor for the glial-derived neurotrophic factor (GDNF) was identified by
transfection of NIH-3T3 cells with DNA derived from a human T-cell lymphoma (12).

Following oncogene identification and biochemical analyses of the encoded pro-
teins, it became clear that the tyrosine kinase portion of the oncoproteins is indispens-
able for transforming activity. This realization led to attempts to isolate additional RTK
genes by using structural and functional similarities to known proto-oncogenes. In this
way, for example, genes encoding additional receptors for EGF-like molecules have
been detected (i.e., ErbB-3 and ErbB-4), and founder members of the fibroblast growth
factor (FGF) receptor and the ephrin receptor families were identified. Moreover, the
availability of molecular probes enabled researchers to screen clinical specimens of
human malignancies for the presence of mutated forms of RTK-encoding genes.
Because many of the newly isolated genes encoded orphan receptors, a parallel effort
targeted the unknown ligands. As a result of these combined efforts, the family picture
of mammalian RTKs and their respective ligands has been continuously extended and
refined (13,14). A scheme diagram depicting the major subfamilies of RTKs is pre-
sented in Fig. 1. It is likely that the sequencing effort of the Human Genome Project
will aid in completing the picture, and gene array techniques will extend the relevance
to human cancers and other diseases.

48 Section 1 / Basic Concepts in Oncogene Research



As an introduction to their clinical relevance, this historical perspective is followed
by a description of the biochemical function of RTKs. Subsequently, we will concen-
trate on several subfamilies of RTKs and discuss their significance to specific types of
cancers. Other chapters in this volume will introduce the initial therapeutic strategies
targeting RTKs and also discuss the features that make these molecules highly attrac-
tive for pharmacological intervention.

2. GROWTH FACTORS STIMULATING RTKS

2.1. Common Features of Growth Factors
2.1.1. ISOLATION OF GROWTH FACTORS

Originally, two types of biological sources were used for the isolation of growth fac-
tors. Extracts of the salivary glands of mice were used as a starting material for the iso-
lation of EGF (15), whereas brain and pituitary homogenates were shown to contain
stimulatory activities for cultured fibroblasts, an observation that led to the isolation of
two types of the FGF (reviewed in ref. 16.) Whereas serum is a poor source for most
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Fig. 1. Schematic illustration of the domain organization of the major RTK subfamilies. The prototype
RTK and known members of each subfamily are indicated above and below the diagram, respectively.
The horizontal bar represents the plasma membrane. Note the increased structural heterogeneity of the
extracellular domains. Abbreviations: EGFR, epidermal growth factor receptor; InsR, insulin recep-
tor; PDGFR, platelet-derived growth factor receptor; VEGFR, vascular endothelial cell-derived
growth factor receptor; FGFR, fibroblast growth factor receptor; NGFR, nerve growth factor receptor;
HGFR, hepatocyte growth factor receptor; TIE, tyrosine kinase receptor in endothelial cells; IGF-IR,
insulin-like growth factor receptor-1; CSF-1R, colony-stimulating factor 1 receptor; SCFR, stem cell
factor receptor (c-Kit).



growth factors, cancer cells or medium conditioned by transformed cells has been a
rich source for a myriad of growth factors. In retrospect, the earliest example is the iso-
lation of the neurotrophic growth factor (NGF) from a murine sarcoma (17). Likewise,
Sporn and Todaro noted that tumor cells of various origins secrete growth stimulatory
activity, which is undetectable in the medium of cultured normal cells (18). Later stud-
ies extended this observation and established the notion that one mechanism allowing
growth factor autonomy of tumors is self-production of auto-stimulatory ligands.
Apparently, the concentration of growth factors in cellular fluids is tightly controlled at
the levels of transcription and secretion. After secretion, some growth factors (e.g., the
insulin-like growth factor 1 [IGF-1]) bind to specific proteins, either soluble or insolu-
ble, that regulate their availability to target cells. Yet other factors (e.g., transforming
growth factor beta [TGFβ]) are secreted in a latent form whose activation requires pro-
teolysis. Hence, growth factor signaling is regulated at a number of critical steps,
including transcription, intracellular modification, secretion, and the processes that
convey the molecule through intercellular spaces. Dysregulation of any or several of
these processes can lead to growth factor overexpression in transformed cells.

2.1.2. AUTOCRINE AND OTHER STIMULATORY LOOPS

Genetic analyses of invertebrates such as worms and insects indicate that growth
factors travel only a few cell layers before impinging on the cognate receptor of their
target cells. In fact, studies of EGF-like growth factors of Caenorhabditis elegans and
Drosophila provide examples for a direct physical contact between the ligand-synthe-
sizing cell and the responding cell (19,20). The situation in mammals seems similar;
unlike classical endocrine hormones, which are secreted by a relatively small number
of specialized glands and delivered to their targets through the general circulation,
most growth factors are synthesized locally and act as short-range messengers (Fig. 2).
The term paracrine loop is reserved for cases in which the growth factor is synthesized
by cells within a tissue and acts upon cells in their immediate environment, as is the case
for most growth factors signaling through RTKs. A specialized version of paracrine
action is the juxtacrine loop, in which a growth factor molecule expressed at the surface
of one cell directly binds to a receptor expressed by an adjacent cell (21). Perhaps most
relevant to cancer is the autocrine loop, which allows auto-stimulation of a receptor-
expressing cell by a self-produced growth factor (Fig. 2). Evidence derived from in
vitro studies, animal model systems, and clinical specimens suggest that this type of
receptor activation is operative in cancers of several origins (see Subheading 4.1.1.).

2.1.3. FAMILIES OF GROWTH FACTORS

In general, growth factor molecules display 3-dimensional structures rich in β
pleated sheets and cysteines, and they are grouped into families sharing homologous
primary structure. Because each group exhibits some unique features, it is worthwhile
reviewing the major groups of ligands for RTKs.

2.1.3.1. EGF and Neuregulins. The EGF motif includes six canonical cysteines that
form three bridges and a well conserved protein fold whose β strands are tightly packed
(for a review see ref. 22). The motif is found not only in mitogens acting through
EGFR/ErbB-1, but also in a variety of coagulation factors and adhesion molecules. In
addition to molecules that bind EGFR, namely EGF, TGFα, amphiregulin, betacellulin,
the heparin-binding EGF-like growth factor (HB-EGF), and epiregulin, ligands that
bind to ErbB-3 and ErbB-4, and two EGFR-related molecules also contain an EGF
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motif (23). These factors are collectively named neuregulins (NRGs), and they include
at least four groups of isoforms generated by alternative splicing (ref. 24 and references
therein). A large group of DNA viruses, called pox viruses, encode EGF-like ligands
that bind with moderate affinity to ErbB proteins, but their mitogenic activity is unex-
pectedly high (25). The majority of EGF-like mitogens are synthesized as long trans-
membrane precursors that undergo cleavage to generate a short ligand molecule
comprising an EGF motif, which is often linked to other protein modules (21). Interest-
ingly, an antagonistic ligand, called Argos, was identified in flies (26), but no similar
activity has been reported in mammals. The biological reasons for the multiplicity of
EGF-like ligands are incompletely understood. Genetic manipulation of mammals indi-
cates that each ligand fulfils a unique set of inductive functions in the development of
certain cell lineages. For example, the phenotype of mice lacking expression of TGFα
includes abnormal skin, hair, and eye development. Possibly, each ligand binds to dif-
ferent hetero-and homodimers of ErbB proteins, including the ligand-less ErbB-2
(23,27). For example, EGF and TGFα differ in their ability to recruit ErbB-2 into het-
erodimers, and they also differ in the mode of receptor inactivation (28). These differ-
ences may underlie the superiority of TGFα in assays of wound healing, bone
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Fig. 2. Different modes of growth factor function. Endocrine action refers to hormone or growth fac-
tor dissemination through the circulatory system to act upon cells that are distant from the factor-pro-
ducing cells. Paracrine action refers to the utilization of growth factors by cells in the immediate
vicinity of the factor-producing cells, whereas juxtacrine action refers to the presentation of mem-
brane-bound growth factors to adjacent cells. An autocrine loop indicates the utilization of growth
factors by the same cells that produce them.



resorption, and angiogenesis (29). Finally, protein modules that flank the receptor-bind-
ing EGF-like motif may differentially regulate the retention and availability of the vari-
ous growth factors. An example is provided by HB-EGF, which is a ligand that avidly
binds heparan sulfate proteoglycans of the extracellular matrix (30).

2.1.3.2. PDGF and Related Growth Factors. Unlike EGF-like molecules, members
of the PDGF family are dimeric molecules with a conserved motif containing eight cys-
teines. The disulfide-linked dimer includes two chains, PDGF-A and PDGF-B. All three
possible homo-and heterodimeric combinations of these chains exist, and they exhibit dif-
ferent receptor binding specificities resulting in marked differences in biological activities
and tissue selectivity (reviewed in ref. 31). In addition, PDGF-A may be expressed in two
distinct forms based upon alternative splicing of an exon encoding a C-terminal gly-
cosaminoglycan binding domain (32). Less is known regarding a third chain of PDGF,
chain C, whose processing differs from that of the A and B chains. These latter chains are
processed by proteolysis at the N termini before binding to target cells. Targets include
fibroblasts and smooth muscle cells expressing α and/or β receptors. PDGF is the major
mitogen present in human platelets, but its range of biological effects includes also
chemotaxis, stimulation of matrix synthesis, and inhibition of cell death.

2.1.3.3. Fibroblast Growth Factors. Two forms of FGFs were initially identified and
isolated from various tissue extracts by utilizing the ability of all FGFs to bind with high
affinity to the sulfated polysaccharide heparin. Subsequently, two related molecules, Int2
(FGF3) and the androgen-induced growth factor (FGF8), were added to the list of FGFs.
These polypeptides are encoded by genes activated by integration of the mammary tumor
provirus. Other members of the family were isolated from a Kaposi sarcoma (FGF4) and
a glioma (FGF9). Two additional FGFs were isolated by virtue of their strong mitogenic
activity toward NIH-3T3 fibroblasts (FGF5) and epithelial cells (FGF7, keratinocyte
growth factor). A characteristic of this family of growth factors is the requirement for sul-
fated polysaccharides of defined length and sequence for activation of their receptors (33).
Perlecan and syndecans, along with CD44 and a variety of core proteoglycans, appear to
bind FGF molecules and present them to the respective receptors (34).

3. RECEPTORS AND DOWNSTREAM SIGNALING PATHWAYS

The human genome encodes approximately 100 protein tyrosine kinases, of which the
number of transmembrane kinases, namely RTKs, is expected to exceed 60 (13). Yet,
serine/threonine-specific kinases by far outnumber (by a factor of 5 or more) tyrosine
kinases in the genome, and phosphorylated tyrosine represents only a small fraction (less
than 0.5%) of the total content of phosphorylated amino acids in cellular proteins. The
currently known RTKs fall into 20 subfamilies, sharing structural domains outside of the
catalytic region and short homologous sequences within the relatively well conserved
catalytic portion. Interestingly, some subfamilies are represented in invertebrates such as
C. elegans, but only one member of the family exists in worms. For example, a single
type I RTK (EGFR/ErbB) exists in worms (denoted Let-23) and in flies (DER), but there
are four members in mammals. Hence, it is conceivable that gene duplication, in addition
to gene fusion, is responsible for the current complexity of RTKs. The tyrosine kinase
domain is the most conserved portion among RTKs, and it is shared with cytoplasmic
tyrosine kinases, which lack a transmembrane domain. Nevertheless, in some RTKs
(e.g., type III; PDGFR subfamily), the domain is bisected by a variable length
hydrophilic sequence, called a kinase insert. Yet in other RTKs (e.g., ErbB-3, Klg/CCK,
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Fig. 3. Major signaling pathways downstream to RTKs. Autophosphorylation of RTKs on tyrosine residues enables the recruitment of multiple adaptor proteins and enzymes
containing SH2 or PTB domains. (A) Recruitment of Grb2 to activated RTK results in the membrane translocation of associated Sos. Alternatively, the Grb2-Sos complex may
be recruited following SH2 domain-mediated binding and subsequent tyrosine phosphorylation of Shc. Sos is a guanine nucleotide exchange factor for Ras, and its membrane
translocation serves to activate the Ras GTPase. Downstream effectors of Ras include PI-3K, Ral-GDS, and Raf. Raf then activates a kinase cascade culminating in the activation
of Erk1 and Erk2, which phosphorylate p70-S6 kinase, MAP-KAPs, as well as the Elk transcription factor, which regulates transcription from the serum response element. (B)
The regulatory p85 subunit of PI3K is recruited to the active RTK by SH2 domain-mediated binding to phosphorylated tyrosine residues within the receptor or within adaptor
proteins such as IRS or Gab. Recruitment of the p85 subunit activates the catalytic p110 subunit, resulting in the phosphorylation of PIP2 at the 3′ position. 3′ Phosphorylated
phosphoinositides result in the FYVE or PH domain-mediated membrane recruitment of multiple signaling molecules, including Akt. Membrane-localized Akt is subsequently
phosphorylated and activated, leading to multiple signaling pathways important for cell survival and proliferation. These pathways include inhibition of the pro-apoptotic func-
tion of Bad, inhibition of GSK-3 function, the CREB and FKHR1 transcription factors, and translation initiation and protein synthesis through activation of mTOR, eukaryotic
initiation factor 4E, and p70-S6 kinase. (C) The SH2 domain-mediated recruitment of PLCγ to RTK and its subsequent tyrosine phosphorylation result in the activation of PLCγ
and the hydrolysis of PIP2, thereby generating IP3 and DAG. IP3 results in increases in intracellular calcium concentrations, and the subsequent activation of the calmodulin ser-
ine/threonine phosphatase, as well as calcium/calmodulin-dependent protein kinases. DAG and calcium activate PKC, which regulates multiple signaling events.
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and Ryk/Vik), the catalytic domain contains noncanonical residues that abolish kinase
activity. In addition to the kinase domain, all RTKs invariably contain a single hydropho-
bic stretch of 20–25 amino acids, and the precursors are flanked by a signal peptide, a
combination that ensures transmembrane expression. This topology positions RTKs in
an orientation suitable for the transmission of extracellular signals to cytoplasmic tar-
gets. Hence, it is meaningful to consider RTKs as allosteric enzymes: the extracellular
domains bind ligands, which allosterically modulate the cytoplasm-facing enzymatic
domain. The key to understanding RTK action is provided by tyrosine autophosphoryla-
tion sites localized primarily at the carboxy-terminal tail of the receptor. These sites
serve as docking points for a large set of cytoplasmic signaling proteins, the majority of
which carry no enzymatic function. These adaptors, however, initiate a series of parallel
linear cascades leading to cell activation (Fig. 3).

3.1. Structural Aspects of RTKs
3.1.1. EXTRACELLULAR DOMAINS

The ectodomains may be considered the variable part of RTKs, as they exhibit a variety
of structural motifs, including long stretches rich in cysteines, immunoglobulin (Ig)-like
domains, kringle motifs, and cadherin-like domains. Monomeric RTKs are catalytically
inactive. However, ligand binding to the extracellular domain of a monomeric RTK
invariably leads to receptor dimerization and subsequent activation of downstream signal-
ing pathways. Thus, ligand binding and receptor dimerization are closely linked events,
whose structural basis is now emerging. Mutagenesis and immunological strategies using
monoclonal antibodies that interfere with ligand binding revealed that the binding cleft is
comprised of noncontiguous receptor sequences. Thus, the two cysteine-free domains of
ErbB-1, which are separated by a long cysteine-rich sequence, contribute to ligand bind-
ing (35), and three Ig-like domains of the SCF receptor are needed for high affinity ligand
binding (36). Several crystal structures of the ectodomains of RTKs have been reported in
the last few years, providing a structural basis for ligand recognition and ligand-induced
dimerization of RTKs. The simplest model emerged from studies of Flt-1, which is the
receptor for the vascular endothelial growth factor (VEGF) (37), in which the dimeric lig-
and engages two receptors by binding to Ig-like domain 2 (Ig2). The interface between the
ligand and Ig2 is primarily hydrophobic, but limited interaction with Ig3 also exists. Inter-
estingly, Ig4 may be involved in receptor–receptor interactions, in analogy to Ig4 of the
SCF receptor, which is dispensible for SCF binding, but essential for receptor dimeriza-
tion (38). Two ligand-receptor binding sites exist in TrkA, the receptor for NGF; one site
is common to all Trk-neurotrophin interactions and the other site determines specificity
for a neurotrophin (39). Although two FGF molecules bind to the dimeric receptor, there
is no direct contact between the ligands (40), which contrasts with the disulfide-linked
monomers of VEGF and NGF. Heparin binding to charged surfaces of the dimeric lig-
and–receptor complex stabilizes the heterotetrameric structure. Thus, the structural varia-
tion exhibited by the RTK family is reflected in a variety of molecular mechanisms
enabling ligand recognition and receptor dimerization.

3.1.2. TRANSMEMBRANE DOMAINS

Although the relatively short transmembrane sequences of RTKs show no apparent
conservation of structural motifs, the existence of an oncogenic point mutation in the
rodent homologue of ErbB-2 (9) raised the possibility that the hydrophobic sequences
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play a role in receptor dimerization. The mutation, which results in the substitution of a
valine for a glutamate, leads to constitutive dimerization and kinase activation. Appar-
ently, the transmembrane domain exists as an α helix, and two adjacent helices interact
along a specific surface (41). Several models for ligand-independent dimerization of
the two helices have been proposed: a carboxylate group of one helix may hydrogen
bond with either the same group (42) or with a carbonyl oxygen residing on the other
helix (43). Whether or not the transmembrane helices of other RTKs interact with their
partners to form ligand-induced dimers is an open question.

3.1.3. CYTOPLASMIC DOMAINS

The intracellular part of RTKs may be divided into three parts: the major and more
highly conserved one is the catalytic portion, which is flanked by a juxtamembrane
domain and a long hydrophilic tail. Whereas phosphorylation at the juxtamembrane
domain is primarily regulatory and may be involved in auto-inhibition (44) or in recep-
tor endocytosis (45), phosphorylation of tyrosine residues localized in the carboxyl ter-
minal tail (or in the kinase insert) allows subsequent binding of signaling proteins
harboring Src homology-2 (SH2) or phosphotyrosine-binding (PTB) domains. Unlike
modification of carboxyl-terminal tyrosines, autophosphorylation at sites located
within the catalytic domain activates the enzymatic function. The crystal structure of
the catalytic portions of several RTKs have been reported, which resolved a mechanism
of cis-inhibition coupled to trans-activation. The overall architecture of the catalytic
domain is similar to that of serine/threonine kinases (46), an amino-terminal lobe rich
in β strands is linked to an α helical carboxyl-terminal lobe. ATP binds in the cleft
between the two lobes, and the tyrosine-containing peptide substrate binds the car-
boxy-terminal lobe. Accessibility of substrates to the active site is blocked in the inac-
tive state by the activation loop, which contains between one and three tyrosines.
Studies on the insulin receptor kinase domain imply that phosphorylation of these
residues takes place upon ligand-induced receptor dimerization, and it occurs in trans,
namely, in which one receptor within a dimer modifies the activation loop tyrosine of
the dimer’s mate (47). Stimulation of kinase activity is due to removal of autorepres-
sion. In the unstimulated state, the inhibitory tyrosine (Tyr-1162/1163 of the insulin
receptor or Tyr-653/654 of FGF-receptor) (48) is hydrogen-bonded to conserved
residues within the catalytic loop. This obstructs binding of peptide substrates (and
ATP, the donor of a phosphate group, in the case of the insulin receptor). Upon phos-
phorylation, a conformational change repositions the activation loop away from the
active site, thereby allowing substrate access. Several oncogenic mutations affecting
specific residues within the activation loop (see Subheading 3.2.1.) highlight the criti-
cal regulatory role of this domain.

3.2. Signaling by RTKs
3.2.1. ACTIVATION BY LIGANDS

In principle, receptor activation is the result of two consecutive phosphorylation
events, both initiated upon ligand-induced noncovalent dimerization of monomeric
receptors. Dimerization facilitates transphosphorylation of several tyrosine residues
localized within (inhibitory tyrosines) and outside (docking site tyrosines) the kinase
domain. Ligand-induced dimerization had been first observed with the EGFR (49,50)
and was then extended to all other RTKs (reviewed in ref. 51). Dimeric ligands induce
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dimerization of their surface receptor by virtue of their bivalent structure. However, the
situation is less clear when dealing with momomeric ligands such as EGF. Possibly,
these ligands contain two nonequivalent binding sites (52), which allow them to form
complexes with a ligand:receptor ratio of either 2:2 or 1:2 (53). In addition to ligand-
induced dimerization, conformational alterations may be necessary to properly juxta-
pose the kinase domains for effective transphosphorylation. The exact nature of the
ligand-dependent conformational switches is still unknown.

3.2.2. RECRUITMENT OF ADAPTORS

In addition to phosphorylation of tyrosine residues located within the catalytic
domain, receptor activation leads to phosphorylation of multiple tyrosine residues that
are positioned in noncatalytic regions such as the juxtamembrane domain, the kinase
insert, and the carboxyl-terminal domain. The phosphorylated tyrosine, in the context
of several adjacent residues, forms a docking site with high binding specificity for
PTB- and SH2-containing proteins (54). Only a small fraction of PTB and SH2-con-
taining proteins are enzymes (e.g., kinases, phosphatases, and nucleotide exchange fac-
tors). Nevertheless, all are modular proteins carrying motifs recognizing specific lipids
(e.g., PH and FYVE domains), proline-rich sequences (WW and SH3 domains), or
hydrophobic carboxyl termini of other proteins (PDZ domains). In addition, upon close
apposition, many adaptor proteins are phosphorylated by the activated receptor,
thereby creating additional phosphotyrosine-based sites for recruitment of signaling
proteins. A subset of the group of adaptors, called docking proteins, is characterized by
a combination of an N-terminal membrane anchoring motif, either a PH domain (e.g.,
IRS and GAB), a transmembrane stretch (e.g., LAT), or a myristoylation site (e.g.,
FRS), and a set of tyrosine phosphorylation sites at the carboxyl-terminal half of the
adaptor/docking protein. Hence, receptor activation leads to concerted engagement of
multiprotein complexes at specific tyrosine autophoshorylation sites. Because the iden-
tity of these sites determines which protein complexes will be recruited to and RTK, it
is believed that signaling specificity is encoded by the combination of tyrosine docking
sites of each receptor (55). Other functions of adaptor proteins seem to be amplification
of signaling by providing multiple docking sites for the same target enzyme, and juxta-
position of proteins involved in successive steps of a biochemical pathway (reviewed in
ref. 55).

3.2.3. MAJOR SIGNALING CASCADES

How are signaling cascades initiated? A variety of molecular mechanisms allow the
initiation of biochemical processes upon recruitment of an adaptor or an enzyme to a
ligand-stimulated receptor. In the case of phospholipase Cγ, tyrosine phosphorylation
at specific tyrosine residues is essential for enhanced phospholipid breakdown by the
enzyme (56), whereas translocation of two other enzymes, PDK-1 and Akt, to the
plasma membrane initiates a kinase cascade leading to enhancement of cell survival.
Membrane translocation of PDK-1 and Akt is made possible by another enzyme, phos-
phatidylinositol 3′ kinase (PI3K), which is directly recruited to active RTKs and phos-
phorylates the 3′ OH group of the inositol ring in phospholipids, which anchor the PH
domains of Akt and PDK-1 to the membrane (57). Src is maintained in an inactive
“closed” state in part by an intramolecular interaction between a C-terminal phopspho-
tyrosine (tyrosine 527) and an intrinsic SH2 domain. However, upon binding to a phos-
phorylated receptor’s tyrosine, the SH2 domain releases the C-tail, thereby activating
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the kinase of Src (58). As a result of physical interactions with immediate targets,
active RTKs simultaneously initiate a plethora of signaling pathways. These are medi-
ated by small molecule second messengers, such as calcium and lipids, and enzyme
cascades (e.g., protein kinases). Here, we review three major pathways activated by
RTKs and discuss general signal attenuation processes.

3.2.3.1. Mitogen-Activated Protein Kinase (MAPK) Cascade. Like all GTPases,
Ras family members exist in an inactive (GDP-bound) and an active (GTP-bound) con-
formation. The activation of Ras by RTKs is mediated by a guanine nucleotide
exchange factor (GEF) called Sos. Grb2 plays an essential role in coupling ligand-acti-
vated RTKs to Sos; by binding to Sos (through its SH3 domains) and to a phosphory-
lated tyrosine of an RTK (through its SH2 domain), the small adaptor translocates the
GEF to the plasma membrane, the site of Ras activity. Indirect recruitment of the
Ras/Sos complex to RTKs is possible; the Shc adaptor binds the complex and multiple
RTKs in a nonexclusive fashion, and several other adaptors can simultaneously bind an
RTK and the GEF via Grb2. RalGDS, PI3K, and Raf1 are all targets of the GTP-bound
form of Ras and collectively they start numerous signaling pathways. Raf activation
appears to require phosphorylation on one or two tyrosine residues (59), and it takes
place at the plasma membrane, probably by Src family members. Once activated, Raf
phosphorylates MKK1 and MKK2, two kinases located upstream to the Erk1 and Erk2
MAPKs. The latter are doubly phosphorylated at a Thr-Glu-Tyr sequence within the
activation loop in a reaction that is partially ordered with Tyr preceding. Erk favors
substrates containing Pro residues at the Pro+1 position. Five protein kinases can be
activated by Erks. They are referred to as MAPK-activated protein kinases (MAP-
KAPs) and the ribosomal S6 kinase. Another group of substrates is represented by the
p62 ternary complex factor (p62TCF/Elk-1), which regulates transcription from the
serum response element. Lastly, several cytoskeletal and cytoplasmic proteins are mod-
ified by Erks, including Sos-1 and cytosolic phospholipase-A2. Thus, the MAPK cas-
cade regulates several components participating in the response to mitogens:
transcription factors, cytosolic enzymes, and cytoskeletal elements.

3.2.3.2. Phosphoinositide Signaling. The preferred substrate of activated PI3Ks is
phosphatidylinositol-4,5-bisphosphate (PIP2). This low abundance polyphosphoinosi-
tide serves as a substrate for another RTK-regulated enzyme, phospholipase Cγ (see
below). Upon activation by ligands, RTKs couple to heterodimeric PI3Ks of class IA,
whereas activation of G protein-coupled receptors stimulates the related class IB
enzymes. RTKs utilize two main mechanisms to recruit and activate the lipid kinase
activity of PI3Ks: Ras activation results in the formation of a complex comprising Ras-
GTP bound to the p110 catalytic subunit of PI3K. Alternatively, the SH2-containing
p85 regulatory subunit of PI3K is physically recruited to specific receptor motifs con-
taining a phosphorylated tyrosine flanked by a methionine. PI3K activation results in
rapid production of phosphatidylinositol-3,4,5-trisphosphate (PIP3) and delayed gener-
ation of phosphatidylinositol-3,4-bisphosphate. Numerous proteins harboring FYVE or
PH domains serve as targets for the lipids modified by PI3Ks. However, from a cell
transformation perspective, the most significant target is Akt (also called protein kinase
B [PKB]), a cellular homologue of a viral oncogene. The role of Akt in cancer is also
illustrated by PTEN, a phosphoinositide-specific phosphatase, which is frequently
inactivated in human cancers (60). The PH-containing Akt kinase exists in three iso-
forms, all of which contain an activation loop Thr-308 and a regulatory Ser-473
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residues. The Thr-308 kinase is another PH-containing enzyme, namely the above dis-
cussed 3′-phosphoinositide-dependent kinase (PDK-1). Once recruited to the plasma
membrane via binding of its PH domain to PI3K-generated phosphoinositides, Akt
undergoes phosphorylation by PDK-1 and by a still unknown kinase, thereby stimulat-
ing translocation of the enzyme to the nucleus (61). The many substrates of Akt are
involved in inhibition of apoptosis and maintenance of steady cell growth. Included in
this list are two transcription factors (CREB and FKHR), the Bcl family member Bad,
and two protein kinases, Raf and glycogen synthase kinase-3 (GSK-3), which are both
inhibited by Akt. Another important substrate of Akt is mTOR, a DNA-dependent pro-
tein kinase whose major substrates are two proteins involved in initiation of protein
translation, eukaryotic initiation factor 4E, and the p70 ribosomal S6 kinase. Thus, by
coupling to PI3K and Akt, RTKs enhance cell survival and support cell proliferation
through mechanisms converging on a few critical transcription factors and the protein
translational apparatus.

3.2.3.3. Signaling Through Phosphoinositide-Specific Phospholipase C and Pro-
tein Kinase C. The ten mammalian phospholipase C (PLC) molecules specifically
hydrolyze the minor membrane phospholipid PIP2 to generate two important second
messengers, inositol-1,4,5-trisphosphate (IP3) and diacylglycerol (DAG) (62). IP3 acti-
vates specific receptors in the endoplasmic reticulum, resulting in calcium release and
activation of Ca2+/calmodulin-dependent protein kinases (e.g., PYK2) and phos-
phatases (e.g., calcineurin) (63,64). DAG and calcium ions bind to and activate protein
kinase C (PKC). The DAG-PKC complex translocates to the membrane, where PKC
phosphorylates various proteins including RTKs, a process that initiates their inactiva-
tion (45). The β type isozymes of PLC molecules are regulated by G proteins. On the
other hand, the γ isozymes serve as targets for many RTKs. This group of enzymes is
characterized by the presence of SH2 and SH3 domains, in addition to PH domains,
and specific tyrosines, whose phosphorylation by active RTKs is essential for maximal
enzymatic activity. Autophosphorylation of RTKs creates docking sites for the SH2
domains of PLCγ and replacement of the tyrosine phopsphrylation sites in EGFR or
PDGF-receptor abolishes growth factor-dependent generation of IP3. In addition, the
enzyme is indirectly regulated by translocation to the membrane, as well as by PI3K,
which generates PIP3, an apparent cofactor of PLCγ. Calcium ion mobilization and
PKC activation translate into a large variety of cytoplasmic and nuclear events, includ-
ing cytoskeletal reorganization and regulation of specific promoters. Nevertheless, the
biological role of PLCγ is not well defined. An “add-back” strategy that reconstituted
the corresponding docking site of the PDGF-receptor on a background of a tyrosine-
less mutant receptor suggested involvement of PLCγ in the Ras pathway, induction of
c-fos and cell proliferation (65). However, direct mutagenesis indicated that coupling to
PLCγ is not essential for mitogenesis by FGF and PDGF (66,67). On the other hand
several studies attributed to PLCγ a positive role in the induction of neurite outgrowth
by cultured neuronal cells (68,69), implying that the multiple signals elicited by this
enzyme are differently interpreted by cells of distinct lineages.

3.2.3.4. Signal Attenuation. An important feature of all signaling pathways is the
kinetics of their inactivation. Studies of the Ras-MAPK pathway revealed that cells
interpret signals arising from this pathway differently according to the kinetics of the
inactivation phase (70). Protein and lipid phosphatases, GTPase activating enzymes, as
well as targeted degradation of activated RTKs by the ubiquitin machinery, seem to be
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important components in refining signal transduction, but how negative signals are
integrated in mammals is far from being understood. Genetic analyses of the
Drosophila EGFR (DER) pathway in flies uncovered a surprisingly complex network
of signal inactivation, which is tightly regulated at the transcriptional level. Argos, an
inhibitory ligand of DER, Kekkon, a transmembrane protein inhibiting DER oligomer-
ization, Ras-GAP, a GTPase activating protein, d-Cbl, a ubiquitin E3 ligase, and
Sprouty, an inhibitor of the Ras-MAPK pathway, have been identified as negative regu-
lators (26,71). The major, and apparently most general, process inactivating RTKs in
mammalian cells seems to be endocytosis followed by recycling or degradation of acti-
vated receptors (72) (see Fig. 4). Most monomeric inactive RTKs may localize to cave-
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Fig. 4. A model of RTK endocytosis and trafficking. Receptor endocytosis and degradation are
important mechanisms for the attenuation and termination of signaling by RTKs. In the absence of
ligand, monomeric RTKs may be localized in caveolar or noncaveolar regions of the plasma mem-
brane. Ligand binding induces receptor dimerization, autophosphorylation (marked by P), and migra-
tion of caveolar receptors from these membrane domains. Activated receptors internalized via
clathrin-coated pits are subsequently sorted through several endosomal compartments and are ulti-
mately degraded in the lysosome. Receptor ubiquitination by Cbl, a ubiquitin-ligase recruited to tyro-
sine phosphorylated RTK through its SH2 domain, plays a critical role in receptor trafficking and
degradation.



olae or to lipid rafts (73). Upon ligand binding, dimeric RTKs are rapidly recruited into
clathrin coated pits and endocytose (74). Protein sorting to clathrin-coated invagina-
tions of the plasma membrane is mediated by binding to adaptor protein 2 (AP2),
which then recruits clathrin heavy chain. Though hydrophobic motifs on the receptor
have been implicated in binding to AP2, ablation of these residues does not block inter-
nalization (75), but lessons gained in yeast imply involvement of receptor mono-ubiq-
uitination in targeting receptors to internalization (76). Ubiquitination of target proteins
involves three enzymes working in succession: a ubiquitous ubiquitin-activating
enzyme (E1), a ubiquitin-conjugating enzyme (E2), and a ubiquitin ligase (E3), which
selects a protein for degradation. c-Cbl, a large adaptor protein originally identified as a
product of a viral oncogene, has been identified as an E3-specific for active RTKs
(77,78). Three Cbl proteins are known in mammals; all three undergo rapid phosphory-
lation on tyrosine residues and physically associate with many RTKs upon activation
(reviewed in ref. 79). The SH2 domain of c-Cbl mediates receptor binding, and the
flanking RING finger recruits a ubiquitin-loaded E2 enzyme, which transfers ubiquitin
to the Cbl-bound RTK. Receptor ubiquitination mediated by c-Cbl seems to target
RTKs, not only to coated regions of the plasma membrane, but also to subsequent
degradation in lysosomes (80). In addition to c-Cbl, Eps-15, RalBP1, c-Src, and Grb2
have been implicated in endocytosis of RTKs, but their exact roles are still obscure.

4. ONCOGENIC MECHANISMS

Unrestrained signals for cell growth may arise when any of the many steps associ-
ated with receptor activation is constitutively stimulated. Although in the majority of
cases the receptors or components of the downstream pathways are mutated, in a few
cases transformation may be attributed only to enhanced availability of specific growth
factors. The scope of this review limits the discussion to alterations in receptors and
ligands. Two major mechanisms relate to oncogenic transformation by RTK ligands: an
autocrine mechanism and a paracrine loop of tumor cell activation. Here, we will deal
with several prototypic examples for the respective two mechanisms. Similarly, three
main principles underlie transformation by RTKs. First, overexpression of a receptor,
which is primarily a result of gene amplification, seems to be the major mechanism,
and we will use ErbB-2 as an example. Second, point mutations, which transform a
receptor to the active state in the absence of ligand, are exemplified below by c-Kit
(SCF-receptor). Last, we use Ret to demonstrate the oncogenic power of point muta-
tions and genomic rearrangements generating constitutively active tyrosine kinases.

4.1. Mechanisms Involving Constitutive Stimulation by Growth Factors
Unlike intrinsic alterations in receptors or effectors, causative relationships between

ligand availability and transformation are more difficult to prove in a clinical setting.
Nevertheless, experimental model systems provide numerous examples for the onco-
genic potential of growth factors in the context of autocrine and paracrine loops. Two
examples that we briefly discussed are the induction of PDGF synthesis by the simian
sarcoma virus and up-regulation of certain FGF molecules by proviral integration. In
addition to direct autocrine pathways, oncogene-transformed cells (e.g., transformation
by ras, mos, and raf1) often exhibit high levels of growth factor in their media. This
observation was used to isolate novel EGF-like ligands such as TGFα and NRGs from
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tumor cells expressing mutant ras genes (81,82). Although the necessity of secreted
growth factors for transformation by Ras is currently unclear, it is relevant that two
ErbB-1 ligands, HB-EGF and amphiregulin, are among the most strongly induced
genes in Ras-transformed cells (83). Steroid hormones are other strong inducers of a
variety of growth factors in both developing embryos and in cultures. Examples of
additional circuits of growth factors have been described, including the regulation of
the VEGFs by extracellular agents and hypoxia (reviewed in ref. 84), and they may
reflect physiological networks of cell lineage control. Dysregulation of these secondary
mechanisms may also participate in cell transformation.

4.1.1. AUTOCRINE LOOPS

Productive autocrine stimulation requires co-expression of a growth factor and the
cognate receptor in the same cancer cell. Although intracellular activation of the recep-
tor, while traveling through the Golgi apparatus, may occur in some tumors, in the
majority of cases ligand secretion is essential. Therefore, pharmacological intervention
by using extracellular agents (e.g., antibodies, peptidergic ligand anatagonists, and sol-
uble receptors) is feasible in most autocrine loops. Because no overexpression of the
ligand is necessary for the establishment of an autocrine loop, and usually genes
encoding growth factors are weakly transcribed, it is conceivable that many such loops
escape immunohistochemical detection in clinical specimens. Nevertheless, an exten-
sive literature exists linking tumoral growth factors with human cancer. Examples
include PDGF expression, along with its receptors, in glioblastomas (85) and sarcomas
(86). Consistent with the transforming potential of autocrine PDGF-BB, most skin
tumors of the dermatofibrosarcoma protuberans (DFSB) type express a fusion protein
composed of the growth factor and collagen 1A1 (87), which is a combination capable
of transforming cultured fibroblasts. Likewise, expression of the HGF in patients with
breast or non-small cell lung cancer was shown to be a strong predictor of recurrence
and short patient survival (88). Despite these and other examples, causal relationships
between ligand-receptor co-expression and transformation are complex and interpreta-
tion difficult. To exemplify the issue, we concentrate on ErbB-1 ligands. Early on, co-
expression of TGFα and ErbB-1 was noted in many human tumors (89). Overexpression
of TGFα in cultured cells rendered them partly transformed due to an autocrine loop
involving ErbB-1 (90), and ectopic expression of TGFα in transgenic mice leads to
spontaneous squamous papillomas (91), liver and colon hyperplasia, and mammary
neoplasia (92,93). Consistent with autocrine stimulation, poorer prognosis of TGFα-
expressing tumors, especially those co-expressing ErbB-1, has been reported in lung,
ovary, and colon cancer (reviewed in ref. 94). In prostate cancer, TGFα seems to act in
a paracrine fashion at the initial androgen-dependent phase, but it becomes an
autocrine factor at the later hormone-independent phase (95). Similarly, expression of
TGFα in pancreatic cancer correlates with tumor size and decreased patient survival
(96,97). Because over 90% of pancreatic carcinomas exhibit Ki-Ras mutations and
transcription from the promoter of TGFα is up-regulated by Ras, overexpression of
TGFα in pancreatic cancer may reflect the presence of a mutant Ras gene. Similarly,
HB-EGF expression is up-regulated by other ErbB ligands, oxidative stress, and the
Raf pathway (30), and the analysis of the TGFα promoter uncovered an EGF-regulated
element (98). It is interesting to note that TGFα is nontransforming in transgenic mod-
els, but it can dramatically enhance tumorigenicity by other oncogenes (99). However,
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both Myc and Neu can enhance tumorigenicity of TGFα in transgenic models (100),
and in TGFα-knock-out mice the incidence of hepatomas was similar to that of wild-
type mice (101). These observations highlight the complexity of relating an RTK lig-
and to tumorigenicity; the growth factor may be secondarily induced by a primary
oncogene, the stromal component may act as a ligand source, or the ligand may be
expressed but unprocessed or sequestered by the extracellular matrix.

4.1.2. PARACRINE LOOPS

Survival, growth, and metastasis of solid tumors depend on a complex network of
tumor–stroma interactions. Growth factors synthesized by stromal cells are often nec-
essary for proliferation and migration of tumor cells. On the other hand, tumor-derived
molecules seem necessary for the induction of tumor angiogenesis and for the invasive
properties of metastasizing cancer cells. The majority of these local and systemic cir-
cuits involve RTKs and their ligands. Several such examples are discussed below.

4.1.2.1. Angiogenic Factors. Tumors require continuous blood supply in order to
maintain steady mass growth and also metastasize into distant organs by means of the
general circulation (102). Angiogenic factors secreted by stromal and tumor cells stim-
ulate the migration and proliferation of endothelial cells, thereby initiating sprouting of
blood vessels. Vessel density frequently correlates with advanced stage and poor prog-
nosis of glioblastomas (103). Similarly, intratumoral vessel count was found to be a
prognostic indicator in gastric, breast, and non-small cell lung cancers. The receptors
for VEGF, namely Flt-1 and Flk-1/KDR, as well as Tie1 and Tie2/Tek, the receptors for
angiopoietins, play a direct role in angiogenesis. Likewise, PDGF, HGF, and FGFs
contribute to the angiogenic switch of tumors. Paracrine regulation of angiogenesis by
cancer cells has been demonstrated using tumor models in rodents (reviewed in ref.
104), and ample clinical evidence correlates the level of tumoral VEGF expression with
disease stage, metastases, and poor prognosis. Examples of this correlation include
pulmonary adenocarcinoma patients whose survival inversely correlates with VEGF
expression (105), and breast cancer patients, both node-positive and node-negative,
displaying poor prognosis and increased microvessel counts in correlation with high
VEGF protein and mRNA ref. 106 and references therein). Likewise, expression of
Tie2 is markedly up-regulated in highly angiogenic tumors, including glioblastomas
and sarcomas (reviewed in ref. (107)).

4.1.2.2. Platelet-Derived Growth Factors. PDGF and its receptors are expressed in
tumor cells, stroma, and pericytes, and may play a direct or indirect role in tumor
angiogenesis. Moreover, many types of tumors, including cancers of the gastrointesti-
nal system, breast, and lung tumors, express PDGF (e.g., see ref. 108), whereas the jux-
taposed stromal fibroblasts almost invariably express the β subtype of the PDGF
receptor. This potential paracrine loop is thought to mediate three types of stromal
responses. First, tumor-derived PDGF induces proliferation of stromal fibroblasts and
pericytes. Second, the growth factor elicits the production of metalloproteinase (109),
enzymes that degrade the extracellular matrix, and promotes the invasion of metastases
through blood vessel walls. Third, the paracrine loop results in an increased interstitial
fluid pressure within the stroma, which is an effect thought to block penetration of low
molecular weight drugs (110). Collectively, the effects of growth factors synthesized
by tumor cells may explain why the stroma of tumor cells is often more compact and
less penetrable than normal connective tissue.
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4.1.2.3. Insulin-Like Growth Factor 1. Although they may be considered
endocrine mediators, both insulin and IGF-1 bind to RTKs, and IGF-2 binds a nonki-
nase surface receptor. Despite their high similarity, the IGF-1 receptor is much more
mitogenic than the receptor for insulin, and IGF-1 is involved in several aspects of
paracrine tumor regulation. First, paracrine as well as autocrine IGF-1 synthesis is up-
regulated by mitogens like EGF and PDGF, and tumor suppressors like p53 and WT1,
as well as interferons, decrease expression of the IGF-1 receptor (reviewed in ref. 111).
In addition to mitogenic signals, the IGF-1 receptor generates an anti-apoptotic signal,
which seems essential for survival of not only normal cells but also transformed cells;
receptor-defective cells are refractory to transformation by viral and cellular oncogenes
(112), and blocking the receptor for IGF-1 by using antisense or immunological strate-
gies can reverse tumorigenesis (113). In summary, IGF-1 produced, either locally or in
distant organs like the liver, is an essential survival factor for a broad range of tumors.
However, because most normal tissues will undergo apoptosis in the absence of IGF-1,
potential application of the IGF-1 axis for cancer therapy seems limited.

4.2. ErbB Proteins: Oncogenesis by Overexpression
Immunohistochemical analysis is routinely performed on biopsies or on tumor spec-

imens after surgery. This type of analysis often leads to the observation of unusually
high expression of specific antigens. In the case of RTKs, caution must be taken
because variation in sample preparation, antibody specificity, and antigen subcellular
location may lead to erroneous conclusions. Since, in the majority of tumors, protein
overexpression is due to gene amplification, methods that detect amplified genes on
specific chromosomes (e.g., fluorescence in situ hybridization [FISH] are preferred
over immunohistochemical analyses. Here, we concentrate on ErbB-1 and ErbB-2, two
prototypic RTKs, whose overexpression is associated with disease progression in sev-
eral malignancies.

4.2.1. ERBB-1
Originally, ErbB-1 overexpression was detected in cancer cell lines, including A-

431 human epidermoid carcinoma cells. Later analysis of these cells revealed that
overexpression was associated with gene amplification and rearrangements (114). Fur-
ther studies detected enhanced expression of ErbB-1 in a variety of carcinomas, includ-
ing cancers of the lung (115), head, and neck (116). In addition, high expression is a
significant indicator for recurrence in operable breast tumors, and is associated with
shorter disease-free and overall survival in advanced breast cancer (117). Overexpres-
sion of ErbB-1 is also a very frequent genetic alteration in central nervous system
malignancies, with amplification of the gene occurring in 40% of gliomas (118). Over-
expression associates with higher grade, higher proliferation, and reduced survival. In a
significant fraction of tumors, gene amplification is accompanied by rearrangements.
The most common genetic alteration (type III) of ErbB-1 results in a deletion of amino
acids 6–276 of the extracellular domain (119), leading to a constitutively active kinase.

4.2.2. ERBB-2
Although an activating mutation of ErbB-2 has been identified in rodent tumor mod-

els, no similar alterations have been detected in human tumors. However, as was the
case with ErbB-1, gene amplification and protein overexpression were originally
observed in cancer cell lines of breast and gastric origin (120,121). Subsequently, over-
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expression of ErbB-2 was identified in several different human malignancies and is fre-
quently associated with negative prognostic features (reviewed in ref. 122). Tumors
most significantly studied in this regard, include those affecting breast, ovary, lung,
pancreas, colon, esophagus, prostate, endometrium, and cervix (120,121). The first
major link between clinical breast cancer and ErbB-2 was revealed when Slamon and
collaborators reported that ErbB-2 gene amplification correlated with poor clinical out-
come in node-positive, but not in node-negative patients (123).

One of the factors that makes ErbB-2 a clinically useful prognostic marker is that
overexpression is not found in benign breast disease, suggesting that patients with lesion
biopsies overexpressing ErbB-2, more than likely require treatment. This matter is rele-
vant for treatment decisions regarding ductal carcinoma in situ (DCIS), a premalignant
lesion, increasingly diagnosed as mammography becomes more accessible, but which
has a variable risk of developing into invasive cancer. The more aggressive comedo form
overexpresses ErbB-2 in up to 90% of cases (124–28); overexpression is linked to other
cancer related molecular changes (129–131), and consistently correlates with poorly
differentiated and more aggressive subtypes in various staging schemes (132–136).
The role of ErbB-2 is more complex in invasive ductal carcinoma, where the extent of
overexpression drops to around 30% (123,137). In general, several phenomena accom-
pany ErbB-2 overexpression: the primary tumor will be larger (138), of higher grade
(139), it will less likely express steroid hormone receptors (139–141), and will have
decreased levels of Bcl-2 (142). Histologically, ErbB-2 overexpression is present pri-
marily in invasive ductal histology, and is not found in lobular and other subtypes with
better prognosis (139,143–145). As 30% of patients with node-negative disease will
suffer a recurrence of their cancer, it is imperative to find markers that might predict
which of these tumors need systemic therapy. ErbB-2 may represent such a marker;
according to several studies, ErbB-2 overexpression in node-negative disease identifies
patients with worse outcome, including shorter relapse-free survival (146–151).

4.2.3. ERBB-2 OVEREXPRESSION AND CHEMORESISTANCE

One of the intriguing early clinical findings in studies related to ErbB-2 overexpres-
sion was a relationship to chemoresistance (139,152) (also reviewed in refs. 153,154).
Patients who have ErbB-2 overexpressing tumors tend to be resistant to chemo-, radio-
, and endocrine therapy (158–161). ErbB-2 activates anti-apoptotic machinery, includ-
ing the up-regulation of Bcl-2 and Bcl-XL (158). Overexpression of ErbB-2 also leads
to p21waf1 overexpression (162) and hypophosphorylation of Rb (163), which protect
cells from genotoxic stress by blocking entry into the cell cycle (157). Conversely,
treatment with ErbB-2 blocking antibodies leads to inadequate p21waf1 response in
irradiated cells (164). Underlying these defensive pathways may be Akt, which is acti-
vated by ErbB-2 and phosphorylates p21waf1 (165). Thus, from a biological perspec-
tive, the multiple signaling pathways initiated by the ErbB family RTKs may explain
the clinical observation of an invasive metastases-prone and treatment-resistant pheno-
type that is associated with ErbB-2 overexpression.

4.2.4. HOW DOES AN OVEREXPRESSED ERBB-2 TRANSFORM CELLS?
The autocrine and paracrine mechanisms of cell transformation can explain how

ErbB-1 overexpression sensitizes cells to one of the EGF-like ligands synthesized
locally. Although ErbB-2 overexpression more robustly transforms cultured cells
(166,167), a ligand that binds to ErbB-2 with high affinity may not exist (168). Never-
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theless, ErbB-2 is preferentially recruited into heterodimers once a ligand binds to one
of its family members (169,170). Heterodimerization with ErbB-2 is particularly criti-
cal for signaling by ErbB-3, since this receptor is endowed with a catalytically inactive
kinase domain (171). Thus, the role of ErbB-2 overexpression in cancer cells may be to
bias formation of ligand-induced heterodimers. Consistent with the possibility that the
normal developmental role of ErbB-2 is to serve as a heterodimer partner, aspects of
the phenotype of ErbB-2 null embryos are shared with animals defective in each of the
other ErbB genes (reviewed in ref. 172). In agreement with strong mitogenic signaling,
ErbB-2 is coupled to the Ras-MAPK and the PI3K-Akt pathways, and its heterodimers
elicits stronger proliferative responses than the respective homodimers of ErbB pro-
teins (173,174). Several functional features underlie the mitogenic superiority of ErbB-
2-containing heterodimers. First, ErbB-2 elevates the affinity of heterodimers to the
respective ligand by decelerating the rate of ligand dissociation (175). In addition, het-
erodimers are endowed with broader ligand specificity than the corresponding homod-
imers (176,177). Last, the kinetics of ErbB-2 desensitization through the endocytic
pathway is relatively slow (173,178), and it tends to recycle back to the cell surface
after delivering ligands for lysosomal degradation (28,179). In summary, several dis-
tinct mechanisms allow prolonged retention of ErbB-2 at the cell surface, thereby
extending the duration of signaling by its heterodimeric partners. Hence, by overex-
pression of ErbB-2, tumor cells may gain increased sensitivity to stromal and autocrine
growth factors of the EGF and NRG families.

4.3. Oncogenic Activation of RTKs by Mutations and Gene Rearrangements
Gain of function mutations leading to tonic ligand-independent activation of several

RTKs have been detected in human malignancies, as well as in experimental animal
systems (reviewed in ref. 13). Examples include mutations in the HGF receptor (Met,
in renal cancer), the macrophage growth factor receptor (Fms, in myelomonocytic
leukemia), and constitutively dimerized chimeric versions of the receptors for FGF and
NGF. Here, we concentrate on two RTKs that are extensively mutated in human can-
cers, namely: c-Kit, the receptor for SCF, and Ret, which binds the GDNF.

4.3.1. STEM CELL FACTOR RECEPTOR: ONCOGENESIS BY MUTATIONS

Human c-Kit was identified on the basis of a feline viral oncoprotein, v-Kit, which
represents a receptor truncated at both extracellular regions and intracellular sequences
flanking a bisected tyrosine kinase of the PDGF-receptor family (6). Mapping of the c-
kit gene to the murine White spotting (W) chromosomal locus led to an understanding
of the multiple developmental roles of c-Kit even before SCF had been identified. This
ligand–receptor interaction is critically involved in development of several cell lin-
eages, including mast cells, melanocytes, germ cells, and interstitial cells of Cajal
(reviewed in ref. 180). Two cytoplasmic domains of c-Kit are major targets for onco-
genic mutations in human cancers. These are the activation loop located at the car-
boxyl-terminal half of the tyrosine kinase (Asp816 in the canonical Asp-Phe-Gly
sequence) and an inhibitory α helix located in the juxtamembrane domain (ref. 181 and
references therin). Replacement of Asp816 with either a histidine or a valine was iden-
tified in germ cell tumors (seminomas and dysgerminomas), adult and atypical pedi-
atric mastocytosis, and in myeloid leukemia. In pediatric and adolescent mastocytosis
patients, the disease tends to be more extensive and progressive if patients carry the
Asp816 mutation. The mutant receptor displays constitutively high kinase activity and
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signaling through the PI3K/Akt pathway. The other class of mutations (exon 11)
impinge on a short regulatory sequence containing autophosphorylation docking sites
specific for c-Src and SHP-1, a tyrosine-specific phosphatase of hematopoietic cells.
Apparently, the short α helix is inhibitory for the kinase, and both tyrosines participate
in signal attenuation, which is consistent with the tumor suppressive effects of SHP-1
inferred from the phenotype of SHP-1-defective Motheaten (Me)-mutant mice. The
juxtamembrane domain is mutated in up to 90% of gastroinstestinal stromal tumors
(GIST), the most common mesenchymal neoplasm in the human gastroinstestinal tract,
and the presence of these mutations predicts worse prognosis (182). In addition, similar
germ line mutations and deletions affecting the juxtamembrane α helix exist in fami-
lies with multiple GISTs. Other types of somatic mutations were detected in various
lesions: V559G (valine 559 replaced by a glycine) in mastocytosis, D52N in myelopro-
liferative disorders, and a variety of intracellular mutations in sinonasal lymphomas
(183). How exactly these alterations influence signaling by c-Kit is still unknown, but
classification of the mutations and comprehensive understanding of c-Kit activation are
crucial for therapy, since several low molecular weight inhibitors of the kinase are now
available (e.g., STI571 and SU5416).

4.3.2. GDNF RECEPTOR: ONCOGENESIS BY GENE REARRANGEMENTS

AND MUTATIONS

c-Ret was first inferred by the discovery of an oncogene activated by gene rearrange-
ment (12). The Ret receptor is a rather unique member of the RTK family; one of four
glycosyl phosphatidylinositol-linked coreceptors, FGR-α-1 through 4, is essential for
ligand binding and subsequent activation of Ret. Two mechanisms of oncogenic activa-
tion of Ret were identified in cancer patients: either by somatic gene alterations in radi-
ation-induced or spontaneous papillary thyroid carcinomas, or germ-line mutations in
three familial tumor syndromes, multiple endocrine neoplasia type 2A (MEN2A),
MEN2B, and familial medullary thyroid carcinoma (FMTC) (reviewed in ref. 184).
Both mechanisms involve constitutive activation of the Ret kinase and downstream sig-
naling. The signaling pathways activated by Ret include Ras-MAPK, PI3K-Akt, Jun N-
terminal kinase, and PLCµ, but in vitro studies suggest cell type specificity of signaling
by Ret. In contrast with transforming gain of function mutations, loss of function muta-
tions in ret lead to Hirschsprung’s disease, which is characterized by the absence of
enteric autonomous ganglia. Targeted inactivation of the gene in mice confirmed
involvement of Ret in development of the enteric system and also revealed its role in
kidney development (185).

4.3.2.1. Rearranged Forms of Ret in Papillary Thyroid Cancer. Fusion proteins
containing the tyrosine kinase domain of Ret and a variety of N-terminal donor pro-
teins (e.g., H4, ELE1, and ELKS) are frequently detected in human papillary thyroid
carcinoma (RET/PTC oncogenes). All chimeric proteins lost the transmembrane
domain of Ret, but retained the carboxyl-terminal autophosphorylation region (186). In
addition, in each case the N-terminal donor contributes a dimerization function, either
a coiled coil domain, or specific cysteine residues forming disulfide bonds. Although
the fusion proteins contain no transmembrane domain, a Ret-binding PDZ protein
called Enigma seems to recruit the chimera to the inner face of the plasma membrane
(187). Hence, activation of Ret is invariably due to constitutive dimerization of the
fusion proteins in thyroid carcinomas. Interestingly, thyroid follicular cells can form
both follicular and papillary thyroid carcinomas, but RET/PTC fusion proteins were
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found only in the latter type of cancers, implying specificity of signaling or mutagenic
processes. The incidence of RET/PTC activation is relatively low in spontaneous papil-
lary carcinomas of the thyroid, but it increases up to 70% in the radiation-induced
lesions. However, the prognostic significance of RET/PTC is currently unclear;
whereas some studies associated the rearranged gene with poor prognosis, others cor-
related it with smaller slow growing and less aggressive tumors. Presumably, the iden-
tity of the N-terminal donor gene, technical aspects, environmental factors, and
heterogeneity of papillary thyroid carcinomas contribute to the discrepancies.

4.3.2.2. Mutant Forms of Ret in Endocrine Neoplasia Type 2. The ret gene has
been identified as the susceptibility gene for multiple endocrine neoplasia type 2 disease,
which is an inherited cancer syndrome with three subtypes (MEN2A, MEN2B, and
FMTC) that are variably characterized by medullary thyroid carcinoma, pheochromocy-
toma, and parathyroid hyperplasia (188). All germ-line mutations identified in MEN2
families cluster in the cysteine-rich domain (exon 10 and 11) or in the tyrosine kinase
domain (exons 13–16). These two classes of mutations differ biochemically, which cor-
relates with different clinical phenotypes; the extracellular mutations (FMTC and
MEN2A syndrome) replace a cysteine with a noncysteine residue, thereby converting an
intramolecular disulfide bond to an interreceptor bond. On the otherhand, most MEN2B
patients carry an M918T mutation that activates the kinase domain without inducing
dimers of Ret. In addition to the M918T mutation, FMTC and MEN2B display other
recurrent point mutations in highly conserved regions of the kinase domain. Although
both extracellular and intracellular mutations in Ret lead to constitutive signaling, only
the second type displays responsiveness to ligand, as well as altered substrate specificity
and increased signaling via the PI3K pathway (189). In conclusion, future classification
of the various ret mutations, and detailed understanding of their biochemical effects, will
likely lead to improved presymptomatic DNA-based testing and well-reasoned recom-
mendations as to whether or not to perform prophylactic thyroidectomy.

5. CONCLUDING REMARKS

The isolation and molecular cloning of the first RTKs, some 16 yr ago, opened the
way for a new era in cell biology and cancer research. Along with the enormous com-
plexity of signaling pathways, the multiplicity of components, and the apparent func-
tional redundancy that have emerged, it is becoming clear that the current experimental
tools available to molecular biologists and geneticists are insufficient for deciphering
signal transduction in an isolated cell or in a living organism. The richly interconnected
networks, their spatial and temporal integration, and the multilayered control circuits
call for the application of sophisticated genetic manipulation, as well as parallel com-
putational simulations, which are methodologies that are yet unavailable. Nevertheless,
the great strides already achieved in resolving the cell’s wiring and in identifying the
complete arsenal of the mammalian genome hold promise for the future understanding
of RTK signaling. The lessons gained will certainly be applicable to biotechnology and
medicine. For example, it is already clear that the multistep nature of cancer develop-
ment opens the opportunity for reversing a malignant state by inhibiting only one of the
accumulated genetic/biochemical alterations. On the other hand, it is becoming clear
that RTK signaling plays a significant role in a wider range of cancers than was origi-
nally anticipated. Moreover, the relatively deep cleft of the nucleotide binding site of
RTKs and the cell surface localization of these receptors offer an attractive target for
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small molecule inhibitors and antagonistic antibodies. Furthermore, the paucity of
tyrosine phosphorylation in intact cells suggests limited adverse effects due to incom-
plete pharmacological specificity. Compounds with high selectivity for specific RTKs
and monoclonal antibodies capable of down-regulating specific receptors are already
available for clinical use. Thus, STI571, a compound inhibiting c-Kit, along with
PDGF-receptor and Abl tyrosine kinase, effectively inhibits metastiatic gastrointestinal
stromal tumors (190), and Herceptin/Trastuzumab, a humanized monoclonal antibody
specific for ErbB-2/HER2, is used in combination with chemotherapy in the treatment
of metastatic breast cancer patients (191). More target-selective drugs will be designed
in the future, as our understanding of RTK signaling and oncogenes deepens.
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1. INTRODUCTION

It is now well-established that Ras proteins are critical nodal points of signal transduc-
tion. Signals initiated by diverse extracellular ligands, via stimulation of a wide spectrum
of cell surface receptors, converge on and activate Ras (1). Activated Ras, in turn, inter-
acts with a multitude of downstream effector targets to initiate functionally diverse cyto-
plasmic signaling pathways (1–3). Many of the cytoplasmic signaling components that
function upstream and downstream of Ras have been identified, although more are likely
to be found. While unexpected complexities, such as cross-talk of these components, as
well as cell type differences in Ras signaling, have prevented our complete understand-
ing of the details of Ras signaling, our comprehension of the details is nevertheless
impressive. Similarly, it is clear that Ras signaling pathways regulate events in the cyto-
plasm (actin cytoskeletal organization) as well as in the nucleus (regulation of gene
expression and cell cycle progression) (3,4). The cross-talk between Ras and Rho family
proteins has provided vital details that explain how Ras controls actin organization (5,6).
Links between Ras signaling and specific components of the cell cycle machinery have
recently been delineated (7–10). It is clear that Ras can regulate the function of a multi-
tude of transcription factors and that their functions are essential for Ras-mediated trans-
formation (3). Ras-responsive DNA elements are common features of many promoter
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sequences. However, where our knowledge is lacking is in the identification of specific
gene targets of Ras that are important for Ras-mediated oncogenesis. In this review, we
summarize our knowledge of several genes whose expression is regulated by Ras and
whose products may be important for oncogenic Ras function. This involves genes
whose functions may control cell proliferation (transforming growth factor alpha;
TGFα), cell cycle progression (cyclin D1), cell survival (COX-2), cell shape
(tropomyosin), tumor cell invasion and metastases (matrix metalloproteinases; MMPs),
and tumor angiogenesis (vascular endothelial growth factor; VEGF). Additionally, we
summarize recent differential gene expression cloning studies (11–16) that have begun
to shed some light on this important issue. While we are clearly in the early days of these
studies, with the application and refinement of gene array expression analyses and pro-
teomics, this area of Ras signaling is poised to explode in the coming years.

2. Ras AND ONCOGENESIS

The three human ras genes encode four highly related proteins, H-Ras, N-Ras, K-
Ras4A, and K-Ras4B (4A and 4B differ only in their carboxyl-terminal sequences due
to alternative splicing), which share approx 90% amino acid identity. To date, there is
limited evidence that there are functional differences in Ras proteins. For example, iso-
form differences in subcellular trafficking and association with the plasma membrane
and different roles in development (17,18). K-ras, but not H-ras or N-ras, is essential
for normal mouse development (18–20).

Ras proteins have been the subjects of intensive research because of their important
role(s) in human cancer development. Mutant forms of the three human ras genes are
associated with the development and progression of a wide spectrum of human cancers
(4,21). Single amino acid substitutions (primarily at residues 12, 13, or 61) result in
constitutively activated, highly oncogenic, mutant Ras proteins (21). Ras mutations are
found in approx 30% of all human cancers, but the frequency is not random. Some can-
cers show greater frequency of mutations, such as carcinomas of the pancreas (approx
90%), colon (approx 50%), lung (approx 50%), and thyroid (approx 50%), whereas ras
mutations are infrequently observed in carcinomas of the breast, ovary, and cervix
(4,21). K-ras is the most frequently mutated ras gene, followed by N-ras, while H-ras
mutations are less frequently observed (22–24.) The specific ras gene mutated often
correlates with the tumor type (22–24). For example, K-ras mutations are most prevalent
in lung, colon, and pancreatic cancer, whereas, H-ras mutations are most common in
bladder and kidney cancer, and N-ras mutations are most common in myeloid and lym-
phatic cancers (21,25). In contrast, some cancers exhibit mutations in all three isoforms
(e.g., thyroid cancers) (21). Whether the activation of distinct ras genes in specific can-
cers reflects distinct oncogenic properties of the different Ras proteins is not known.

In addition to mutations in Ras itself, Ras can be activated constitutively by alterations
in other signaling proteins. For example, overexpression of ErbB2/HER-2/Neu, receptor
tyrosine kinase of the epidermal growth factor (EGF) receptor family, occurs in approx
30% human breast and ovarian cancers and is suggestive of a poor prognosis (26).
Chronic activation and/or overexpression of this or other receptor tyrosine kinases can
cause persistent activation of Ras, and consequently, Ras-mediated signaling (4,26).
Alternatively, the loss of NF1-GAP (see Section 3.1) function in malignant schawanno-
mas is associated with an increase in active Ras (27). Thus, the involvement of Ras in
oncogenesis clearly extends beyond the 30% of tumors that harbor mutated ras genes.
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3. REGULATION OF Ras PROTEINS

3.1. Ras Molecular Switch
Ras family proteins are small GTP binding and hydrolyzing proteins (GTPases) that

bind guanine nucleotides, GTP or GDP, with high affinity and exist in two functional
confirmations: active when bound to GTP and inactive when bound to GDP (Fig. 1)
(23,28). Ras proteins transition between the two confirmations by harboring two intrin-
sic activities: hydrolytic release of P1, converting bound GTP to bound GDP, and
nucleotide dissociation, facilitating exchange of bound GDP for free GTP in vivo. Ras
protein conformation is altered upon GDP/GTP cycling due to structural changes in
two regions termed the switch I (residues 30–38) and II (residues 59–76) regions
(29–31). These regions, together with residues that flank the switch I region (residues
25–45), correspond to the effector domain of Ras. When Ras is bound to GTP, the
effector domain displays high affinity binding to downstream effector targets such as
the Raf serine/threonine kinases (see Section 4.1).

Intrinsic rates of GTP hydrolysis and nucleotide exchange by Ras proteins are slow
to facilitate efficient GDP/GTP cycling in vivo, and two classes of regulatory proteins
exist in the cell that enhance these activities (23). Guanine nucleotide exchange factors
(GEFs) enhance the release of bound nucleotide and, since the cellular amounts of
GTP greatly exceed that of GDP, promote formation of active GTP-bound Ras (Fig. 1).
Several GEFs have been identified that are specific for Ras family GTPases, including
the CDC25 homology proteins SOS1/2, RasGRF1/2, RasGRP, CNRasGEF, and phos-
pholipase C epsilon (PLCε) (Fig.1) (4,32,33). Some Ras GEFs can also facilitate
nucleotide exchange on the Ras-related proteins such as the three R-Ras proteins (R-
Ras, R-Ras2/TC21, and R-Ras3/M-Ras) (34). In addition to facilitating nucleotide
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Fig. 1. The Ras molecular switch is regulated by GEFs and GAPs. Ras family proteins are mem-
brane-bound molecular switches that bind guanine nucleotides (GTP or GDP), and catalyze both the
hydrolysis of GTP to GDP and Pi and the subsequent release of bound GDP. Ras proteins are active
when bound to GTP and inactive when bound to GDP. GAPs enhance GTP hydrolysis, and GEFs
facilitate the release of GDP. Thus, GAPs favor the formation of inactive GTPase, and GEFs favor the
formation of active GTPase. Several GAPs and GEFs have been identified that are specific for Ras,
and these are indicated in the figure.



exchange on Ras proteins, Ras GEFs are also implicated as central signaling modules
that regulate and link various intracellular signaling pathways. GTPase activating pro-
teins (GAPs) enhance the rate of GTP hydrolysis and formation of inactive, GDP-
bound Ras (35) (Fig.1). Mutated Ras proteins (with single amino acid substitutions at
residues 12, 13, or 61) are insensitive to GAPs and persist as chronically activated pro-
teins (23). Multiple Ras GAPs have been identified and include p120GAP, neurofi-
bromin (NF-1 GAP), Gap1m, and p135SynGAP (Fig.1) (36–40).

3.2. Lipid Modification and Membrane Targeting of Ras Proteins
Ras proteins are located at the inner face of the plasma membrane (Fig. 1) where they

function as regulated GDP/GTP switches to relay extracellular signals to cytoplasmic
signaling cascades. Ras proteins undergo a series of posttranslational modifications that
mediate their association with the plasma membrane (41). The carboxyl termini of all
Ras proteins contain a conserved cysteine, followed by any two aliphatic amino acids,
and terminating in either serine or methionine (designated the CAAX motif) (3,42,43).
The cysteine is covalently modified with a farnesyl isoprenoid moiety by farnesyltrans-
ferase. Subsequent to covalent lipid attachment, the AAX residues are removed by pro-
teolytic cleavage by an intracellular membrane-bound endoprotease, RCE1 (44). The
cleavage event is then followed by carboxy-methylation of the now terminal, farnesy-
lated cysteine residue. The CAAX tetrapeptide sequence is necessary and sufficient to
signal these modifications and has been used as a platform for the design and develop-
ment of farnesyltransferase inhibitors as possible anti-Ras drugs (45,46).

The CAAX-mediated processing steps are necessary, but not sufficient, to complete
the trafficking of Ras proteins to the plasma membrane (17). Instead, two distinct types
of “second signals” are required (47). H-Ras, K-Ras4A, and N-Ras are subsequently
modified by palmitoylation at one or more cysteine residues amino terminal to the
CAAX motif to facilitate plasma membrane association. K-Ras4B contains a lysine-
rich sequence that serves as the second signal for complete plasma membrane associa-
tion. Covalent lipid attachment at the CAAX cysteine is not sufficient for plasma
membrane targeting. The presence of the second signal is essential for complete local-
ization of Ras proteins to the inner leaflet of the plasma membrane (17). These post-
translational modifications have been shown to be essential for the biological activity
of Ras proteins (48).

4. MEDIATORS OF Ras SIGNALING AND TRANSFORMATION

To exert its effects in the cell, Ras interacts with and/or stimulates effector proteins
and pathways (1,3). To date, several Ras effector proteins have been discovered, and
three classes have been studied extensively for their contributions to Ras-mediated
transformation. Ras also utilizes other small GTPases, such as members of the Rho,
Ral, and Rap families, to exert its cellular effects on growth and transformation (49).

4.1. Effector Proteins of Ras Function
To date, a multitude of Ras effectors have been isolated that interact specifically with

the GTP-bound, active conformation of Ras, and it is likely that Ras uses this multitude
of functionally diverse effector pathways to transduce various cell signals (Fig. 2) (1).
The three best characterized effector families of Ras function are the Raf serine/threo-
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nine kinases, Ral GEFs, and phosphatidylinositol 3-kinase (PI3K) lipid kinases.
Because of the many effectors and effector pathways activated by Ras, Ras is clearly a
major branch point in signal transduction. To date, it is clear that Ras-mediated onco-
genesis requires activation of multiple effector signaling pathways; however, the pre-
cise role of each effector in the complex transformed phenotype is not clear.

4.1.1. RAF AND ACTIVATION OF THE ERK MAPK PATHWAY

The best characterized Ras effector is the serine/threonine kinase, Raf (c-Raf-1, A-
Raf, B-Raf) (Fig. 2). Activation of the Raf protein kinase occurs by Ras-mediated
translocation of Raf to the plasma membrane where a complex set of other events facil-
itate activation of the kinase function of Raf (50). Activated Raf phosphorylates the
MEK1/2 dual specificity kinase, and activated MEK phosphorylates and activates
ERK1/2 mitogen-activated protein kinases (MAPKs) (51). ERK, in turn, activates both
cytoplasmic targets, such as p90 RSK serine/threonine kinase to regulate protein syn-
thesis (52,53), and nuclear transcription factor targets, such as Elk-1 and the Ets family
of transcription factors (54,55), to mediate gene expression changes.

Activation of the Raf/MEK/ERK pathway alone has been shown to be necessary and
sufficient to cause transformation of NIH 3T3 mouse fibroblasts (56–63). However,
Ras-mediated transformation also involves activation of Raf-independent pathways.
For example, mutants of Ras that no longer activate Raf can still cause transformation
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Fig. 2. Activated (GTP-bound) Ras interacts with a multitude of effector proteins that contribute to
cellular transformation. Several candidate effectors of Ras signaling and transformation have been
identified, including Rin1, AF-6, PLCε, RalGDS, PI3K, Raf serine/threonine kinases, NORE1, and
RASSF1. Some aspects of signaling by these effectors are indicated in the figure and discussed in the
text (Raf, PI3K, RalGDS). Signaling by other candidate effector proteins and their contribution to
Ras-mediated transformation remain unclear.



(64). In addition, activated Ras, but not Raf, was found to cause transformation of RIE-
1 rat intestinal epithelial cells and other epithelial cell lines (65). These and other
observations emphasize the important role of other effectors in Ras oncogenesis.

4.1.2. PHOSPHATIDYLINOSITOL 3-KINASE (PI3K)
PI3Ks were first characterized as lipid kinases that phosphorylate the 3′ position of

the inositol ring of phosphatidylinositols (PI, PIP, PIP2) (Fig. 2) (66). PI3Ks are com-
posed of two subunits, a catalytic (p110) and a regulatory (p85) (67). Several isoforms
of each subunit exist and multiple isoforms of the p110 subunit (α, β, γ, δ) have been
shown to interact with GTP-bound Ras (68). A major function of these lipid kinases is
the phosphorylation of phosphatidylinositol 4,5-bisphosphate (PIP2) to produce phos-
phatidylinositol 3,4,5-triphosphate (PIP3) (67). PIP3 levels are elevated in Ras-trans-
formed rodent fibroblasts, and dominant negative or overexpression of p85 regulatory
subunit can block Ras-mediated transformation of NIH 3T3 cells (68,69). However,
PI3K is not required for Ras-mediated transformation of RIE-1 rat intestinal epithelial
cells, reflecting the cell type variation in the role of this effector in oncogenic Ras
function (70).

Several signaling molecules have been suggested to function downstream of PI3K.
One of the best characterized is the Akt/PKB serine/threonine kinase (Fig.2) (71).
Oncogenic Ras-mediated inhibition of suspension-induced apoptosis in MDCK canine
kidney epithelial cells has been attributed to PI3K-mediated activation of Akt (72,73).
Akt can phosphorylate and alter the activity of a variety of downstream targets, includ-
ing the NF-κB and forkhead transcription factors, suggesting that changes in gene
expression may be an important outcome of the PI3K/Akt effector pathway (71).

4.1.3. RAL GUANINE NUCLEOTIDE DISSOCIATION STIMULATOR (Ra1GDS)
The Ral guanine nucleotide dissociation stimulator (RalGDS) family (RalGDS,

RGL, RGL2/Rlf, RGL3), or GEFs, may represent a means of linking Ras family pro-
teins to GTPases of the Ral family (Fig. 2) (49,74,75). Ras-mediated activation of Ral-
GDS involves recruitment of RalGDS to the plasma membrane and subsequent
activation of Ral (76). Several reports suggest that RalGDS and Ral contribute to Ras-
mediated transformation. For example, co-expression of the Ras-binding domains from
RGL and Rlf inhibited Ras transforming activity (77,78). In addition, co-expression of
constitutively activated Ral-enhanced Ras focus formation; whereas, dominant nega-
tive Ral blocked Ras focus formation (79). Further, expression of RalGDS cooperated
with activated Raf to induce synergistic focus formation (80). RalGEFs are also associ-
ated with up-regulation of phosphorylated (active) c-Jun (81) and have been shown to
induce transcription of cyclin D1, via an NF-κB-dependent pathway, and c-fos (82,83).
A possible mechanism by which Ras-mediated activation of RalGDS exerts its effects
is by the ability of active, GTP-bound Ral to interact with a Ral effector protein, RalBP,
which has GAP activity toward Rac and Cdc42 (84). Thus, the RalGDS effector path-
way may modulate the activity of transcription factors that are regulated by Rho
GTPases (see Section 3.2).

4.1.4. OTHER EFFECTOR PROTEINS

Other candidate effectors of Ras include AF-6, Rin1, Norel, RASSF1, and PLCε
(Fig. 2) (1,85,86). To date, little is known regarding the contribution of these effectors
to the oncogenic properties of Ras. AF-6 localizes to sites of cell–cell adhesion, inter-
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acts with ZO-1 adhesion molecule, and has been shown recently to disrupt epithelial
junctions and cell polarity during development (87). Rin1 was isolated by screening
cDNA libraries for genes that suppressed an activated RAS2 phenotype in yeast (88).
Early observations implicated Rin1 in growth promotion. More recent studies report
that Rin1 may link the Abl tyrosine kinase to Ras function (89). Currently, no function
has been ascribed to Norel. RASSF1 was identified originally as a putative tumor sup-
pressor protein (90), shown subsequently to be a Ras effector, and may promote an
apoptotic function of Ras (85). Ras interaction with PLCε promotes its catalytic activ-
ity, which causes the production of two key second messengers (IP3 and diacylglycerol
[DAG]), which in turn cause the release of intracellular calcium and the activation of
various isoforms of protein kinase C. Ras-transformed cells have been shown to exhibit
elevated levels of DAG (91). Interestingly, PLCε catalytic activity is also regulated by
the Gα12 heterotrimeric G protein subunit and contains a separate domain that exhibits
Ras GEF activity (33). The role PLCε plays in Ras transformation is not known. How-
ever, since a Ras effector domain mutant (E37G) that interacts with RalGDS also
retains binding to PLCε, the transforming activity of this mutant may involve activation
of both RalGDS as well as PLCε (86). Finally, in addition to their roles as negative reg-
ulators of Ras, effector functions have also been suggested for p120 and NF1 Ras
GAPs (92,93).

4.2. Linking Ras to Rho GTPases
Over the past few years, there has been growing evidence of cross-talk between Ras

and Rho family GTPases, in particular, in transformation (94,95). Ras-mediated trans-
formation of fibroblasts has been shown to require the activity of several Rho family
GTPases, RhoA, RhoB, Rac1, Cdc42, RhoG, and TC10 (60,61,96–101). A clear exam-
ple of the necessary cross-talk between Ras and Rho family GTPases is evident in the
morphology of Ras-transformed cells. Ras-transformed cells adopt a mesenchymal
phenotype characterized by loss of cell–cell adhesions and an increase in focal adhe-
sions and stress fibers (102,103). Ras-transformed epithelial cells show elevated levels
of Rho activity (102), and inhibitors of Rho partially restore the epithelial phenotype
(102). A recent report indicates that Ras-transformed cells have elevated levels of
RhoA-GTP and that the RhoA-GTP functions to inhibit expression of p21CIP1, a cell
cycle inhibitor (5,104). Finally, cross-talk between Ras and Rho family GTPases may
converge on nuclear targets such as Ras-mediated activation of Elk-1 and Rho-medi-
ated activation of serum response factor (SRF) to give synergistic activation of c-fos
transcription (95). In addition, it was shown that sustained ERK activation due to con-
stitutive activation of Ras down-regulates Rho kinase and, thus, contributes to the
increased motility of Ras-transformed cells (5).

5. NUCLEAR TARGETS OF Ras ACTIVATION THAT CONTRIBUTE 
TO Ras-MEDIATED ONCOGENESIS

5.1. Complex Phenotype of Ras-Mediated Oncogenesis
Oncogenic Ras has been shown to cause and/or contribute to multiple aspects of the

malignant phenotype including uncontrolled proliferation, anchorage-independent
growth, survival, invasion, metastasis, and angiogenesis. Oncogenic Ras-mediated
deregulation of the expression of genes whose products promote these processes have
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been identified. Other gene targets that facilitate the actions of oncogenic Ras remain to
be identified. We first summarize the evidence that supports the importance of gene
expression in Ras transformation. We then discuss the link between oncogenic Ras and
specific genes whose deregulated expression may play important roles in Ras-mediated
oncogenesis. Finally, we discuss the observations of several recent studies that monitor
genome-wide alterations in transcription due to Ras signaling and transformation.

5.2. Nuclear Targets of Ras Activation
As described above, Ras-mediated signaling pathways can lead to the activation of a

diverse spectrum of transcription factors, that include Ets-1/2, Elk-1, NF-κB, SRF, c-
Fos, c-Jun, Myc, and E2F (1). Hence, it is not surprising that the promoter elements of
Ras-responsive genes harbor Ets, AP-1, and NF-κB binding sites (1). Ras transforming
activity has been shown to be dependent on the function of many of these transcription
factors. For example, depletion of c-myc with specific antisense sequences (105) or
expression of dominant negative mutants of Ets-1, Ets-2 (55,106,107), c-Fos (108), or
c-Jun (109) can block oncogenic Ras-mediated transformation of NIH 3T3 fibroblasts.
In addition, c-Jun null mouse embryo fibroblasts were found to be insensitive to Ras-
mediated transformation (110). Further, the role of c-fos in Ras-mediated tumor forma-
tion was shown in c-fos knock-out mice carrying an H-ras transgene. In this mouse
model, treatment with a tumor promoter induced benign tumor growth, but papillomas
became hyperkeratinized and did not progress to malignancy (111). Finally, inhibition
of NF-κB blocked Ras-mediated transformation and resulted in apoptosis of NIH 3T3
and Rat-1 rodent fibroblasts (112,113). When considered together, these observations
indicate that changes in gene expression are critical for Ras-mediated oncogenesis.

Specific gene targets of Ras signaling have been delineated by two approaches.
First, the consequences of Ras-mediated activation of the expression of specific genes
whose products may contribute to transformation have been determined. Included
among these are genes encoding proteins that facilitate autocrine growth factor loops
(TGFα), cell cycle progression (cyclin D1), cell survival (COX-2), cell shape
(tropomyosin; TM), tumor cell invasion (MMP-9), and angiogenesis (VEGF) (Fig. 3).
Second, recent studies have utilized differential gene expression analyses to identify
genes whose expression is altered in Ras-transformed cells. We have summarized the
observations from these studies in the following sections.

5.2.1. RAS-MEDIATED UP-REGULATION OF TGFα AND AUTOCRINE

GROWTH REGULATION

Oncogenic Ras-mediated transformation of a wide variety of rodent and human
fibroblast and epithelial cells is associated with persistent up-regulation of the gene
expression of TGFα (114–117). TGFα is a member of the EGF family of peptide
growth factors and stimulates the activation of the EGF receptor. The precise details
concerning how Ras stimulates TGFα gene expression remain to be determined. For at
least some cell types, Ras-mediated activation of both Raf-dependent and Raf-indepen-
dent effectors is required to cause up-regulation of TGFα (118).

TGFα up-regulation has been shown to be important for Ras transformation. For
example, TGFα transcription and protein secretion were activated in Ras-transformed
RIE-1 rat intestinal epithelial cells (118). Further, inhibition of EGF receptor function
impaired the growth of Ras-transformed cells, whereas treatment of untransformed RIE-
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1 cells with exogenous TGFα alone was sufficient to cause morphological transforma-
tion and promote growth in soft agar (118). Therefore, the up-regulation of TGFα is both
necessary and sufficient to promote morphological and growth transformation of RIE-1
cells. Similar observations were made with Ras-transformed MCF-10A human breast
epithelial cells and other cell types (119,120). Finally, other EGF family ligands have
also been found to be up-regulated in gene expression in Ras-transformed cells (15).

5.2.2. RAS-MEDIATED UP-REGULATION OF CYCLIN D1
AND CELL CYCLE PROGRESSION

Ras signaling regulates multiple components of the cell cycle control machinery to
promote hyperphosphorylation of the Rb tumor suppressor and to stimulate progres-
sion through the G1 phase of the cell cycle (121,122). Cyclin D1 is the best character-
ized cell cycle regulatory factor target of Ras (122). Cyclin D1 transcription and
translation are typically elevated in mid-G1 and are associated with a second peak of
Ras activation (122). Maximal accumulation of cyclin D1 protein occurs closer to the
G1/S boundary (122). This increase in cyclin D1 promotes the formation of cyclin
D1:CDK (cyclin-dependent kinases) 4/6 complexes, which in turn phosphorylate and
inactivate Rb, causing activation of the E2F transcription factor, and subsequent pro-
gression of the cell cycle (122,123).
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Fig. 3. Ras mediates gene expression changes that contribute to the transformed phenotype. Specific
gene targets of Ras signaling and transformation have been identified. Included among these are
genes encoding proteins that facilitate autocrine growth factor loops TGFα, cell cycle progression
(cyclin D1), cell survival (COX-2), cell shape (TM), tumor cell invasion (MMP-9), and angiogenesis
(VEGF), which, when deregulated in Ras-transformed cells, lead to the hallmarks of the transformed
cell phenotype.



Ras mediates up-regulation of cyclin D1 by transcriptional activation in a wide vari-
ety of cell types (124–126). Transient induction of activated Ras expression in rodent
fibroblasts and epithelial cells is accompanied by upregulation of cyclin D1 transcrip-
tion and protein expression (10,125,127). Serum-stimulated up-regulation of cyclin D1
expression is dependent on Ras function and constitutive expression of cyclin D1 can
overcome the requirement for Ras for proliferation of NIH 3T3 cells (128). Further,
oncogenic Ras-mediated transformation of a variety of cell types is associated with
sustained up-regulation of cyclin D1 protein (7,10,124,126,129). Stimulation of cyclin
D1 gene expression by oncogenic Ras requires activation of both Raf-dependent and
Raf-independent effector pathways (9,130) and involves activation of Ets, AP-1, and
NF-κB responsive motifs in the cyclin D1 promoter (131).

Cyclin D1 contributes to Ras-mediated growth stimulation. For example, the treat-
ment of Ras-transformed NIH 3T3 or IEC-18 cells with antisense cyclin D1 oligonu-
cleotides caused an impairment in proliferation (125,126). Similarly, a contribution of
cyclin D1 up-regulation by Ras in tumor development was shown in a recent study
where oncogenic Ras-induced tumors that developed from the cyclin D1 null cells
were half the size of the tumors formed by cells heterozygous or wild-type for cyclin
D1 (121). However, overexpression of cyclin D1 alone is clearly not sufficient to pro-
mote Ras-mediated growth transformation (126,130).

5.2.3. RAS-MEDIATED UP-REGULATION OF CYCLOOXYGENASE-2 (COX-2)
AND CELL SURVIVAL

One aspect of Ras-mediated transformation involves promotion of cell survival. For
example, oncogenic Ras prevents the apoptotic response that is induced when epithelial
cells are deprived of matrix attachment by blocking a caspase-mediated induction of cell
death (73,132). Ras-mediated up-regulation of the inducible eicosanoid-producing
enzyme cyclooxygenase-2 (COX-2) and COX-2-mediated production of prosta-
glandins (PGs; e.g., PGE2) is another mechanism by which oncogenic Ras may pro-
mote cell survival. In contrast to the constitutively expressed and functionally related
COX-1, COX-2 expression is transiently induced by various stimuli that include pro-
inflammatory cytokines, lipopolysaccharide, mitogens, and reactive oxygen species
(133). COX-2 protein expression has been found to be constitutively up-regulated in a
variety of Ras-transformed fibroblast and epithelial cells (e.g., Rat-1, RIE-1, MCF-
10A) or in cells transformed by oncoproteins known to cause activation of Ras (e.g.,
Src, HER2) (134–138).

To date, little is known regarding the mechanism by which Ras causes up-regulation
of COX-2 gene expression. Activated Raf-expressing rat intestinal epithelial cells
retain normal cell morphology and growth and display only modest up-regulation of
COX-2 protein (139). However, treatment of Ras-transformed cells with a MEK
inhibitor caused a significant reduction in COX-2 expression that was concurrent with
reversion of growth and morphologic transformation (135). Thus, the Raf/ERK path-
way is necessary but not sufficient to cause up-regulation of COX-2. Activation of
ERK, as well as activation of Akt, were found to mediate COX-2 up-regulation in
HCA-7 human colorectal carcinoma cells (140). In addition, the COX-2 gene promoter
sequence contains NF-κB, NFIL6, ATF/CRE, and E box regulatory sequences, and
may contribute to Ras-mediated COX-2 transcriptional up-regulation (140,141).

Current evidence supports a role for COX-2 and PGE2 in Ras-mediated transforma-
tion. For example, DuBois and colleagues have shown that transformation of rat
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intestinal epithelial cells by Ras is mediated, in part, by up-regulation of COX-2
(135,139,142). Treatment of Ras-transformed cells with a COX-2 inhibitor reduced
cell proliferation, inhibited colony formation and size on matrigel, and suppressed
tumor formation in nude mice (142). Inhibition of COX-2 in Ras-transformed cells also
decreased DNA synthesis and caused apoptosis in serum-free medium (139). Further,
COX-2 overexpression in nontransformed cells caused resistance to butyrate-induced
apoptosis and elevated expression of anti-apoptotic Bc12 protein (143). However, these
cells maintained contact inhibition, normal morphology, and were nontumorigenic
(139,143). Thus, COX-2 up-regulation alone is not sufficient to promote the trans-
formed phenotype caused by activated Ras.

5.2.4. DOWN-REGULATION OF TROPOMYOSIN IN RAS GROWTH

AND MORPHOLOGIC TRANSFORMATION

Impaired expression of high molecular weight tropomyosin (TM-1, TM-2, and TM-
3), a family of cytoskeletal proteins that bind to and stabilize actin in microfilaments,
has been observed in a variety of Ras-transformed fibroblasts and epithelial cells
(144–148). Tropomyosins are found along stress fibers and are thought to play a role in
stabilizing the organization of actin filaments, which in turn plays an important role in
the maintenance of cell shape, cell motility, and cell–cell and cell–matrix interactions
(149). Therefore, the loss of tropomyosin expression in transformed cells may prevent
proper assembly of microfilaments, and consequently, contribute to the invasive and
metastatic properties of cancer cells.

Cell type differences have been observed for the mechanism by which Ras causes
down-regulation of tropomyosin gene expression. For example, in NIH 3T3 mouse
fibroblasts, activation of Raf alone is sufficient to cause down-regulation (148). How-
ever, Raf-mediated down-regulation appears to be independent of ERK activation
(148). In RIE-1 rat intestinal epithelial cells, both Raf-dependent and Raf-independent
pathways are required for Ras to extinguish tropomyosin gene expression, in part, by
promoting DNA methylation (150).

Observations from studies of Ras-transformed rodent fibroblasts support an impor-
tant contribution of the loss of tropomyosin expression to Ras-mediated transforma-
tion. For example, forced re-expression of TM-1 or TM-2 in Ras-transformed NIH 3T3
fibroblasts restored anchorage-dependent growth and impaired tumorigenic growth
potential (146,151). In contrast, another study showed forced re-expression of TM-2 or
TM-3 in Ras-transformed fibroblasts resulted in no inhibition of growth in soft agar
(146). Forced re-expression of TM-2 in Raf-transformed NRK normal rat kidney
fibroblasts caused reversion of cell morphology, but did not inhibit either the growth
rates of these cells or their ability to grow in soft agar (148). In contrast to fibroblast
studies, we found that forced re-expression of tropomyosins did not reverse morpho-
logic or growth transformation of RIE-1 rat intestinal epithelial cells (150). Thus, the
loss of tropomyosin displays cell type differences in mediating Ras transformation.

5.2.5. RAS-MEDIATED UP-REGULATION OF MATRIX METALLOPROTEINASES (MMPS)
AND TUMOR CELL INVASION

Oncogenic Ras has been shown to promote invasion and metastasis in many experi-
mental tumor cell models (152). Invasion and metastasis are mediated in part by the
ability of transformed cells to destroy the extracellular matrix (ECM) in the basement
membrane (153). Ras-mediated transformation is associated with transcription of
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genes that encode secreted proteinases such as MMPs, cysteine proteases cathepsins,
urokinase plasminogen activator, and heparanase (152,154). This section will focus on
up-regulation of MMPs by Ras.

MMPs are a family of divalent cation-dependent proteases whose expression is asso-
ciated with advanced stages of almost all cancers following the transition of epithelial
cells to a mesenchymal phenotype (155). To date, more than 15 MMPs have been identi-
fied. According to domain structure and substrate specificity, the family of MMPs is sub-
divided into several families, including collagenases (MMP-1,-8,-13), stromelysin
(MMP-3,-10,-12), gelatinases (MMP-2,-9), matrilysin (MMP-7), membrane types
(MMP-14,-15,-16,-17), and others (MMP-11,-19,-20) (156–158). The target substrates
of this family of proteases are components of the ECM, such as collagen, a major com-
ponent of basement membranes, but family members are active against most other com-
ponents of basement membranes, such as laminin, entactin, and perlecan as well (157).

Regulation of MMPs occurs by transcription, mRNA stability, amino-terminal pro-
teolytic cleavage of a pro-enzyme form, and inhibition by endogenous proteins, tissue
inhibitors of metalloproteinases (TIMPs) (155). Transcriptional activation has been
reported to occur in response to growth factors and cytokines and oncogenes (155).
The promoters of MMPs contain Ras-responsive DNA elements (159,160). For exam-
ple, the MMP-9 promoter contains Ets, AP-1, and NF-κB DNA binding motifs (158).
Therefore, it is not surprising that up-regulation of MMP gene expression has been
reported in many Ras-transformed cells. However, the specific MMPs that are up-regu-
lated show cell type differences. Various differential gene expression cloning strategies
(see Subheading 5.3) have been applied to identify gene targets of Ras, and MMPs
have been identified in these studies (11).

The best evidence for linking Ras to up-regulation of MMPs involves MMP-9/type IV
collagenase/gelatinase B (159,161–165). Type IV collagen is the predominant collagen
component of the basement membrane, and consequently, activation of MMP-9 may
contribute significantly to invasion and metastasis (157,158). Ras-mediated MMP-9 up-
regulation has been shown in metastatic rodent tumor cells and human tumors. Further,
Ras-transformed rat embryo fibroblasts and NIH 3T3 murine fibroblasts metastasize in
nude mice, and the metastatic potential of these cells is associated with increased type IV
collagenolytic activity and the secretion of MMP-9 (166–168). Inhibition of metastasis
by Ras-transformed cells was achieved by inhibition of MMP-9 by ribozyme targeting of
the MMP-9 mRNA expression and loss of type IV collagenolytic activity (169).

In addition to MMP-9, other MMPs have been shown to be up-regulated in a Ras-
dependent manner (154). For example, MMP-2 is implicated in regulation by Ras both
in cell culture and in human tumors (162,170), MMP-7 (matrilysin) expression was
induced in colon tumor cells transfected with Ras (171), and MMP-10 (stromelysin)
expression is activated by oncogenic H-Ras (172).

5.2.6. RAS-MEDIATED UP-REGULATION OF VASCULAR ENDOTHELIAL GROWTH

FACTOR (VEGF) AND ANGIOGENESIS

Oncogenic Ras has been observed to be a potent stimulator of VEGF gene expres-
sion (173–175). VEGF is one of a number of soluble factors that are mitogens specific
for vascular endothelial cells, mediating both normal and pathological angiogenesis.
Two known tyrosine kinase cell-surface receptors recognize VEGF, VEGFR-1 (flt-1),
and VEGFR-2 (flk-1/KDR) (176), and VEGF binding mediates its mitogenic effects on
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endothelial cells. Solid tumor growth beyond 1 to 2 mm in diameter requires vascular-
ization in order to provide nutrients to sustain the metastatic growth potential. Conse-
quently, up-regulation of VEGF may be an important for oncogenic Ras induction of
this angiogenic response and promotion of malignant growth (173,177).

Oncogenic Ras has been associated with the up-regulation of VEGF mRNA expres-
sion and secretion of protein in both experimental transformation cell systems and in
human tumors. Transient or sustained expression of oncogenic Ras in a variety of
fibroblasts, epithelial cells, and other cell types has been has been shown to cause up-
regulation of VEGF transcription and protein expression (173,175,177). VEGF is up-
regulated in ras mutation positive colon carcinoma cell lines, and disruption of the
mutant K-ras function is associated with reduction in VEGF production (173). The
effectors that mediate oncogenic Ras stimulation of VEGF gene expression exhibit sig-
nificant cell type differences. For example, the Raf/ERK pathway is sufficient to pro-
mote VEGF up-regulation in rodent fibroblasts (178,179). In contrast, other studies
implicated PI3K in the Ras-mediated regulation of VEGF (177,180). Finally, Ras has
also been shown to up-regulate VEGF transcription and mRNA stability by a pathway
involving Protein Kinase C ζ (PKCζ) (181). Various elements in the VEGF promoter
have been implicated in Ras-mediated stimulation and include hypoxia-inducible tran-
scription factor 1 (HIF-1) and cAMP-responsive element (CRE) (180). Furthermore,
the promoter region responsible for the Raf-mediated up-regulation of VEGF transcrip-
tion has been identified, and it has been determined that ERK activation led to an
increase in binding of Sp1 and AP2 transcription factor activation and binding to GC-
rich elements in the promoter region of VEGF (179).

There is evidence for a functional contribution of VEGF up-regulation in oncogenic
Ras-mediated transformation in some but not all cell types. For example, expression of
antisense VEGF in the DLD-1 and HCT-116 colon carcinoma cells, which harbor an
activated K-ras allele, caused a decrease in VEGF production and subsequent inability
to form tumors in nude mice (182). In contrast, while VEGF was up-regulated, Ras-
induced mammary tumors were found, and this expression was dispensable for tumor
formation (183).

5.3. Current Techniques Used to Examine Genome-Wide Alterations 
in Gene Expression

During the past few years, several techniques have been developed to study genome-
wide changes in gene expression. These techniques are being applied extensively to
study the transcriptional changes associated with various aspects of Ras-mediated
transformation. These techniques include differential display, subtractive suppression
hybridization (SSH), representational difference analysis (RDA), and microchip array
analyses. We have summarized the observations made from these different approaches.

Differential display was developed by Liang and Pardee as a polymerase chain reac-
tion (PCR)-based technique to identify and isolate those genes that are differentially
expressed in two different cell populations (184). Recently, Liang and colleagues have
applied this technique to identify genes that are deregulated in expression by oncogenic
Ras transformation (12). They identified 12 genes that were differentially expressed in
rat embryo fibroblasts transformed by cooperation of oncogenic Ras and dominant
negative p53. One gene identified encodes a small secreted protein designated Mob-1,
with significant homology with the interferon-γ-inducible protein-10 proinflammatory
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cytokine. Mob-1 expression was constitutively up-regulated in Ras-transformed cells,
and promoter analyses identified AP-1 and NF-κB motifs that may account for Ras
mediated up-regulation of Mob-1 gene transcription. Inhibition of ERK activation
abolished Mob-1 up-regulation in Ras-transformed cells, indicating that Ras stimula-
tion of Mob-1 is dependent on the Raf/ERK effector pathway. A second gene, desig-
nated rCop-1, was identified as a gene whose expression was down-regulated in
Ras-transformed cells (13). RCop-1 encodes a protein with homology to members of
the CCN cysteine-rich growth-regulatory proteins. Ectopic re-expression of rCop-1 in
Ras-transformed cells caused apoptosis, supporting a negative regulatory function for
this protein.

McMahon and colleagues applied the differential display technique to identify genes
induced by Raf activation in NIH 3T3 cells and found that heparin-binding (HB) EGF
mRNA was induced rapidly and resulted in secretion of HB-EGF (14). HB-EGF secre-
tion was also observed in Ras-transformed cells. It was determined subsequently that
this autocrine mechanism contributed to Ras activation of the c-Jun N- terminal Kinase
(JNK) MAPK.

SSH is a technique that is similar to RDA that was developed by Diatchenko et al. for
the generation of subtracted cDNA libraries (185). Baba et al. used this approach to iden-
tify differentially-expressed genes between the HCT116 human colon carcinoma cell
line and a genetic variant (Hke3), in which homologous recombination in vitro was used
to eliminate the mutated K-ras allele (15). Disruption of activated K-Ras function is
associated with impaired growth transformation in vitro and in vivo (186). One gene
identified encodes epiregulin, a member of the EGF family, and its expression was
reduced in Hke3 cells. Reintroduction of a mutated K-ras allele into Hke3 cells resulted
in up-regulation of epiregulin expression and morphologic transformation. While forced
re-expression of epiregulin in Hke3 cells did not restore the ability to grow in soft agar, it
did enhance tumor formation in nude mice, indicating that this gene expression change is
functionally important for some aspects of K-Ras transformation.

Habets et al. (16) described the application of cDNA microarray analyses to identify
oncogenic K-Ras-induced gene transcription. They utilized the DLD1 human colon
carcinoma cell line where the endogenous mutated K-ras allele was removed by
homologous recombination in vitro (186). Loss of mutated K-ras has been shown to
greatly impair the ability of these tumor cells to grow in soft agar and to form tumors in
nude mice. Ecdysone-inducible expression of activated K-Ras was established in these
cells. A strong induction of K-Ras protein was seen and corresponded with induction
of ERK activation. RNA was isolated from uninduced and induced knock-out cells, as
well as the parental DLD1 cell line, and hybridization was performed on 10,000 cDNA
gene arrays. While the induction of known early response genes was identified (fos,
jun, and erg1), unexpectedly induction of myc was not detected. Previously, it was
found that loss of mutated K-ras in DLD1 cells was associated with a 9-fold reduction
in myc expression (186). An additional unexpected observation was that induction of
activated K-Ras protein expression did not induce morphologic or growth transforma-
tion. Thus, whatever gene expression changes were identified was not sufficient to pro-
mote transformation.

SSH was also employed by Schafer and colleagues to identify gene targets of onco-
genic H-Ras signaling and transformation (11). Overall, they determined gene expres-
sion profiles in H-Ras-transformed cells and indentified transcriptional stimulation or
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repression of 244 known genes, 104 expressed sequence tags (ESTs), and 45 novel
sequences. Among these were some that were identified previously as genes whose
expression is up-regulated (e.g., CD44, Fra-1, Mob-1) or down-regulated (e.g.,
entactin/nidogen, lysyl oxidase) by Ras. Other genes identified included up-regulation
of genes involved in invasion (e.g., MMP1, MMP3, and MMP-10) and down-regulation
of genes with negative roles in oncogenesis (e.g., TIMP2, Gas-1). Genes involved in
regulation of cell proliferation and survival, stress response, cytoskeletal organization,
and glycolytic energy regeneration were also identified. Overall, it was estimated that
3–8% of all expressed genes were altered in Ras-transformed cells.

Interestingly, the deregulated expression of only 16% of these gene targets were found
to be dependent upon ERK activation, indicating that Raf-independent effector function
is critically important for a majority of the changes in gene expression. Approximately
90% of the genes identified were also altered by mutated N-Ras and K-Ras. Thus, while
it has been speculated that the different Ras isoforms may have distinct functions, this
observation suggests that their roles in regulation of gene expression are quite similar.
Finally, since these analyses compared Ras-transformed 208F cells with untransformed
208F cells, the observed gene expression changes may be due to activation of H-Ras or
to H-Ras-induced growth transformation. However, a number of the genes were also
found to be altered on transient induction of oncogenic Ras expression in 208F cells,
indicating that direct targets of Ras activation were identified.

The information derived from differential gene expression analyses is immense and
is certain to provide important clues for understanding the mechanism of Ras-mediated
oncogenesis. However, since the level of gene expression may not accurately reflect the
level of protein expression, another approach for defining the gene targets of Ras
involves functional proteomics and mass spectrometry to monitor global changes in
protein expression or function. For example, Ahn and colleagues applied functional
proteomics to identify cellular targets of the MEK/ERK cascade (187). They used
selective activation and inactivation of MEK1/2 and identified 25 targets, of which only
five were linked previously to this signaling pathway. Similarly, Westwick and col-
leagues applied functional genomics to elucidate the possible targets of farnesyltrans-
ferase inhibitors (188). The application of functional genomics continues to develop,
and we will certainly see greater future application of this methodology to the study of
Ras “mediated” deregulation of gene and protein function.

6. CONCLUSIONS AND PERSPECTIVES

We have reviewed our current understanding of Ras signal transduction and its con-
sequences on gene expression and function. The identification of downstream effectors
of Ras continues at an impressive rate. The diversity and complexity of their functions
reveal that we still have much to learn about the biological function of Ras. For exam-
ple, the identification of PLCε as a Ras effector links Ras activity directly to the actions
of second messengers, calcium and DAG, which in turn cause pleotropic cellular
responses. How this effector may contribute to normal and oncogenic Ras function will
be interesting to determine. Many of the cytoplasmic signaling events that these effec-
tors may regulate are now well-defined, but many remain to be elucidated. What is
clear is that many result in the regulation of proteins that control changes in gene
expression. Some signaling events directly stimulate the activity of specific transcrip-
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tion factors, and the number and diversity of these factors continues to expand. Other
Ras-mediated signaling events may evoke more global changes in gene expression, for
example, by regulation of DNA methylation or by regulation of histone acetylation.
Thus, as we continue to dissect the components and complexity of Ras signaling
through the cytoplasm, elucidating the gene targets of Ras will be an important pursuit.
The development of methods, such as microarray analyses and functional proteomics,
to evaluate global changes in gene or protein expression is evolving rapidly. Experi-
mental approaches to evaluate global changes in protein function, such as protein
kinase activity, are also being developed. Hence, we are certain to witness great strides
in this area of Ras research in the coming years. The accumulation of information has
and will occur at a pace that greatly exceeds our ability to make sense of these observa-
tions. Nevertheless, our comprehension of this information will foster great advances
for understanding the role of Ras in oncogenesis and for the development of therapeu-
tic approaches to thwart that role for cancer treatment.
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1. INTRODUCTION

One of the great cornerstones of our understanding of cancer biology was the real-
ization that cancer-causing genes are intrinsic to our own genome, and therefore, can-
cer comes from within. These genes promote cancer formation by their inappropriately
elevated expression or by their failure to produce functional protein products. They
encode biological pathways, and mutations of these genes results in dysregulation of
these pathways. These alterations do not act alone, but cooperate to form cancer in
ways that we are just beginning to understand. Hopefully, this knowledge will lead to
rational mechanistic treatment strategies.

2. ONCOGENES AND TUMOR SUPPRESSORS

Throughout the early part of the 20th century, many investigators showed that some
RNA viruses were capable of causing cancer in experimental animals (1). Subse-
quently, it was demonstrated that these viruses could transform cells into a neoplastic
phenotype in culture (2). Encoded by these viruses were genes that, when expressed,
induced neoplastic changes and, therefore, were referred to as oncogenes. A startling
realization came with the recognition that src, the best-studied oncogene of the time,
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encoded by the rous sarcoma virus (RSV), had a homolog in the host’s genome (3). In
the process of infecting the host cell, at some point earlier in evolution, RSV appeared
to have stolen the src gene from the host animal and inappropriately expressed this
gene in infected cells with a result of cancer formation. Following this discovery, the
initial observation was extended to a more general principal when other virally
encoded oncogenes were shown to be derived from cellular homolog’s. These cellular
genes were subsequently designated proto-oncogenes to distinguish them from their
viral counterparts (4). Cellularly derived proto-oncogenes frequently encode proteins
that function normally to control the balance between cell proliferation and cell death.
The viral oncogenes achieve their neoplastic effect by a gain of function; these genes
are expressed in the wrong place at the wrong time or at inappropriate levels.

As the function of the proto-oncogenes were identified, an important clue to the
underlying biology of cancer began to immerge. The protein products of these proto-
oncogenes frequently function in the signal transduction cascades that cells use to
transmit information between themselves during the rapid proliferation and patterning
that occurs in embryonic development. In the normal developmental process, the
expansion of cell populations is carefully controlled by communication between cells
with growth factors and cell-to-cell contact. Secreted growth factors and membrane-
bound signaling ligands bind to the extracellular portion of cell surface receptors and
activate intracellular enzymatic processes. The activation progresses through many
pathways of sequential cytoplasmic proteins and eventually results in the modification
of transcription in the nucleus and translation in the cytoplasm. The genes that encode
the members of these cascades are the proto-oncogenes, and expression of the viral
forms of these genes (often mutated or constitutively active) results in the inappropriate
activation of these signal transduction pathways. In essence, cells expressing these
oncogenes misinterpret external environment and proliferate inappropriately. The fact
that so many different cancer causing genes have been conscribed by these viruses and
that the cellular homologs of these genes usually encode signal transduction pathway
components emphasizes the importance of these pathways in oncogenesis.

The next intellectual breakthrough in our understanding of the biology of cancer
was the realization that not only was cancer formation driven by the gain of function
generated by the expression of oncogenes, but in addition, there appeared to be anti-
oncogenes, or tumor suppressors, that functioned to inhibit oncogenic transformation
(5). The loss of these genes appeared to contribute to the formation of cancer. This
phenomenon is best seen in families with predisposition to cancer and is well illus-
trated by the inherited predisposition to the formation of retinoblastoma. The suscepti-
bility to form retinal tumors is inherited as a dominant trait. Classical genetic
inheritance of dominant traits usually implies a gain of function of a single allele that
produces an effect. At first glance, the inheritance pattern of families with predisposi-
tion to retinoblastoma might imply that they have an activation germline mutation in a
proto-oncogene that is inherited as a gain of function allele. However, mapping of the
gene locus responsible for this genetic predisposition identified the retinoblastoma
gene (Rb), and these families pass the tumor susceptibility via disruption of one allele
of the Rb locus (and therefore are heterozygous at this locus) (6). These individuals
develop normally due to the function of the remaining allele; however, these patients
invariable develop retinoblastomas, usually bilaterally. The remaining allele is lost,
and therefore, no functional Rb is produced in these cells (7). The gene expression
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alterations appear to contribute to the formation of cancer, and the cells of the retina in
humans appear exquisitely sensitive. Therefore, although loss of a tumor suppressor
gene is recessive on a cell by cell basis, it is dominant on an organismal basis because
of the secondary mutations that invariable occur in a few cells within a large popula-
tion of susceptible cells.

Several other syndromes of familially inherited predisposition to cancer have been
investigated, and their causative genes have been mapped and identified. These genes
encode proteins referred to as tumor suppressors because their function suppresses
tumor formation. Many of the known tumor suppressor genes encode proteins involved
with G1 cell cycle arrest, such as Rb, p53, and the INK4a-ARF gene products p16 and
p14 (8). These pathways are not active during embryonic development, consistent with
the rapid proliferation of cells during that time. In mice, the INK4a-ARF gene products
p16 and p19 begin to be expressed around the time of birth with the reduction in cellu-
lar proliferation (9). Dysregulation of these pathways by loss of these tumor suppres-
sors is extremely common in malignant tumors, and in some tumor types reaches
nearly 100% (10).

Not all genes that function to suppress transformation act in the cell cycle arrest
pathways. Some tumor suppressors function to inhibit signaling through the same sig-
nal transduction pathways that are activated by oncogene products. For example, the
tumor suppressor involved with neurofibromatosis type 1 (NF-1) normally functions to
inhibit the activity of Ras (11). NF-1 loss elevates Ras activity and probably con-
tributes to oncogenesis in that manner. The tumor suppressor gene PTEN is a phos-
phatase that inhibits the ability of PI3K to activate Akt. PTEN loss is, therefore,
correlated with elevated Akt activity (12). The existence of tumor suppressors that act
in the signal transduction pathways further emphasize the importance of elevated activ-
ity in these signaling pathways in the formation of tumors. Still other tumor suppressor
genes encode proteins involved in other biologic processes. For example, BRCA 1 is
involved in chromosomal stability (13), while NF-2 integrates the cellular shape and
internal structure with proliferation rates (14). Therefore, dysregulation of many func-
tions can contribute to tumor formation or progression.

For unclear reasons, different tumor types tend to activate critical pathways in differ-
ent ways. A particular tumor will have favorite oncogenes or tumor suppressors to
achieve what appears to be the same biologic output. For example, Ras signaling is
very commonly elevated in many tumor types, but the mechanism for achieving that
outcome varies. In lung tumors, Ras activity is frequently elevated by the expression of
a mutant constitutively active Ras (15). In neurofibromas, as mentioned above, Ras
activity is elevated by the loss of the RasGap NF-1 tumor suppressor, which normally
inhibits Ras activity. In high-grade gliomas, while Ras is essentially never mutated, its
activity is elevated by signaling from upstream tyrosine kinase receptors (16). The rea-
son for the mechanistic specificity is not clear at this time, but is undoubtedly central to
the biology of these tumor types (Fig. 1). Such examples further emphasize the impor-
tance of the pathways these oncoproteins and tumor suppressors comprise.

3. MULTIPLE EVENTS COOPERATE IN THE FORMATION OF CANCER

In 1971, Knutson proposed that cancer required two distinct events to occur (17).
This “two hit hypothesis” originally proposed that loss of both alleles of a tumor sup-
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pressor gene were required for tumor formation. In families with inherited loss of one
allele, loss of the second allele occurs somatically, enabling transformation. This
hypothesis deals with the two-stage inactivation of a single gene. However, as we now
know, cancer is more complicated than the result of dysregulated output of a single
gene. Since Knutson’s original proposal, the two hit hypothesis has been expanded and
adapted based on our ever-expanding knowledge of the oncogenic process.

In 1983, based on cell culture experiments, Weinberg and coworkers demonstrated
that Ras could cooperate with either Myc or Simian Virus 40 (SV40)T antigen (block-
ing Rb and p53 function) to induce transformation in cultured rat fibroblasts, in which
Ras or Myc alone was insufficient. Based on these experiments, he proposed that in
order for transformation to occur, there needed to be a cytoplasmic and a nuclear onco-
genic signal (18). Binary combinations of oncogenic stimuli expressed as either
nuclear vs cytoplasmic, signal transduction vs cell cycle arrest, or oncogene vs tumor
suppressor, may constrain our thinking about biologic processes with artificial defini-
tions. The important point is that multiple independent alterations seem to cooperate in
the induction of transformation, and the biologic pathways that are affected by these
genetic alterations appear to be causally related to the formation of the disease.

We need to remind ourselves that the ultimate effect of DNA mutations that occur is
at the protein level. Although this is a well-known outcome of the central dogma, it is
sometimes easy to forget that a mutation only has an effect (and is therefore is only
selected for) if it changes the protein composition of the cell. Furthermore, mutations
in the gene encoding a given protein are not the only way that a protein can be altered.
For example, loss of expression for a protein can be caused not only by deletion of the
gene, but it can also be due to methylation of a nonmutated gene resulting in the lack of
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Fig. 1. Oncogenic signal transduction pathways downstream of protein tyrosine kinase receptors.
EGFR platelet-derived growth factor receptor (PDGFR), insulin-like growth factor receptor (IGFR),
and other tyrosine kinase receptors that recognize growth factors activate several pathways that have
oncogenic effects. Illustrated here are the pathways involving Ras and Akt. Proteins with oncogenic
effects, and encoded by proto-oncogenes, are illustrated as round. Proteins that inhibit the activity of
these pathways and are encoded by tumor suppressor genes, are square.



its expression. Furthermore, most of these gene products are important in the biology
of cancer because they have enzymatic activity, which is often regulated by upstream
components of these pathways. It stands to reason that if inactivating mutations in a
given gene are found in some reasonable percent of tumors analyzed, it is quite possi-
ble that this mutation frequency is an underrepresentation of the frequency that the
pathway in which that protein functions is affected in the tumor population. In other
words, by focusing only on DNA mutations, we may be underestimating the impor-
tance of specific pathways to cancer biology.

Whether a genetic alteration, that is found in a given percent of tumor samples, is
causally related to tumor formation or simply an epiphenomenon of the tumor progres-
sion process is another matter. The observation that a given pathway is altered in a high
percent of cancer specimens or cell lines does not mean that dysregulation of that path-
way contributes to the etiology of the disease. For example, angiogenesis is required
for a tumor of any reasonable size to form in vivo. The gene expression alterations that
allow or drive the production of new blood vessels are, therefore, required for the pro-
gression of a tumor. However, simply inducing angiogenesis would not be expected to
result in tumor formation. By contrast, other biologic abnormalities occurring within
the tumor cells may, in fact, be necessary and sufficient to induce tumor formation in
vivo. Being able to distinguish between these two possibilities is critical to identifying
effective targets for therapy (19).

4. COOPERATION BETWEEN ONCOGENES AND 
TUMOR SUPPRESSORS IN THE SAME PATHWAY

One mechanistic categorization of genetic alterations found in tumors is by the path-
ways in which the gene products function. Simply thinking of these genes as either
oncogenes or tumor suppressors clouds the biologic processes to which these proteins
contribute. The products of oncogenes and tumor suppressors that cooperate with each
other can function in the same pathway and their respective gain or loss could reinforce
the signaling abnormalities. Alternatively, these alterations may function in different
pathways, and these pathways cooperate in tumor formation.

As pointed out previously, pathways that promote oncogenesis contain both positive
and negative regulatory elements, which are frequently encoded by genes shown to be
proto-oncogenes and tumor suppressors, respectively. Multiple alterations in the same
pathway may either act to further activate a particular sub-branch or potentially block
feedback loops that attempt to maintain homeostasis in the presence of the first muta-
tion. For example, the signal transduction pathway initiated by tyrosine kinase recep-
tors that proceed through PI3 kinase. PI3K is an oncogene, it is activated in the
overactivity of this pathway and leads to the activation of AKT, which is also an onco-
gene (Fig. 1). Both PI3K and AKT are found in oncogenic viruses, and their gain of
function can contribute to tumor formation (20,21). The phosphatase PTEN also func-
tions in this pathway by effectively blocking the ability for PI3K to activate AKT.
PTEN’s function is, therefore, counter to the two other oncogenes, and one might infer
that it is a tumor suppressor. In fact, PTEN is a tumor suppressor by all criteria (22). It
was identified by deletion analysis in human tumors, and familial PTEN mutations
result in Cowden’s syndrome, which includes the formation of a number of cancer
types (23).
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Another example of a signaling pathway, with both oncogenic and tumor suppres-
sive components, is the signaling pathway activated by sonic hedgehog (SHH). SHH
binds to its receptor patched (PTCH) and induces the floorplate during early embryonic
development and also induces proliferation of cerebellar external granular cells (24).
Mechanistically, PTCH exerts a tonic inhibitory effect on smoothened (SMO), which is
released by the binding of SHH. Therefore, SHH and SMO act as oncogenes, and
PTCH is as a tumor suppressor (25). Humans with inactivating germline mutations in
PTCH (Gorlin’s syndrome) develop a number of tumor types, including medulloblas-
tomas (26), and inactivating mutations in PTCH have been demonstrated in some spo-
radic medulloblastomas (27) (Fig. 2).

In addition, tumor suppressors and oncogenes that encode protein components of a
given pathway also exist in control of cell cycle arrest. For example, the genes encod-
ing p16 and Rb are both classical tumor suppressors. They are lost in human tumors,
and the activity of their gene products inhibits tumor cell growth (28). CDK4 functions
in this pathway, and it is inhibited by p16 and, in turn, inactivates Rb. Because of this
double negative control mechanism elevation of CDK4 activity is the equivalent of loss
of p16 and Rb. In fact, CDK4 acts as an oncogene of sorts, as it is amplified in tumors
(frequently the ones that do not have deletions of either p16 or Rb) (29) (Fig. 3).

Rather than thinking of genes as being oncogenic or tumor suppressive, it may be
better to think of the pathways themselves as being oncogenic or tumor suppressive.
For oncogenic pathways, mutations that activate the pathway are oncogenic, and those
that inhibit the pathway are tumor suppressive. For tumor suppressive pathways the
reverse is true.

Oncogenic cooperation between tumor suppressor gene products and onco-proteins,
which function with a given pathway, is well documented. In these pathways, which
contain oncogene and tumor suppressor gene products, such alterations may be capable
of substituting for one another rather than cooperation with one another. However, the
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Fig. 2. Oncogenic signaling activated by SHH. The oncogenic effects of SHH are initiated by bind-
ing to PTCH, which releases a tonic inhibitory effect on SMO, resulting in activation of oncogenic
signaling in some tumors, including medulloblastomas and basal cell carcinomas. SHH and SMO
have oncogenic effects and are encoded by proto-oncogenes and are illustrated as round. PTCH is
encoded by tumor suppressor genes and is square.



pathways are more complicated that simply being active or inactive. For example, in
the transition between grade 3 and grade 4 gliomas, there are two mutations that are
commonly encountered and are relative specific for grade 4 tumors. They are activating
mutations and amplification of epidermal growth factor receptor (EGFR) and loss of
PTEN (30). One of the main functions of EGFR is to activate PI3 kinase. Loss of
PTEN enhances the ability of PI3 kinase to activate Akt. Furthermore, if one analyzes
the AKT activity of a series of grade 4 gliomas, one finds substantially elevated levels
of Akt activity in these tumors relative to lower grade tumors (31). These data do not
imply that all of the AKT activity in these tumors is due to cooperation between EGFR
and PTEN. Rather, AKT activity appears important for grade 4 glioma biology, and one
way to achieve that goal is with cooperation between EGFR and PTEN.

5. COOPERATION BETWEEN ONCOGENES AND TUMOR
SUPPRESSORS IN SEEMINGLY UNRELATED PATHWAYS

Demonstrating the oncogenic cooperation between seemingly unrelated pathways is
more difficult, because there is not preexisting data leading to mechanistic hypotheses
for the expected outcomes. Although it is necessary to demonstrate that two pathways
are disrupted in the same tumor cells in order to validate the relevance of concurrent
abnormalities to actual tumor biology, demonstration of concurrence of alterations is
insufficient to prove cooperation between two pathways. It is quite possible the one or
both of the pathways are an effect rather than a cause of the neoplastic phenotype. The
only way to demonstrate cooperation in these circumstances is using experimental sys-
tems of tumor development.

Historically, genetic modification has been easier for cells in culture than for cells in
living animals. Many experiments investigating the cooperation between oncogenes
and tumor suppressors were done using transformation, the assay considered equiva-
lent to tumor formation in vivo. Cultured cells undergoing transformation change their
morphology, proliferated faster, lose contact-induced growth inhibition, and form
colonies in soft agar. Although these same characteristics are found in tumor cells that

Chapter 6 / Interplay Between Tumor Suppressor Genes and Oncogenes 107

Fig. 3. Tumor suppressive signaling pathways leading to G1 cell cycle arrest. The INK4a-ARF gene
encodes two tumor suppressor proteins that function to ultimately activate both p53 and Rb proteins.
The control mechanisms for these pathways are a series of inhibitory functions as indicated. Proteins
that activate these pathways and have tumor suppressive effects (are encoded by tumor suppressor
genes) are illustrated as squares. MDM2 and CDK4, which inhibit the function of these pathways,
have oncogenic effects and are illustrated as circles.



have been transferred to culture, cultured tumor cells transformed cells in culture, and
tumor cells in vivo have significant differences in gene expression profiles—potentially
due to the different selective pressures placed on them over time. Therefore, it is not
clear how many of the conclusions generated from cell culture experiments accurately
reflect the molecular biology of tumor cells in a living animal. The advent of tech-
niques that allow genetic modification of animals has allowed experiments that demon-
strate cooperativity between oncogenic pathways using tumor formation as a biologic
readout. Because of the relative ease of genetic manipulation and the significant num-
bers of genetically modified lines generated to date, the animal species used most fre-
quently for these studies is the mouse. What follows are some vinets to illustrate the
principles of interactions between apparently unrelated pathways in the formation of
tumors in mice in vivo.

One of the earliest illustrations of cooperativeity in oncogenic pathways was the
demonstration of the interaction between Wnt-1 and FGF3 signaling to generate mam-
mary tumors. Initial studies using the mouse mammary tumor virus (MMTV)-generate
mammary tumors showed the most common integration site for the MMTV was adja-
cent to the Wnt-1 gene resulting in its activation. The second most common site acti-
vated the gene encoding fibroblast growth factor 3 (FGF3). These data indicated that
these pathways with no known common elements might independently contribute to
the formation of these mammary tumors (32). Further evidence for the importance of
these pathways in mammary tumor formation was obtained with the production of two
transgenic mouse lines, one expressing Wnt-1 from the MMTV promoter (with resul-
tant expression in the mammary gland), and a second line of mice expressing FGF3
from the MMTV promoter (33,34). As expected from the earlier viral studies, both
lines of mice developed mammary tumors. The definitive experiment showing cooper-
ativity between these pathways was obtained by crossing the two mouse lines to gener-
ate mice that overexpressed both Wnt-1 and FGF3 in the mammary gland. These
doubly transgenic mice developed mammary tumors significantly faster than either
mouse line alone (35). These data indicate a synergy between these two signaling path-
ways in the formation of mammary tumors.

A second example of cooperation between oncogenic signaling in a signal transduc-
tion pathway and loss of a tumor suppressor controlling cell cycle arrest is the forma-
tion of melanomas in mice by concurrent activation of Ras and loss of INK4a-ARF.
Although human melanomas frequently have deletions of the INK4a-ARF locus, mice
with germline-targeted deletion of this locus develop sarcomas and lymphomas as
adults but not melanomas. In addition, although human melanomas demonstrate ele-
vated Ras activity, transgenic mice expressing mutant constitutively active Ras as a
transgene in melanocytes only rarely form melanomas. However, when the two mouse
lines are crossed, these mice develop numerous melanomas with 50% penetrance by
5.5 months of age (36). Therefore, elevated Ras signaling and disruption of cell cycle
arrest appears to cooperate and contribute significantly to the formation of these tumors
in mice.

Demonstration of the continued cooperation between these two pathways and con-
tinued requirement for Ras signaling during melanoma development was demonstrated
with an inducible oncogenic Ras transgene. A mouse line was constructed that
expressed Ras in melanocytes under control of a tetracycline inducible promoter. In
this mouse line, the levels of expression of the oncogenic Ras are dependent on the
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addition of exogenous doxicycline and, therefore, can be regulated externally. When
this mouse line is crossed with the INK4a-ARF –/– mouse line, melanomas form in the
presence of doxicycline. When doxicycline is withdrawn, resulting in loss of expres-
sion of oncogenic Ras in the preexisting melanomas, these tumors regress (37).

A second illustration of the cooperative effects between signal transduction and cell
cycle arrest pathways is the modeling of neurofibromas in mice with combined loss of NF-
1 and p53. As mentioned above, both NF-1 and p53 are tumor suppressors, NF-1 loss leads
to increased Ras activity, and loss of p53 disrupts that cell cycle arrest. Human neurofibro-
matosis type 1 (NF-1) is caused by germline heterozygous loss of NF-1. These family
members develop numerous neurofibromas that demonstrate loss of the remaining NF-1
allele (38). Malignant transformation of these neurofibromas to malignant peripheral
nerve sheath tumors is associated with additional mutation of p53 (39). In mice, homozy-
gous-targeted deletion of NF-1 is embryonically lethal, while in mice, heterozygous loss
of NF-1 alone does not lead to the formation of neurofibromas within the life span of the
mouse. In addition, mice nul for p53, although forming other tumor types as adults, do not
develop neurofibromas. However, when these mouse lines are crossed to generate p53–/–,
NF-1+/– mice, they show the formation of malignant peripheral nerve sheath tumors with
the same histologic characteristics as their human counterparts (40,41).

Another illustration of cooperativity is between subsections of signal transduction
pathways initiated by growth factor receptor tyrosine kinases in the formation of
glioblastomas. Human glioblastomas have elevated signaling through both the Ras and
Akt pathways. Elevated Akt activity in these high-grade gliomas is due to both
increased signaling through PI3 kinase and the loss of the tumor suppressor PTEN.
This elevated Ras and Akt activity can be mimicked by gene transfer of oncogenic
forms of Ras and Akt using somatic cell type-specific gene transfer techniques. Gene
transfer of activated forms of either Ras or Akt alone to glial progenitor cells in vivo
has no detectable oncogenic effect. However, gene transfer of both Ras and Akt results
in combined pathway activity in these cells and gives rise to the efficient formation of
glioblastomas (30).

Finally, mouse modeling of skin tumors shows cooperativity between Ras signaling
and disruption of cell cycle arrest pathways as well. Overexpression of oncogenic Ras
in kerotinocytes as a transgene results in the formation of benign skin papillomas (42).
Crossing these mice into a p53–/– background results in the conversion of these benign
tumors to malignant and undifferentiated cancer. In this case, the neoplastic transfor-
mation is not dependent on the loss of p53. However, the histologic grade and malig-
nant characteristics of high-grade tumors is markedly enhanced by the loss of cell cycle
control generated by p53 mutation (43). It is worth noting that loss of cell cycle con-
trol, frequently due to p53 mutation, is a common finding in highly invasive human
skin tumors (44).

The above examples illustrate several general principles of oncogenesis. First, the
same oncogenic pathways are altered in many of these tumor types in humans and also
appear to be causally related to the equivalent experimental-induced tumors in mice.
Therefore, it is likely that these pathways are causally related to many human tumors
as well. Second, depending on the tumor model, the role of these pathways can be
either required for tumor formation or for progression. It is possible that the cell of ori-
gin from which the experimental tumors arise may have slightly different requirements
for initiation and malignant transformation, and the variable results seen in these
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experiments may be a reflection of that. Finally, although there are many tumor sup-
pressors and oncogenes known, the number of pathways that contribute to oncogenesis
is much more limited. These pathways are constructed from components that are the
protein products of the oncogenes and tumor suppressor genes. The oncogenic role
that these genes play appears directly related to the effect that the gene products have
on these pathways.

6. THERAPEUTIC IMPLICATIONS

From a therapeutic standpoint, the interactions between these pathways are
extremely important. The fact that the same pathways seem to cooperate with each
other in many of these model systems underlines the importance of the individual path-
ways. In addition, these data imply that successful cancer treatment may require a com-
bined blockade of specific pathways chosen by the interactions identified in these
mouse-modeling experiments.

There are many questions that still need to be answered if we are to undertake a
pathway blockade approach to the treatment of cancer. For example, in case where two
or more pathways are required to form and maintain cancer, is it necessary to block all
of these pathways or will blocking only one of them suffice? For any pathway that we
show is capable of contributing to cancer formation experimentally, how many parallel
pathways exist and do we need to block all of these parallel pathways simultaneously?
Are there specific locations along these pathways that do not have multiple redundant
components and act as restricted nodes or bottlenecks? If such components can be
identified, could drugs be constructed to block these components and would such
strategies be more effective? Finally, what is the ultimate downstream mechanism for
the oncogenic effect of these pathways? Is it simply transcription, or are there alter-
ations in mRNA translation that achieve the final neoplastic phenotype? Once we know
the answers to these questions, we will be much closer to knowing whether oncogene-
targeted therapies will be a viable option for cancer therapy.
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1. INTRODUCTION

1.1. Lessons Learned from the Response 
of Minimally Transformed Rodent Cells to Hypoxia

One insight into how oxygen deficiency may affect the aggressiveness of tumors is
through the modulation of apoptosis. In experimental tumors, hypoxia can provide a
selective pressure for the expansion of populations of oncogenically transformed
rodent cells with reduced apoptotic sensitivity, not only to hypoxia (1), but to
chemotherapeutic agents as well (2).

Thus, transformed cells that possess mutations in their apoptotic program due to inac-
tivation of the p53 tumor suppressor gene or the overexpression of anti-apoptotic genes,
such as bcl-2 will have a survival advantage under hypoxic conditions. Mixing experi-
ments also demonstrated that small numbers of transformed cells that lack wild-type p53
possess a survival advantage over isogenic cells that lack wild-type p53 when exposed to
multiple rounds of hypoxia and aerobic regrowth (1). In vivo, transplanted tumors that
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possess a wild-type p53 genotype were found to have apoptotic areas that co-localized
with hypoxic areas, further supporting the hypothesis that tumor hypoxia is an important
modulator of malignant progression. However, both p53 wild-type or p53 null cells can
die by necrosis when exposed to hypoxia for long periods of time, indicating that this
form of cell death is possible in both cell types, but does not act as a selective pressure.
What genetic determinants influence a cell to die by necrosis instead of apoptosis are still
unknown, but it depends, in part, on the release of cytochrome c (3).

1.2. Roles of HPV E6 and E7 Viral Oncogenes in Hypoxia-Induced Apoptosis
Although the induction of apoptosis by hypoxia is strongly dependent on wild-type

p53 activity, it is highly influenced by whether cells are oncogenically transformed.
Since human papillomavirus (HPV) infection is strongly associated with cervical neo-
plasia, and tumor hypoxia has prognostic significance in human cervical carcinomas,
we examined the relationship between hypoxia and apoptosis in human cervical epithe-
lial cells expressing high risk HPV type 16 oncoproteins (4). In vitro, hypoxia stimu-
lated both p53 induction and apoptosis in primary cervical epithelial cells infected with
the HPV E6 and E7 genes. Interestingly, cervical fibroblasts infected with E6 and E7
did not undergo apoptosis when exposed to hypoxia but, instead, growth arrested (4).
Furthermore, cell lines derived from HPV-associated human cervical squamous cell
carcinomas were substantially less sensitive to apoptosis induced by hypoxia, indicat-
ing that these cell lines have acquired further genetic alterations which reduced their
apoptotic sensitivity. Although the process of long term cell culturing resulted in selec-
tion for subpopulations of HPV oncoprotein expressing cervical epithelial cells with
diminished apoptotic potential, exposure of cells to hypoxia greatly accelerated the
selection process. These results provide evidence for the role of hypoxia-mediated
selection of cells with diminished apoptotic potential in the progression of human
tumors and offer an explanation of why cervical tumors, which possess low pO2 values,
are more aggressive (Fig. 1).

An elegant study by Hockel et al. investigated the relationship between hypoxia and
apoptosis in spontaneous human cervical tumors (5). They found that apoptotic regions
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were correlated with hypoxic regions in biopsy specimens of patients with squamous
cell carcinoma of the cervix prior to initiation of treatment. Since 90% of cervical car-
cinomas possess a high risk type HPV, and at least 50% possess highly hypoxic
regions, hypoxia could select for cervical epithelial cells that have lost their apoptotic
ability and have a poor prognosis independent of therapy (5,6).

2. APOPTOTIC SENSITIZATION TO GROWTH RESTRICTIVE
CONDITIONS INDUCED BY MYC

Seemingly paradoxical to its role in proliferation and oncogenic transformation is
the fact that overexpression of myc primes cells for apoptotic cell death under growth
restrictive conditions generated by nutrient deprivation or low oxygen conditions
(1,7,8). It is this paradox that has set forth the hypothesis that myc deregulation results
in a cellular state in which increased proliferation or apoptotic death are both equally
possible depending on the cellular microenvironment and the activity of certain crucial
genetic determinants, such as the p53 tumor suppressor gene. Evidence has accumu-
lated that oncogenes such as myc and the adenovirus E1A gene increase p53 protein
stabilization and sensitize cells to killing by growth restrictive conditions (1,7–11).
Loss of p53 through mutation or functional inactivation severely attenuates the sensi-
tivity of these same oncogene-expressing cells to stress-induced apoptosis (10–13).
Analysis of p19ARF-deficient cells indicates that myc can signal to p53 by two different
mechanisms (14). One mechanism is through p19ARF cyclin-cdk inhibitor and also
involves E2F-1. The second mechanism seems to involve direct activation of p53 by a
yet unknown mechanism. Loss of p19ARF also attenuates the sensitivity of myc
expressing cells to apoptosis even in the presence of wild-type p53 (14). Furthermore,
genetic analysis of tumor cells indicates that they possess either p53 mutations or
p19ARF mutations, but rarely both mutations (15,16). Implicit in this hypothesis is that
myc deregulation favors proliferation and that a growth restrictive state such as lack of
nutrients or oxygen starvation is needed to substantially tip the cellular balance to favor
apoptotic cell death. Therefore, increased sensitivity to growth-restrictive conditions
that induce apoptotic cell death will result in a selective pressure for the loss or inacti-
vation of p19ARF, p53, or other components of this stress-induced pathway.

During the malignant progression of a tumor in which myc deregulation is an early
event, changes in tumor oxygenation could act to induce apoptosis and apply a selec-
tive pressure on these cells for the loss of their apoptotic sensitivity to this stress induc-
ing microenvironment (1,17,18). Recently, studies have demonstrated that nongenotoxic
stresses found in the tumor microenvironment such as hypoxia, growth factor depriva-
tion, and cell detachment all lead to apoptosis in transformed cells in which myc is
deregulated and possesses functional apaf-1 and caspase 9, and adaptor and signaling
molecules involved in initiating the activation of enzymatic effectors of the apoptotic
process (19,20). If apaf-1 or caspase 9 activity are lost through mutation, these same
myc deregulated cells will become highly refractory to killing by these stresses (3,21).
Thus, loss of apaf-1 or caspase 9 activity is equivalent to the loss of the p53 tumor sup-
pressor gene, suggesting that these apoptotic regulators could also be tumor suppressor
genes and work epistatically in the same pathway.

Myc and bcl-2 cooperate in lymphomagenesis in vivo, suggesting that overcoming
apoptosis may be an important step in the progression of tumors stimulated by myc
(22). In addition to the p53 pathway, myc may also receive signals from Fas and tumor
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necrosis factor (TNF) receptors to signal cell death (23,24). Although preliminary data
suggest that p53 may also be involved in this pathway, further experiments will be
needed to understand the direct and indirect interactions between these signaling mole-
cules. With so many different stimuli proposed to signal cell death in myc-activated
cells, it is not surprising that most solid tumor cells derived from human specimens
possess diminished apoptotic programs in response to radiotherapy or chemotherapy,
as they have already acquired genetic alterations that render them refractory to this
form of cell death by the time they are diagnosed.

Finally, the question of what function or functions of myc are necessary to induce
apoptotic cell death have recently been addressed using a transactivation deficient
myc allele (25). Surprisingly, this mutant myc allele, which was unable to induce tran-
scriptional activation from E-box elements, was still able to stimulate proliferation
and induce apoptosis. These provocative results will require further investigation as
they do not eliminate the possibility that the crucial effectors for myc-induced apopto-
sis do not contain E-box elements or require transcriptional activation. In addition,
they also do not rule out the possibility that both transcriptionally dependent and
independent mechanisms exist in the signaling of the cell death by myc. For example,
direct activation of p53 by myc could explain cell death induced by this transactiva-
tion defective myc.

Myc expression and activity is modulated by a variety of mechanisms at different
levels. Myc transcription is autoregulated at transcription by cellular myc protein levels.
Myc is also regulated posttranscriptionally by phosphorylation, although the critical
phospho-residues have not fully been elucidated. The transcriptional activity of myc
and max dimers is opposed by the transcriptional repressive activity of max and mad
dimers. Cells with deregulated myc expression will promote proliferation or cell death
by responding to external signals from their microenvironment. Apoptosis in cells with
activated myc is influenced by the coordinate and complex interaction of death recep-
tors at the cell surface, tumor suppressor gene sensors, and caspase effectors. Muta-
tions or inactivation of any of these inputs to myc or outputs from myc will antagonize
myc’s ability to signal apoptosis. Deregulated myc antagonizes the function of key neg-
ative regulators of the cell cycle to promote cell proliferation. Overexpression of these
negative regulators inhibits myc’s ability to stimulate proliferation.

The importance of myc mutations in tumor progression has not been fully appreci-
ated. Studies in rodent cells gave insights into the immortalizing ability of myc and its
cooperativity with other oncogenes in transforming cells. We now have a much clearer
insight into the mechanisms by which myc performs both functions. Immortalization
by myc is, in part, do to deregulation of the cell cycle and, in part, do to reactivation of
telomerase in cells in which it had been turned off. The relative contributions of each
still need to be determined. The cooperativity of myc and other oncogenes in promoting
transformation results from the combination of individual effects of each oncogene on
critical cellular targets, as well as interaction between the oncogenes themselves.
Lastly, deregulated myc activity and the tumor microenvironment act synergistically to
select for transformed cells to lose their ability to commit suicide by apoptosis. The
consequence of this selective pressure is the expansion of cell populations with dimin-
ished apoptotic programs that will possess increased resilience to the fluctuations of
oxygen and nutrients in their microenvironment which constantly occur during tumor
development. In addition, solid tumors that have evolved through this selection will
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now be more refractory to cell killing induced by the therapeutic modalities, such as
radiotherapy and chemotherapy, that are used to shrink the tumor.

Now that many of the signals that feed into and out of myc have been identified, the
challenge of the field will be to understand the genetic, biochemical, and cellular con-
text that lead to the paradoxical effects attributed to deregulated myc activity. In partic-
ular, the regulation of myc protein domains and dimerization partners will be a critical
step in understanding the biological consequences of myc in nontransformed and trans-
formed cells.

3. DIVERGENCE OF THE Ras PATHWAY IN SIGNALING TO NF-�B
AND HIF-1 TRANSCRIPTION FACTORS

NF-κB is a transcription factor that is composed of proteins that are related to the rel
family of proteins. The regulation of NF-κB involves the interaction of two rel family
subunits and an inhibitory subunit designated Ikb. Modulation of this trimeric complex
is both unique and complex and has been reported to involve a myriad of signal trans-
duction pathways (26). Previous studies suggest that tyrosine phosphorylation of IκBα
by hypoxia is necessary to dissociate it from the p65 subunit of NF-κB in the cyto-
plasm and to permit NF-κB nuclear translocation (27–30). Previous studies have indi-
cated that inhibition of IκBα phosphorylation inhibits NF-κB activity under hypoxic
conditions (27). In contrast, TNF and phorbol 12-myristate-13-acetate (PMA) treat-
ment also signal for the dissociation of IκBα, but the accumulation of phosphotyrosine
residues on IκBα occurs as a result of either of these stresses (26). It has also been pro-
posed that oxidative stresses that induce phosphorylation of IκBα do so in an unknown
matter that does not require degradation of the protein (26). The link between phospho-
rylation and degradation may be so rapid for these latter stresses that the phosphory-
lated form of IκBα cannot be detected even if it occurs, or that each stress induces
multiple kinases that signal for the dissociation of IκBα. This latter hypothesis is very
attractive, as it could explain many conflicting reports about the role of phosphoryla-
tion in IκBα degradation.

The early events in the pathway for the inactivation of IκBα by hypoxia possess
slower kinetics than UV, TNF, and PMA (27). Although the latter three stresses signal
for the inactivation of IκBα, presumably through a free radical mechanism that is
inhibited by radical scavengers (26), unpublished data suggests that hypoxic inactiva-
tion of IκBα or increased NF-κB binding is not inhibited by these scavengers (E.Y.
Chen, A.C. Koong, and A.J. Giaccia, unpublished results). It is also noteworthy that
hypoxia, UV, TNF, and PMA signal for the inactivation of IκBα through Ras and Raf-1
kinases (31–33) and that Raf-1 kinase may activate divergent downstream kinases such
as MEK and IκBα kinase, depending on the stress. Therefore, it seems that many path-
ways involved in the activation of NF-κB are regulated by Raf-1 kinase, making it a
worthy target for cancer therapy (34).

In contrast to the NF-κB pathway, oncogenic Ras predominately uses the phos-
phatidylinositol 3-kinase [PI(3) kinase] pathway in signaling the hypoxia inducible
transcription factor HIF-1, heterodimeric factor composed of a constitutive expressed
subunit, and an oxygen sensitive subunit (35) for a recent review. Previous studies have
demonstrated a direct role for a Ras signaling pathway in HIF induction by hypoxia
(36,37). A mutant form of Ha-ras (RasN17; Asn-17) (38), which inhibits Ras activity,
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also blocked vascular endothelial growth factor (VEGF) induction in both transformed
and untransformed NIH 3T3 cells. Studies have shown that Ras, in the active GTP-
bound conformation, interacts with PI(3) kinase (39–41), and hypoxia also increases
PI(3) kinase activity (37,42). Thus, inhibitors of PI(3) kinase, such as LY294002 (or
derivatives), can be added on the list with farnesyltransferase inhibitors (43,44) as hav-
ing a potent antitumor effect by inhibiting hypoxia inducible gene expression
(42,45–47). Recent preclinical and phase I clinical studies have suggested that farne-
syltransferase inhibitors may impart exert their antitumor effects by reducing tumor
hypoxia (48,49). While the underlying mechanism responsible for the reduction of
tumor hypoxia is still under investigation, the combination of farnesyltransferase
inhibitors and radiotherapy holds great promise for many solid tumors in that it acts to
eliminate the age-old problem of tumor hypoxia. When more efficient vectors are
developed for use in gene therapy, then other modulators of PI(3) kinase pathway, such
as the PTEN suppressor gene, could also be used to inhibit tumor growth by impeding
hypoxia inducible gene induction (50).

4. HYPOXIA, Akt AND HIF-1 ACTIVITY

The study of how hypoxia modulates cell signaling is the focus of much research
interest. Recently, the identification of the transcription factor HIF-1 has advanced the
understanding of hypoxia-induced intracellular signaling pathways (35,51). Studies of
HIF-1 knock-out embryos indicate that HIF-1 is necessary for proper embryonic devel-
opment, presumably through the transcriptional activation of genes involved in angio-
genesis, glycolysis, and tissue remodeling (52–55). As regulation of HIF-1 appears to be
a result of posttranslational modifications of the HIF-1α subunit through hydroxylation
(56–58) and phosphorylation (59–65), which results in its stabilization, the list of pro-
teins that may bind or somehow modify HIF-1 specifically under a hypoxic microenvi-
ronment is rapidly expanding, thereby providing possible targets for intervention in
treatment of cancer, stroke, coronary artery disease, and peripheral vascular disease.

In some cell types, hypoxia-induced PI(3) kinase/Akt/HIF-1 pathway leads to
increased stabilization of HIF-1α and increased transcriptional activity of HIF-1 effec-
tor genes, such as VEGF. These studies suggested that Akt or protein kinase B (PKB) is
one of the protein kinases that lies downstream of the phospholipid products of PI(3)
kinase and transduces the signal induced by hypoxia that results in HIF-1α stabiliza-
tion. Recently, it was shown that 3′-phosphorylated phosphoinositides (PI 3-Ps) target
Akt to the plasma membrane, which is an event that leads to the phosphorylation of Akt
at two residues, Thr308 and Ser473, by phosphatidylinositol (3,4,5)P3-dependent pro-
tein kinases (PDK) (66–69). Phosphorylation of these critical residues in turn releases
Akt from an inhibited conformation, thereby activating its kinase function. The down-
stream targets of Akt, which regulate its metabolic functions such as glycogen synthe-
sis, glucose uptake, and glycolysis, include glycogen synthase kinase-3 (GSK-3)
(70,71), glucose transporter 4 (GLUT4) (72,73), and 6-phosphofructose 2-kinase
(PFK2) (74). The substrates of Akt, which are involved with its anti-apoptotic function,
include CED-3, c-Myc, Fas, NF-κB, and p53 (75–79).

Several signaling molecules in addition to PI(3) kinase (Src, Ras, MAPK) have been
shown to be modulated by hypoxia and to be involved with HIF-1 activation, but how
these molecules are initially activated by hypoxia is currently unknown (37,80–82). Since
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many of these signaling molecules are also activated by or associated with growth factors,
we hypothesized that hypoxia may induce the activation of growth factor receptors. The
general scheme of growth factor receptor activation proceeds through a series of well-
studied events. First, the growth factor binds to the extracellular domain of a het-
erodimeric receptor. The binding of the ligand results in dimerization of the receptor,
which leads to autophosphorylation of the receptor at specific residues in the intracellular
domain of the receptor. Several Src homology 2 (SH2)-containing signaling molecules
then bind to these phosphorylated tyrosines and activate several signal transduction path-
ways, the most studied of which are the MAPK pathway and the PI(3) kinase pathway.

Activation of growth factor receptors by UV irradiation, osmotic stress, and heat
shock has been previously reported to proceed through a ligand-independent mechanism
(83–85). Rosette and Karin showed that UV light and osmotic stress cause aggregation
of growth factor receptors, which results in the activation of the JNK signaling pathway
(83). They hypothesized that physical stress could cause changes in the cell membrane,
resulting in clustering and activation of growth factor receptors and downstream signal-
ing cascades. Huang et al. showed that UV treatment causes an accumulation of reactive
oxygen species (ROS), which then activate several growth factor receptors, most notably
the epidermal growth factor receptor (EGFR) (86). Interestingly, recent publications
have proposed that hypoxia induces a mitochondria-dependent accumulation of ROS,
suggesting the necessity of mitochondrial function in hypoxia-induced activation of the
growth factor receptor signaling pathway (87–89). However, the mechanism of activa-
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Fig. 2. Speculative growth factor receptor activation and proximal signaling events under hypoxic
conditions. Hypoxia can induce growth factor activation through modulation of src kinase or through
the generation of free radicals by the mitochondria. Growth factor activation can then lead to the acti-
vation of the PI(3) kinase pathway and the activation of the Akt. Growth factor activation by hypoxia
can be disrupted by free radical scavengers, the growth receptor poison suramin, or the PI(3) kinase
inhibitors wortmannin or LY294002. It should be noted that dysregulation of this pathway often
occurs in human tumors, as many of the key signaling components are considered proto-oncogenes.



tion of growth factor receptors in a ligand-independent manner and the role of ROS in
hypoxia signaling remain unclear and controversial (Fig. 2).

A recent study by Chen et al. reported that within an hour of hypoxia treatment,
platelet-derived growth factor receptor (PDGFR)β and EGFR are tyrosine-phosphory-
lated, indicating that hypoxia initiates growth factor receptor signaling pathways in a
ligand-independent manner (42). The activation of Akt by hypoxia was inhibited by
wortmannin, suggesting its dependence upon PI(3) kinase activity. However, suramin
did not inhibit Akt activation by hypoxia, suggesting that this pathway was not acti-
vated by either autocrine or paracrine release of growth factors or other extracellular
ligands. Additionally, evidence that hypoxia-induced activation of Akt/PKB is depen-
dent upon mitochondrial function was indicated by cells treated with rotenone, a mito-
chondrial inhibitor, or cells depleted of mitochondrial DNA that exhibited substantially
decreased Akt phosphorylation by hypoxia. Hypoxia also resulted in the phosphoryla-
tion and, hence, inactivation of GSK-3, a downstream target of Akt/PKB (42). Taken
together, these data suggest that hypoxia initiates a PI(3) kinase/Akt/GSK-3 signaling
cascade through ligand-independent activation of growth factor receptors.

Since the PI(3) kinase pathway is important for the regulation of the HIF-1 tran-
scription factors and angiogenesis, the tumor suppressor gene PTEN would serve to
check the hypoxia-induced stimulation of the PI(3) kinase-HIF-VEGF pathway. PTEN
inhibits the hypoxia-induced activation of the PI(3) kinase downstream effector Akt
(46,50). In fact, PTEN inhibits endogenous VEGF induction by hypoxia to the same
extent as wortmannin, which is a potent PI(3) kinase inhibitor. In cotransfection exper-
iments, PTEN inhibits the activation of VEGF by inhibiting the activation of HIF-1 by
PI(3) kinase. Interestingly. PTEN inhibited the hypoxia-stimulated accumulation of
HIF-1α, although not through direct phosphorylation or interaction with the protein.
This observation suggests that tumor cells deficient in PTEN will have dysregulated
HIF-1 activity under hypoxic conditions. Thus, PTEN is an important modulator of the
cellular response to hypoxia, oncogenic mutations, and growth factors by regulating
VEGF and HIF activity

5. MODULATION OF HIF-1 EXPRESSION UNDER AEROBIC 
AND HYPOXIC CONDITIONS: THE ROLE 
OF THE VHL TUMOR SUPPRESSOR GENE

One consequence of cellular exposure to hypoxia is inhibition of oxidative phospho-
rylation and increased glycolysis. This adaptation of cells to an anaerobic environment
is achieved by the transcriptional induction of genes that encode glycolytic enzymes
(90). In addition, hypoxia has also been shown to increase the transcriptional activity
of genes that increase tumor oxygenation through promoting angiogenesis (91) and tis-
sue remodeling (92), regulating vascular tone (93), blood pressure (94), and stimulat-
ing hematopoiesis (95,96). Perhaps, the earliest insight into the transcriptional
regulation of gene expression by hypoxia came from studies on erythropoietin (EPO)
gene regulation. Several groups have shown that the hypoxia inducibility of the EPO
gene was due in large part to a hypoxia responsive element (HRE) localized in its 3′
untranslated region (UTR) (97,98). The transcription factor that bound this HRE was
designated HIF-1. Purification and characterization of HIF-1 revealed that it was com-
posed of two subunits, an oxygen-sensitive HIF-1α subunit and a constitutively
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expressed HIF-1β subunit (99). This heterodimeric complex recognizes a core consen-
sus sequence 5′-TACGTG-3′ based on gel mobility shift analysis and DNA methyla-
tion interference assays. The HIF-1β subunit was identified as the ARNT gene (99),
and it plays an important role in directing an activated AH receptor to enhancer ele-
ments to increase gene transcription in response to dioxin signaling (100). Three
important points should be noted about the structure of the HIF-1β/ARNT gene. First,
HIF-1α/ARNT contains an Helix Loop Helix (HLH) domain and a Per Arnt Sim (PAS)
domain. In general, HLH domains are involved in protein dimerization and aid in posi-
tioning protein contact with target sequences such as HREs in the major groves of
DNA. Second, PAS domains act as a surface for interactions with other PAS-containing
proteins and with cellular chaperones such as hsp90. Third, the transactivation domain
is located in the carboxyl terminus of the protein. Recently, two additional family
members of ARNT, designated ARNT2 (101,102) and MOP3 (103–105), have been
identified. In vitro experiments have demonstrated that ARNT2 and MOP3 are able to
form complexes with AHR or HIF-1β family members and activate reporter genes con-
taining dioxin or hypoxia responsive elements (106,107). Although ARNT2 shares
only 57% overall sequence identity with ARNT, it exhibits 81% conservation in its
bHLH-PAS domains (101,102).

In contrast to the constitutively expressed HIF-β/ARNT subunit, HIF-1α is an oxygen
labile protein that becomes stabilized in response to hypoxia, iron chelators, and divalent
cations. As all three inducers of HIF-1α have some direct or indirect relationship with
heme, it has been postulated that the cellular oxygen sensor is a heme-associated protein
(96,108). To date, there has been no as yet definitive identification of such a protein.
Under hypoxic conditions, HIF-1α mRNA levels do not change, but HIF-1α protein lev-
els increase (109,110). Although multiple signaling pathways involving MAP kinase
(81), PKC (59,60), and PI(3)kinase (37,42,45–47,50) have been shown to affect the
accumulation of HIF-1α, the details on how these pathways modulate HIF-1α are still
unclear. HIF-1α, like ARNT, also possesses an HLH and PAS domain (111). However,
the most critical point for this review concerning the labile nature of HIF-1α under oxic
conditions is that it can be transferred to other proteins (112,113). In fact, fusion of dif-
ferent HIF-1α domains to gal4 identified two separable hypoxia responsive domains.
One domain is localized between residues 531–575 and is important in modulating HIF-
1α protein stability (112,114). The second domain is localized between residues
786–826 and is involved in modulating transcriptional activation of HIF-1α under
hypoxic conditions. The finding that transfer of residues 531–575 to a heterologous pro-
tein can confer oxygen instability, suggests that the oxygen sensor itself does not have to
be directly associated with HIF-1. Interestingly, two additional members of the HIF-1α
family, designated HIF-2α (also called EPAS1 or MOP2) (103,115–117) and HIF-3α
have been identified (118). HIF-2α is highly similar to HIF-1α in both structure and
function, but exhibits more restricted tissue-specific expression. In contrast to HIF-2α,
HIF-3α also exhibits conservation with HIF-1α and HIF-2α in the HLH and PAS
domains, but does not possess a similar hypoxia-inducible transactivation domain (118).

So how does hypoxia signal HIF-1α stabilization? Hypoxia regulates HIF-1α at the
level of protein stability by inhibiting its ubiquitin-mediated degradation (119–121).
This concept is highly supported by studies on cell lines derived from tumors that have
lost the Von Hippel Lindau (VHL) tumor suppressor gene that display aerobic HIF-1α
protein expression (122,123). Tumors such as renal cell carcinomas, which possess
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mutations in VHL, exhibit high aerobic expression of HIF-1 regulated genes, whereas
reintroduction of wild-type VHL substantially reduces the aerobic expression of HIF-
1α to levels found in nontransformed or transformed cells that express wild-type VHL.
Recent studies have directly linked changes in oxygen sensing, HIF-1α modification,
and VHL (Fig. 3). In the current model, under normoxic conditions, HIF-1α is hydrox-
ylated in its oxygen degradation domain by a prolyl hydroxylase, and this modification
results in its ubiquitin-mediated degradation through VHL-”binding” (56–58). As
extracellular oxygen levels fall, the activity of the HIF-1α prolyl hydroxylase
decreases, resulting in decreased hydroxylation of the oxygen degradation domain of
HIF-1α and its increased stabilization under hypoxic conditions. Protein stability of
HIF-1α is separable from its heterodimerization with ARNT as ARNT-deficient cells
still exhibit HIF-1α stabilization (124).

6. PROTEIN TRANSDUCTION OF ODD REGULATED PROTEIN
EXPRESSION AS A NEW FORM OF ANTICANCER THERAPEUTICS

A fundamental problem for any form of cancer gene or protein therapy is the ability
to derive tumor-specific activity. While novel approaches to overcome the problems of
tumor-specific delivery and activity are currently being undertaken through the use of
stealth liposomes and genetically modified anaerobic bacteria, the need for therapeu-
tics that can be readily used by researchers that are not skilled in such technically bur-
densome strategies still exists. For example, the use of obligate anaerobic bacteria such
as Clostridium oncolyticum as a gene therapy vector holds great promise in delivering
tumor-specific production of enzymes that can activate chemically modified pro-drug
chemotherapeutic agents (125,126). However, manipulation of C. oncolyticum requires
specialized equipment and experience that make it difficult to be used except in a few
specialized laboratories throughout the world.
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Fig. 3. Model for HIF-1α stabilization under hypoxia. The key points in this model are the hydroxyla-
tion of HIF-1α by a prolyl hydroxylase in its oxygen degradation domain. Hydroxylated HIF-1α binds
to a VHL complex that results in its ubiquitination and degradation by the proteasome. Mutations in
the prolyl hydroxylase and VHL will result in stabilization of HIF-1α under aerobic conditions.



One powerful means of transducing proteins into cells is to link them to protein
transduction domains (PTDs) derived from Drosophila or viral genes (127). Three very
robust PTDs have been derived from the human immunodeficiency virus type 1 (HIV-1)
TAT protein (128,129), the antennapedia homeotic transcription factor (130,131) and
the herpes-simplex virus, VP22 (132). Although the mechanisms of how these three
PTDs aid in the transduction of heterologous proteins is still unknown, they all share in
common large stretches of basic amino acids, which permit the entry of peptides in a
receptor or endocytosis independent mechanism (127). In fact, oligomers of basic
amino acids, such as arginine, seem to be sufficient to enhance protein transduction
(133,134). At present, protein transduction strategies are increasing in number, but still
possess several limitations. First, the choice of PTD needs to be addressed. While PTDs
are derived from the HIV-1 TAT protein, the antennapedia homeotic transcription factor
and the herpes-simplex virus VP22 all possess the ability to transduce fusion proteins;
there are limitations with each. Peptides derived from the antennapedia homeotic tran-
scription factor will only efficiently transduce proteins that are 100 residues or less
(135), thereby limiting the choice of proteins based on size. The use of VP22 to trans-
duce proteins is cumbersome, in that the VP22 fusion construct is introduced into cells
as DNA, and the cellular machinery is then used to make protein that has to exit the
original transfected cells and enter surrounding cells (132,136). Clearly, this is not a
technique that will allow direct transduction and will have limited uses. In fact, VP22 is
not that significant an improvement over viral transduction systems that rely on the
bystander effect to increase cell killing. Of the three PTDs described above, peptides
derived from the HIV TAT protein are the most efficient and direct means of introduc-
ing proteins of any size by transduction (137,138). However, this transduction domain
is derived from a virus and could potentially stimulate an immune response in patients.
In the present application, this is not a concern, as we are using it in immune-deficient
mice and are confident that synthetic nonimmunogenic PTDs will be developed in the
near future. Interestingly, experimental data indicates that denatured protein transduces
more efficiently than nondenatured proteins (137,138), almost counterintuitive to con-
ventional thinking. The higher efficiency of transduction of denatured proteins raises a
second issue, in that, for a transduced protein to function properly, it must be able to be
renatured after transduction. Surprisingly, most mammalian proteins that have been
tested in this system do renature after transduction and, more importantly, exhibit bio-
logical activity. However, while proteins transduce rapidly across the cell membrane,
restoration of their activity exhibits slower kinetics (138). Whether proteins renature
with the same efficiency and with the same kinetics in hypoxic cells as in oxic cells will
need to be investigated. A second point that requires examination is the stability of the
protein in hypoxic cells. While proteins of up to 120 kDa transduce efficiently within
10–20 min after application to culture (137,138), the lifespan of these proteins may
vary under hypoxic conditions. Therefore  the half-life of transduced proteins under
oxic and hypoxic conditions will also be examined.

A second hurdle to overcome in the use of protein transduction is specificity for
tumor cells. Studies indicate that both transformed and nontransformed cells exhibit
similar protein transduction efficiencies. In this situation, the efficiency of protein
transduction in both types of cells will decrease therapeutic benefit. Therefore, the
combination of TAT-mediated transduction and oxygen degradation domain (ODD)-
modified proteins would provide a novel approach to specifically attack tumor cells and
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spare normal tissue toxicity (Fig. 4). In addition, such an approach would be targeting
the very cells that represent a therapeutic impediment (139). While there are clearly
problems associated with this approach, the high levels of transduction achieved by
using PTDs are the most feasible means to use in delivering oxygen-regulated proteins
in vivo.
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II THE FUNCTIONAL IMPACT

OF ONCOGENE EXPRESSION

ON CANCER CELL—THERAPEUTIC

IMPLICATIONS





1. INTRODUCTION

The regulation of cell cycle and proliferation has been extensively studied in the last few
years and a consensus paradigm of cell cycle regulation has been developed (1). According
to this paradigm, the master switch of the cell cycle is the Rb family of proteins. Prolifera-
tion is turned on by phosphorylation of these proteins by cyclin-dependent kinases (CDKs)
(Fig. 1) (2). These kinases are activated by D-type cyclins (D1, D2, and D3) and cyclin E,
and inhibited by two families of CDK inhibitors (CKIs), the Ink (p16Ink4a, p15Ink4b,
p18Ink4c, and p19Ink4d) and Cip/Kip families (p21Cip1, p27Kip1, and p57Kip2) (3,4).

pRb proteins are pocket proteins that sequester E2F transcription factors preventing
them from activating critical genes in cell proliferation. In addition, Rb/E2F binds to
histone deacetylase to form complexes that act as transcriptional repressors (5). After
Rb phosphorlation by CDK4 and/or CDK6 complexes during G1 phase and CDK2 at
G1/S interphase, E2F proteins are released and promote the transcription of genes
essential for the transition to S phase of cell cycle (Fig. 1B) (1,6). CDK4,6/D-type
cyclins, therefore, execute their critical functions during mid-to-late G1 phase, as cells
cross a G1 restriction point and become independent of mitogens for completion of the
division cycle. These features suggest that the fundamental role of these complexes is
to integrate extracellular signals with the cell cycle machinery (7).
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Although this paradigm of cell cycle regulation is a useful framework for under-
standing the basis of cell homeostasis, it has become clear that it is also an oversimpli-
fication of a much more complex phenomenon. Not only are the interactions between
the different components of the cell cycle more intricate than anticipated, but cross-talk
between cell cycle regulatory pathways and pathways regulating apoptosis and differ-
entiation have become evident.

In addition to binary and ternary complexes with D-type cyclins and CKIs, CDK4
was also found associated with other proteins. For example, CDK4 association with
p50Cdc37, a protein subunit of the chaperone heat shock protein 90, was recently
described (8,9). Also, CDK4 interaction with survivin (a member of the inhibitor of
apoptosis [IAP] family) was recently established as part of the caspase 3 apoptotic
pathway (10). The expression of survivin is cell cycle regulated and strong expression
is observed in G2/M phase. Also, association of survivin with microtubules suggests
that this protein participates in a cytoskeleton protective pathway that has an important
role in the G2 checkpoint (11). Thus, it was suggested that CDK4 might also partici-
pate in the G2 checkpoint by interacting with survivin (11).

Other important points of regulation have been described in G2 and mitosis. In these
phases, also, the specific expression of certain regulators is essential to control the cor-
rect sequence of events that lead to cell division. Basically, the cyclins B1, B2, and its
partner cdc2 (CDK1), together with other kinases and phosphatases (wee1, cdc25),
regulated the final phases of the cell cycle (Fig. 1A).

In the last decade, several proteins that participate in the tight control of cell division
have been found to be mutated, deleted, amplified, or overexpressed in human and
experimental tumors. In the first part of this chapter, we want summarize the principal
points of deregulation found in human and experimental tumors. Furthermore, we will
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Fig. 1. Regulation of cell cycle in mammalian cells. (A) Specific CDKs participate in the regulation
of each phase of the cell cycle by phosphorylating some substrates. In G1 phase, phosphorylation of
retinoblastoma (Rb) is essential for G1/S phase transition. (B) Rb phosphorylation is performed in
sequential manner by CDK4 and CDK2. After Rb phosphorylation, E2F transcription factor is release
from Rb complex and participates in the transcription of important genes for S phase progression. On
the other hand, CKIs are regulated by extracellular inhibitor signals and bind and inactivate the
CDK–cyclin complex.



point to specific proteins whose importance in tumor development is now evident. In
this regard, we will focus only on the regulators that play an important role in the mod-
ulation of the cell cycle machinery per se, and minimal details will be given to
retinoblastoma mutations, which have been described in other chapters.

2. CELL CYCLE ALTERATIONS IN NEOPLASIA

In the last few years, work from our own, as well as other laboratories, has shown that
cyclins, CDK complexes, and other cell cycle regulators are mechanistically involved in
the development of chemically induced epidermal tumors (12–16). This is consistent with
a large body of literature showing the importance of inactivation of the pRb pathway in
tumor development (1,17,18). The inactivation of pRb is produced by direct mutation of
the Rb protein, but this is a relatively rare event occurring in retinoblastomas, osteosarco-
mas, and a minority of breast and some other tumors (1,17,18). More frequent alterations
of this pathway occur by functional inactivation of Rb by hyperphosphorylation. This is
normally the result of elevated CDK activities caused by overexpression of cyclins,
CDKs, or loss of function of CKIs, being the most commonly deleted p16Ink4a (Fig. 1B).

For example, several laboratories have reported that some tumors show loss of pRb
or, alternatively, overexpression of cyclin D1 (19–21). Similarly, in other tumors, loss
of p16Ink4a and pRb are mutually exclusive (22–24). This observation led to the hypoth-
esis that inactivation of the cyclin D/CDK/p16/pRb pathway can promote tumor devel-
opment and that either loss of the suppressor activity of pRb or p16Ink4a, or
overexpression of cyclin D1 can override this checkpoint (1,25). However, these alter-
ations may not all have the same impact on the pathway. While functional inactivation
of pRb itself would completely eliminate the checkpoint, alterations in p16Ink4a and
cyclin D1, which operate upstream of pRb, might cooperate to provide an additional
growth advantage. This point of view is supported by experiments showing that, in nor-
mal cells, the decision to enter S phase depends on the balance between functional
cyclin D1 and p16Ink4a and that several human tumor cell lines have both cyclin D1 and
p16Ink4a abnormalities (26). Therefore, the ultimate result of these changes is loss of
proliferative control and loss of balance between proliferation, apoptosis, and differen-
tiation. Several reports have implicated D-type cyclins in the neoplastic development,
although limited information is available on the participation of its partner, CDK4, in
these events. The involvement of CDK4 in the neoplastic process was suggested by the
fact that CDK4 amplification and/or overexpression were detected in human glioblas-
tomas, but, in these tumors, overexpression and/or amplification of D-type cyclins were
not detected (27–29). In addition, CDK4 mutations were identified in patients with
familial melanoma (30,31), and recently, amplification and overexpression of CDK4
were also detected in sporadic breast carcinomas (32) and sarcomas (33).

3. G1 CYCLINS AND CDKS IN CARCINOGENESIS

The mechanisms that link growth factor signaling to the activation of the cell cycle
progression in G1 are the key to understanding how cells decide whether or not to
undergo the division process. Major emphasis is being placed on the identification of
components that are activated in mid to late G1. In this sense, D-type cyclins are major
downstream targets of extracellular signaling pathways and, together with cyclin E,
regulate the G1/S phase transition. Transcriptional induction of D-type cyclins occurs
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in response to a wide variety of mitogenic stimuli, including the Ras signaling cascade
(34) and the adenomatous polyposis coli (APC)/β-catenin/Tcf-Lef pathway (35). These
data have led to the idea that D-type cyclins act as growth factor sensors. A prediction
from this would be that deregulated expressions of D-type cyclins contribute to tumori-
genesis by making cells less dependent on growth factors. Both D-type
cyclins/CDK4,6 and cyclin E/CDK2 complexes phosphorylate sequentially the product
of the tumor suppressor gene Rb. Thus, it was not unexpected that D-type cyclins and
cyclin E were found amplified, rearranged, or overexpressed in several kinds of experi-
mental and human tumors. In fact, cyclin D1 was first identified on 11q13 as a chromo-
somal breakpoint region rearranged with the parathyroid hormone gene in a subset of
parathyroid adenomas (PRAD1 gene) (36,37), and rearrangement of that region on
chromosome 11q13 also appears to be highly characteristic of centrocytic lymphoma
(BCL1, B-cell lymphoma 1) (36–39). At present, amplification and overexpression of
cyclin D1 have also been reported in the pathogenesis of other types of cancer, includ-
ing carcinomas of human breast, upper aerodigestive tract, and head and neck squa-
mous cell carcinomas (20,40–42). Among them, cyclin D1 plays an important role in
deregulating proliferation of breast cancer. The cyclin D1 gene is amplified in approx
20% of mammary carcinomas, and the protein is overexpressed in approx 50% of cases
(43,44). The relevance of cyclin D1 overexpression in breast cancer is further empha-
sized by the finding that transgenic expression of cyclin D1 in mice results in mam-
mary hyperplasia and adenocarcinoma (45). The prominent role of cyclin D1 in growth
of breast epithelium was also supported by the fact that cyclin D1 knock-out mice show
a marked defect in breast epithelium development during pregnancy (46,47). In addi-
tion, Yu et al. have recently reported that cyclin D1-deficient mice are resistant to breast
cancer induced by the neu and ras oncogenes, although, these animals remain fully sen-
sitive to other oncogenic pathways, such as those driven by c-myc or wnt-1 (48). CDK-
independent activities of cyclin D1 also appear to be involved in the development of
mammary carcinomas (49). Two recent studies indicate that expression of cyclin D1
leads to hormone-independent activation of estrogen receptor (ER) (50,51). Estrogens
are major determinants of proliferation of breast epithelial cells, where activation of
ER leads to increased cyclin D1 transcription. Indeed, an estrogen-responsive element
has been found in the cyclin D1 promoter (52). Interestingly, whereas only 50–60% of
human breast cancers express a functional ER, cyclin D1 overexpression is seen prefer-
entially in ER-positive breast cancers (53,54). Surprisingly, the effect of cyclin D1 on
ER does not require CDK binding. In fact, the cyclin D1/CDK4 complex is unable to
activate the ER, supporting the notion that cyclin D1 acts on ER in a CDK-independent
fashion. Other experiments showed that cyclin D1 forms a direct physical complex
with ER (50,51). Altogether, these results suggest the existence in breast cancers of an
autostimulatory loop, in which activation of ER by hormone leads to transcriptional
induction of cyclin D1, and furthermore, the newly synthesized cyclin D1 protein can
bind ER to cause ER activation and stimulate breast cancer growth. Another role of D-
type cyclins described, independent of CDK, has been that of forming a complex with
the androgen receptor and inhibiting its transcriptional transactivation ability (55).
These findings may explain the low frequency of cyclin D1 amplification in prostatic
adenocarcinomas.

Several lines of evidence have shown that the cell-cycle machinery, specifically the
circuit cyclin D1/CDK4,6-p16-pRb, lies downstream of oncogenic ras. In fact,
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increased expression of cyclin D1 by activated ras was observed in epithelial cells from
rat intestine and mammary gland (56,57) and in fibroblast cell lines (58). This
increased expression of cyclin D1 was apparently mediated through the MAP kinase
cascade and involves activation of the cyclin D1 promoter by AP1 sequences (59,60).
Furthermore, recent studies have indicated that ras may independently coordinate the
up-regulation of cyclin D1 and down-regulation of p27Kip1 expression by the respective
activation of MAP kinase and RhoA pathways (61,62). Cyclin D1 up-regulation and
p27Kip1 down-regulation may depend on temporally distinct roles of ras throughout the
G1 phase (61–63). Consistent with the main role of cyclin D1 in ras-dependent tumori-
genesis, cyclin D1-deficient mice show a reduced level of mouse skin tumor develop-
ment when the two-stage carcinogenesis model was used. In this model, mutation and
activation of the Ha-ras gene is induced by topical treatment with the genotoxic car-
cinogen 7,12-dimethylbenz(a)-anthracene (DMBA) (64). The link between cyclin D1
and p27Kip1 has been studied by using knock-out mice, and a clear difference has been
observed between normal and neoplastic proliferation. For instance, the development
of double knock-out mice has shown genetic evidence for the interaction of cyclin D1
and p27Kip1. Two different groups have shown that deletion of the p27Kip1 gene restores
normal development in cyclin D1-deficient mice and corrects the p27-null to wild-type
phenotypes (65,66). However, the unique role of cyclin D1 in tumorigenesis has been
demonstrated by the fact that the cyclin D1/p27Kip1 double-null mice did not show
compensation in mouse skin tumor development (Rodriguez-Puebla et al., unpublished
results). Altogether, these results demonstrate that down-regulation of p27Kip1 can
compensate for the lack of cyclin D1 in normal but not in neoplastic proliferation. The
development of transgenic mice also has shown that cyclin D1 overexpression behaves
as an oncogene in some tissue, such as mammary gland (45), but not in other tissue
such as skin (67). In fact, overexpression of cyclin D1 increases CDK activity and cell
proliferation but does not affect skin tumor development (67,68).

Several other signaling pathways participate in activation of the cyclin D1 gene and
further deregulation of its expression in tumorigenesis. However, the more relevant
finding in the last few years has been that the cyclin D1 gene is a target of the β-
catenin/LEF pathway (69). β-catenin plays a dual role in the cells; one in cell–cell con-
tact and an additional role in signaling together with the transcription factor LEF-1. In
this regard, elevated β-catenin levels in colorectal cancer, caused by mutation in β-
catenin, result in increased transcriptional activation of its target genes. Thus, although
the cyclin D1 gene is not amplified in human colon cancer, the expression of cyclin D1
is elevated in about 30% of human adenocarcinomas (70,71).

Cyclin D2 overexpression or amplification was also described in several tumors. In
fact, cyclin D2 accumulation in the cytoplasm of gastric carcinoma cells appears to
play a role in cancer progression (72). Also, the overexpression of cyclin D2 in carci-
noma in situ identified it as a candidate gene in male germ cell malignancies (73,74).
Cyclin D2 is also overexpressed in chronic B-cell malignancies (75). In addition,
recent studies have shown increased levels of expression of cyclin D2 in human ovarian
granulose cell tumors (76). Apart from high cyclin D2 levels, granulose cell tumors
expressed very little cyclin D1 and cyclin D3. Moreover, overexpression of cyclin D2
was demonstrated in cell lines derived from human testicular germ cell tumors (76).
These data are consistent with the phenotype observed in female cyclin D2-null mice,
in which the ovarian granulose cells showed an inability to proliferate normally in
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response to hormone follicle stimulating hormone (FSH), whereas males display
hypoplastic testes (76). Cyclin D2 appears to play a specific role in other tissue, as
demonstrated in transgenic mice. In this case, development of thymic hyperplasia was
observed in the cyclin D2 and cyclin D1 transgenic mice, whereas on the other end of
the spectrum, the cyclin D3 mice did not develop thymic hyperplasia (68,77).
Although, fewer reports suggest that cyclin D3 plays a role in tumorigenesis, cyclin D3
overexpression was associated with increased expression of p27Kip1 in a subset of
aggressive B-cell lymphomas (78). In addition, coordinated elevation of cyclin D3 and
cyclin D1 was observed in the breast cell line MCF-7 (79).

Cyclin E is another G1 cyclin, which has been implicated in cancer development. In
fact, overexpression and/or amplification of cyclin E has been described in several
human cancers such as breast, invasive bladder, non-small cell lung, ovarian, and gas-
tric cancer (80–91). Also, forced expression of human cyclin E in the mammary gland
of transgenic mice led to develop of hyperplasia and carcinomas (92). However, the
role of cyclin E in proliferation and cancer development appears to be much more com-
plicated that D-type cyclins. In this sense, while cells lacking a functional Rb molecule
apparently no longer require the activity of D-type cyclin/CDK complexes (93,94),
cyclin E/CDK2 activity remains indispensable (95). In addition, in the last few years a
second isoform of cyclin E called cyclin E2 was described (96), and other splice vari-
ants of cyclin E were also observed in breast cancer, although, specific roles for these
variants have not yet been established (97,98). Also, interactions of cyclin E with dif-
ferent proteins have been reported, and the more important of those appear to be the
cyclin E association with components of the pre-mRNA splicing machinery (99) and
the stimulation of DNA polymerase by CDK2/cyclin E phosphorylated Rb protein
(100). These activities could be important in the regulation of the cell cycle engine and
the interaction with the DNA replication and repair systems during tumor development.
In fact, phosphorylation of mammalian cdc6, a component of the prereplication com-
plex by CDK2, was described a few years ago (101).

Not only the regulatory subunits, such us D-type cyclins and cyclin E, have been
implicated in the tumorigenesis process, but the catalytic subunit of D-type cyclins,
CDK4, was found amplified or overexpressed in several human cancers. In fact, an
early description of co-amplification of CDK4 with other putative oncogenes such as
MDM2 and GLI was reported in human sarcomas (102). As was mentioned above,
CDK4 mutations were also identified in patients with familial melanoma (30,31). This
missense mutation results in a mutant CDK4 protein, which loses its affinity for the
CDK-inhibitor p16Ink4a without affecting its ability to bind D-type cyclins (30,31).
However, the more relevant finding was that CDK4 amplification or overexpression is
an alternative mechanism to p16Ink4a or pRb mutation in human gliomas
(27,29,103–105). Serrano et al. demonstrated that p16Ink4a acts as a negative regulator
of cell proliferation, through its binding to CDK4, by preventing it from forming an
active complex with cyclin D (106). The finding that amplification of the CDK4 gene
occurs in glioblastomas without abnormalities in the p16Ink4a region suggests that
aberrations of the cell cycle are critical for the development of these tumors. In fact,
when aberrations of these genes are included, 85% of the glioblastomas show abnor-
malities (27). Another important finding was that cyclin D1, which is also part of this
cell cycle regulatory mechanism, was not amplified or overexpressed in these tumors
(27,29). These results, suggest that CDK4 amplification can act in a different way than
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its catalytic activity phosphorylating pRb family of proteins. The generation of CDK4
transgenic mice has shown that overexpression of CDK4 in epidermis results in strong
hyperplasia and hyperproliferative phenotype without overexpression of D-type cyclins
(107). In the last few years, a noncatalytic function of CDK4 has been suggested by
sequestering the CDK2-inhibitor p27Kip1, resulting in further activation of CDK2
(107–109). However, the actual role of the noncatalytic function of CDK4 in human
and experimental tumors has not been clearly established. In this sense, overexpression
of CDK4 in mouse skin result in increased susceptibility to chemically induced squa-
mous cell carcinoma development (Miliani de Marval and Rodriguez-Puebla, in prepa-
ration). On the other hand, abrogation of CDK4 expression in CDK4-deficient mice
showed minimal phenotype alterations; mainly a defect in β-islet cell proliferation
(110,111), although complete inhibition of chemically induced skin tumors was
observed in these mice (Rodriguez-Puebla and Conti, in preparation). Another interest-
ing possibility is that CDK4 could participate in the c-myc induced tumorigenesis. C-
myc is a transcription factor that has been implicated in a variety of human and
experimental tumors, and recently, CDK4 was identified as a target of c-myc, opening
the possibility of cooperation between CDK4 and c-myc in carcinogenesis (112,113).
At present, we have limited information about the participation of other CDKs in the
tumorigenesis process, although, CDK6 has been involved in the development of
NK/T-cell lymphomas, glioblastomas multiform and breast cancer (114–116).

Among the negative regulators of the cell cycle that have been described as tumor
suppressor genes, we can mention p16Ink4a and pRb. As was mentioned above, not only
the deregulation of factors involved in Rb phosphorylation have been observed in
human and experimental tumors, but also mutations in the Rb gene have been detected
in some human tumors, mainly in retinoblastomas and osteosarcomas, although func-
tional inactivation of Rb appears to be more frequent. p16Ink4a is a negative regulator
that binds and inhibits the activity of the complexes CK4,6/D-type cyclins and, hence,
avoids the inhibition of Rb protein. However, the fact that the p16Ink4a locus also
encodes other important tumor suppressor genes (p19Arf in mouse and p14Arf in
human) in an alternative reading frame has lead to the question of the actual role of
p16Ink4a in carcinogenesis.

4. CELL CYCLE PROTEOLISIS AND TUMORIGENESIS

In the last few years, intense efforts have been made to elucidate the machinery
responsible for the degradation of proteins involved in the control of the G1 phase. The
ubiquitin-proteasome proteolityc pathway mediates the degradation of short-lived regu-
latory proteins, including cyclins and other cell cycle regulators (117,118). The ubiqui-
tin-mediated pathway comprises two discrete steps: the covalent attachment of multiple
ubiquitin molecules to the protein substrate and degradation of the polyubiquitylated
protein by the 26S proteasome complex (Fig. 2) (118). The ubiquitin attachment system
consists of at least three enzymes: a ubiquitin-activating enzyme (E1), a ubiquitin-
conjugative enzyme (E2), and a ubiquitin ligase (E3). The E3 components are thought to
be primarily responsible for substrate recognition. Two major types of E3 enzymes are
thought to regulate cell cycle progression: the anaphase-promoting complex or cyclo-
some (APC/C), and the SCF complex, which promote the degradation of G1 phase regu-
lators (118). The SCF complexes consist of the invariable components Skp1, Cull, and
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ROC1, as well as a variable component, known as an F-box protein, that binds to Skp1
through its F-box motif and is responsible for substrate recognition (119–121). Mam-
mals likely posses several hundred F-box proteins, providing the basis for multiple sub-
strate-specific ubiquitination pathways. Skp2, which contains an F-box domain, was
identified originally as a protein that interacts with CDK2-cyclinA complex. This protein
is responsible for the recognition of the cell cycle regulators cyclin E, cyclin D1, and
p27Kip1 (Fig. 2) (122,123). Skp2 is required for the G1-S transition in both transformed
cells and diploid fibroblasts, and Skp2 overexpression induces quiescent fibroblasts to
replicate their DNA in low serum (124). Skp2 only binds to and allows the ubiquitination
of p27Kip1, when the latter is phosphorylated in Thr-187 by CDK2 (122). In quiescent
cells levels of p27Kip1 are high, but in response to mitogenic stimuli, levels of cyclin E,
cyclin A, and Skp2 increase, resulting in the Thr-187 phosphorylation of p27Kip1 and its
subsequent ubiquitin-mediated degradation. Interestingly, p27Kip1 degradation is
enhanced in many aggressive human tumors (125). Skp2 also is required for the ubiquiti-
nation of cyclin E, but only in its free non-CDK2 bound form, whereas cyclin E complex
formation with CDK2 is not affected by Skp2 (126). Thus, given the role of Skp2 in
inducing S-phase entry, it has been hypothesized that Skp2 can be deregulated in tumors.
In fact, ubiquitin-mediated proteolysis has been involved in several human diseases such
as Parkinson disease, Liddle syndrome, Angelman syndrome, cervical cancer, and Von
Hippel Lindau syndrome (127). The role of Skp2 in oncogenesis has recently been
described in human and experimental tumors. A possible causative role of a increased
level of Skp2 and decreased level of p27Kip1 was observed in colorectal carcinomas
(128). In addition, analysis of different stages of malignant oral cancer progression has
also shown that an increased Skp2 level is associated with a reduced level of p27Kip1

(129). Gstaiger et al. have also demonstrated that Skp2 has oncogenic potential and
cooperates with Ha-ras to transform primary rodent fibroblasts (129). Supporting these
results, the generation of a transgenic mouse, in which Skp2 was targeted to the T-lym-
phoid lineage (130), showed a strong cooperative effect between overexpression of Skp2
and N-ras (double transgenic mice), which induce T-cell lymphomas (130). However,
recent analysis of Skp2 knock-out mice has revealed that the loss of Skp2 also may con-
tribute to tumorigenesis. In fact, these mutant mice contain markedly enlarged nuclei
with polyploidy and multiple centrosomes (126). The results with transgenic and knock-

140 Section 2 / The Functional Impact of Oncogene Expression on Cancer Cells

Fig. 2. Proteolysis mediated by the ubiquitination pathway. The activation of ubiquitin by E1 enzyme
is followed by transfer to an E2 enzyme. The E2 enzyme transfers the ubiquitin molecule to an E3,
which ligates the ubiquitin to the substrate protein via an isopeptide bond. The marked substrate is
targeted to the 26S proteosome for degradation and ubiquitin is recycled.



out mice are consistent with the role of Skp2 regulating the proteolysis of positive
(cyclin E and likely cyclin D1) and negative (p27Kip1) regulators of cell cycle (122,123).
Finally, the chromosome mapping of Skp2 and Skp1 have shown that these loci are asso-
ciated with karyotipic alterations, known amplifications or suspected tumor suppressor
genes (131).

5. THERAPEUTICS IMPLICATIONS

5.1. Therapeutic Approaches for the Manipulation 
of the Cell Cycle Machinery

Several strategies could be considered to modulate CDK activity. These strategies
are divided into direct effects on the catalytic CDK subunit or indirect modulation of
regulatory pathways that govern CDK activity (132,133). The small molecular endoge-
nous CDK inhibitors (SCDKI) are compounds that directly target the catalytic CDK
subunit. Most of these compounds modulate CDK activity by interacting specifically
with the ATP binding site of CDKs (132–136). The second class of CDK inhibitors are
compounds that inhibit CDK activity by targeting the regulatory “upstream pathways”
that modulate the activity of CDKs: by altering the expression and synthesis of the
CDK/cyclin subunits or the CDK inhibitory proteins; by modulating the phosphoryla-
tion of CDKs; by targeting CDK-activating kinase, cdc25, and wee1/myt1 or by
manipulating the proteolytic machinery that regulates the catabolism of CDK/cyclin
complexes or their regulators (132,133).

5.2. Small Molecule CDK Modulators
5.2.1. PURINE DERIVATIVES: OLOMUCINE, ROSCOVITINE, AND DERIVATIVES

The first CDK inhibitor discovered was dimethylaminopurine (137). This compound
demonstrated clear evidence of inhibition of mitosis in sea urchin embryos without evi-
dence of protein synthesis inhibition, due to inhibition of CDK1 (cdc2) activity (IC50,
120 µM) (134). Subsequent studies demonstrated that this molecule is relatively non-
specific. Isopentenyladenine, a derivative of this compound, was somewhat more
potent and specific for the CDKs (IC50, 55 µM) (138), although not a very potent
antiproliferative agent. Subsequent screening efforts yielded more specific and potent
inhibitors. Olomucine (Fig. 3) displayed potent ability to inhibit CDK1 (cdc2) and
CDK2 (IC50, 7 µM) (134,138). Roscovitine (Fig. 3), an even more potent CDK
inhibitor (IC50s for CDK1/CDK2 of 0.7 µM), was derived from the olomucine struc-
ture (139), showing more potent effects on cellular proliferation assays in the 60-cell
line anticancer screen panel. The crystal structure of CDK2 in complex with isopen-
tenyladenine, olomucine, or roscovitine was resolved, confirming that that all three
inhibitors can bind to the ATP site (136). Another novel purine analogue, CVT-313 (a
potent CDK2 inhibitor), was obtained using a combinatorial library strategy and the
knowledge of the crystal structure of CDK2 bound to chemical CDK inhibitors. Simi-
lar to the previous analogs, CVT-313 (Fig. 3) was specific for CDK1 (cdc2) and CDK2
with an IC50 of 4.2 and 1.5 µM, respectively (140). Not only CVT-313 showed
expected cell cycle arrest, but also demonstrated potent inhibition in neointima revas-
cularization after balloon angioplasty in in vivo preclinical models (140). Although
there are no clear plans to start clinical trials with these compounds, they clearly serve
as important tools to dissect cellular effects due to CDK action.
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Based on the knowledge of the binding properties of olomucine to the ATP binding
site of CDK2, a combinatorial approach to modifying the purine scaffold revealed sev-
eral compounds with very potent and specific inhibitory properties against CDK1
(cdc2) and CDK2. Four novel compounds, purvalanol A, purvalanol B, compound 52,
and compound 52E were characterized in a battery of in vitro kinase experiments (Fig.
3) (141). Crystal structure studies of purvalanol B and CDK2 showed that this com-
pound fits into the ATP-binding pocket, resembling the binding of olomucine to CDK2.
Moreover, cell cycle studies with a more permeable membrane, purvalanol A, in
exposed human fibroblasts revealed a clear arrest in G1/S and G2/M, compatible with
the putative inhibitory properties in CDK2 and CDK1 (cdc2), respectively (141).

5.2.2. PAULLONES

Using flavopiridol’s antiproliferative in vitro profile in the National Cancer Institute
(NCI) anticancer drug screen, several compounds display similar antiproliferative pat-
tern to flavopiridol. Kenpaullone (NSC 664704, Fig. 3) displayed potent inhibitory
properties against CDK1/cyclin B (IC50, 0.4 µM), CDK2/cyclin A (IC50, 0.68 µM),
CDK2/cyclin E (IC50, 7.5 µM), and CDK5/p25 (IC50, 0.4 µM) with much less effect on
other kinases (135). Unfortunately, kenpaullone was not a very potent antiproliferative
agent with GI50s approx 42 µM. Kenpaullone behaves as a competitor with respect to
ATP with an apparent Ki of approx 2.5 µM. Molecular modeling studies demonstrated
that Kenpaullone may bind in the ATP binding site with residue contacts similar to
other CDK2 inhibitors (135). When kenpaullone was tested in serum-starved synchro-
nized MCF10A breast epithelial cells, loss in S progression was observed in the pres-
ence of 30 µM kenpaullone. Thus, the G1/S arrest observed underscores the cellular
effects of kenpaullone on the activity of G1 CDKs and cell cycle progression. Alster-
paullone (9-nitro-paullone-9NP) is an analogue of kenpaullone with more potent CDK
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inhibitory activity and lower GI50s for tumor growth (142,143). Further preclinical
studies with these compounds and novel analogues are being undertaken.

5.2.3. OTHER CDK INHIBITORS

Kent et al. (144) discovered several new small molecule CDK inhibitors by high-
throughput screening of small molecule compound libraries. They were able to dis-
cover 4 distinct CDK inhibitors, oxindole I (Fig. 3), urea I, urea II, and benzoic acid
(144). Interestingly, the last 3 compounds show some selectivity against CDK4/cyclin
D1 with IC50s approx 1.2–6.7 µM (144). In contrast, oxindole I, showed nonselective
inhibitory activity against CDK4/cyclin D1, CDK2/cyclin E, and CDK1(cdc2)/cyclin
B1 (4.9, 10, and 10.2 µM, respectively). The effects and specificity of these compounds
with respect to other kinases are not known (144). When these 4 compounds were
tested against 3 different tumor cell lines, only the less potent, albeit nonselective,
compound oxindole I was able to promote antiproliferative effects, suggesting that in
order to have potent antiproliferative activity in vitro, small molecule CDK inhibitors
need to target more than one CDK (144). Interestingly, flavopiridol, also a nonspecific
CDK inhibitor, has more potent in vitro antiproliferative activity compared with more
selective ones such as olomucine and roscovitine. This potent antiproliferative prop-
erty, again, may reflect the nonspecific inhibitory nature of flavopiridol with respect to
different CDKs.

A novel flavonoid, Myrecetin (Fig. 3), was recently discovered by Walker (145).
Preliminary studies demonstrated that this compound is a less potent CDK2 inhibitor
(IC50, approx 10 µM). Also, preliminary crystal structural efforts demonstrated that
myrecetin binds in the ATP binding pocket of CDK2 in reverse orientation as compared
to flavopiridol (145). However, the specificity of this compound with respect to CDKs
or the effects of this compound in cellular systems are not known.

5.3. Cellular Effects of Loss in CDK Activity
Several possible approaches to assess the role of CDKs in cellular models may

involve the use of dominant negative (dn) forms of CDKs, heterologous expression of
CKIs such as p16INK4a or p27kip1, use of chemical CDK inhibitors or the use of CKI
peptidomimetics (132,133).

Several models could be studied in order to assess the functional role of CDKs in
cellular physiology. Initial studies in yeast cells were possible because only one CDK
(cdc2) is responsible for the cell cycle progression. However, human cells are more
complex: several CDKs govern cell cycle progression, and their inhibition leads to
either cell cycle arrest at different periods and/or apoptosis (programmed cell death).

5.3.1. CELL CYCLE ARREST

Initial studies by Van den Heuvel et al. (146) demonstrated that forced expression of
CDK1(cdc2) (dn) alleles was able to block cell cycle progression of U2OS osteosar-
coma cell lines at the G2/M boundary. In contrast, expression of either CDK2- or
CDK3-dn prevented S phase progression (146). Thus, this seminal observation helped
to determine the role of most CDKs in human cell cycle progression. Forced expres-
sion of CKIs, such as p16Ink4a, p21Cip1, or p27Kip1, or peptidomimetics derived from
p21Cip1, p16Ink4a, or E2F1 (132,133), clearly demonstrates G1/S cell cycle arrest. Fur-
thermore, several small molecular CDK inhibitors including roscovitine, olomucine,
purvalanol, and flavopiridol arrest cells at either the G1/S or G2/M boundaries

Chapter 8 / Cell Cycle and Oncogenic Transformation 143



(134,140,141,147–149). It is unclear why these agents provoke a G1/S arrest pheno-
type in some cells and a G2/M or combined arrest in others; as mentioned later, in the
case of flavopiridol, the arrest is independent of functional p53 or Rb (148,150). Inter-
estingly, in some experimental models, the antiproliferative effect was accompanied, in
the case of olomucine, flavopiridol, and roscovitine, by the induction of apoptosis
(134,151,152).

5.3.2. APOPTOSIS

As mentioned earlier, these small molecular CDK inhibitors may induce apoptosis
in some preclinical models. In one example, susceptibility to apoptosis by chemical
CDK inhibitors (flavopiridol and olomucine) varied depending on the growth state of
the cells. Thus, postmitotic nondividing PC-12 cells were protected from apoptosis,
induced by nerve growth factor (NGF) deprivation, by the presence of flavopiridol or
olomucine; on the other hand, cycling PC-12 cells were not protected from NGF with-
drawal, but actually were induced to undergo apoptosis after exposure to flavopiridol
(153). In a similar model of apoptosis, only CDK4- and CDK6-dn, but not CDK2- or
CDK3-dn, protected neurons against NGF deprivation (154). Further evidence of the
role of CDKs in apoptosis is based on the protective role of DN-cdc2, CDK2 or CDK3
in the apoptosis in HeLa cells is induced by staurosporine and TNFα. Finally, it has
become clear that certain apoptotic stimuli provoke the induction of cleavage in CKIs
(p21cip1/p27kip1) or CDK inhibitory proteins (wee1 and cdc27) by caspases leading to
activation of CDKs (155–157). Clearly, the final outcome of loss of CDK activity to
promote cell cycle arrest/apoptosis depends on several factors, including the mecha-
nism of inhibition, cell type, and proliferation status. Thus, some cell types cannot tol-
erate loss of CDK activity and/or cell cycle arrest leading to cell death.

5.3.3. DIFFERENTIATION

It became clear recently that cells become differentiated when exit of the cell cycle
(GO) and loss of CDK2 activity occurs. Based on this information, Lee and coworkers
tested flavopiridol and roscovitine, both known CDK2 inhibitors, to determine if they
induce a differentiated phenotype. For this purpose, NCI-H358 lung carcinoma cell
lines were exposed to CDK2 antisense construct, flavopiridol, or roscovitine. Clear evi-
dence of mucinous differentiation along with loss in CDK2 activity was observed.
However, each CDK2-antagonist therapy had different cell cycle regulatory expression
despite a similar differentiated phenotype (158).

In another effort to study the differentiating effects of aminopurvalanol, U937
myelomonocytic leukemia cell lines were treated with this compound. These cells
acquired a phenotype characteristic of differentiated macrophages. Moreover, this
potent CDK1 and CDK2 inhibitor displayed evidence of G2/M arrest with subsequent
apoptosis (159). Thus, it is possible for a cell to become differentiated with 4N DNA
content as observed in experiments where ectopic expression of p21cip1 or p27kip1

results in a differentiated phenotype as cells arrest in G1/S or G2/M phases (160).

5.3.4. TRANSCRIPTIONAL EFFECTS

To compare the effects of several CDK inhibitors on mRNA expression from yeast
cells, Gray et al. exposed Saccharomyces cerevisae to compound 52 and flavopiridol
(25 µM) for 2 h and quantified mRNA by oligonucleotide array methods (141). It
became clear that 2–3% of a total of 6200 yeast genes showed significant (greater than
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twofold) changes in transcript level when treated with these agents. Interestingly,
almost 50% of affected transcripts were shared by compound 52 and flavopiridol.
These genes belong to genes that regulate the progression of cell cycle, phosphate and
cellular energy metabolism, and GTP or ATP binding proteins. However, more than
40% of mRNA changes are not concordant between flavopiridol and compound 52.
These discrepant behaviors could be explained by the universal CDK inhibitory activ-
ity of flavopiridol compared with the selective CDK2/CDK1 (cdc2) effects of com-
pound 52, by the different intracellular concentrations achieved of these inhibitors,
their distinctive molecular structures, or from their putative effects on other cellular tar-
gets. When the compound 52E (inactive analogue to compound 52) or a yeast strain
(cdc28p) that is mutant for the putative target for both flavopiridol and compound 52
were studied, very few mRNA alterations were noted with 52E, implying that the net
effect of these agents is due to the inhibition of CDKs and not due to chemical struc-
tural motifs of the compound. Moreover, the mutant cdc28p revealed some overlapping
effects with compound 52 and flavopiridol (141). Modulation in transcription (cyclin
D1 and vascular endothelial growth factor [VEGF]) was also observed in human cells.

6. SUMMARY

The results accumulated in the last few years have demonstrated that deregulation of
cell cycle proteins have a deep impact on tumor development. At present, we know that
deregulation of cell proliferation is achieved by deregulated transcription, translation,
or modulation of protein stability through the ubiquitin-mediated pathway.

Based on the frequent aberration in cell cycle regulatory pathways in human cancer
by “CDK activation”, novel ATP competitive CDK inhibitors are being developed. The
first two tested in clinical trials, flavopiridol and UCN-01, showed promising results
with evidence of antitumor activity and plasma concentrations sufficient to inhibit
CDK-related functions. The best schedule to be administered, the combination with
standard chemotherapeutic agents, and a demonstration of CDK modulation from
tumor samples from patients in these trials are important issues that need to be
answered in order to advance these agents to the clinic.
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1. INTRODUCTION

During the past few years, it has become obvious that resistance to programmed
cell death, or apoptosis, plays a major role in the process of malignant transforma-
tion and subsequent tumor progression. Molecular mechanisms of such resistance
induced by the activation of various proto-oncogenes and the loss of activity of
tumor suppressor genes have begun to emerge. In parallel, our knowledge of the
principles governing the functioning of the intrinsic cell death machinery has
expanded considerably.

During solid tumor progression, malignant cells are forced to grow in the absence of
contact with a properly formed basement membrane and in hypoxic conditions. These
changes create a highly hostile environment that can potentially induce apoptosis in the
malignant cells. We will discuss here how cell death is triggered by such a “tumor spe-
cific environment” and the molecular mechanisms by which oncogenes and tumor sup-
pressor genes induce resistance to these potentially lethal conditions in the context of
solid tumor progression.
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1.1. Molecular Mechanisms of Apoptosis
The current knowledge of the molecular mechanisms governing apoptosis has been

recently reviewed by several investigators (1–3).
In brief, two major apoptotic pathways in mammalian cells are presently known

(Fig. 1). One of them, the mitochondria pathway, is induced by various stimuli and
involves the release of cytochrome c from this organelle into the cytoplasm and subse-
quent cytochrome c-dependent activation of the caspases (4–6). Caspases are serine
proteases that cleave a set of critical cellular targets and ultimately cause death (7–9).
They are organized in a hierarchical manner, with some caspases, such as caspase 9,
acting upstream in the apoptotic pathway. Upon activation, these upstream caspases
trigger the activity of the downstream caspases (i.e., caspase 3), which act as the execu-
tioners in the degradation of the cellular targets. The release of cytochrome c from the
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mitochondria is both positively and negatively regulated by pro- and anti-apoptotic
members of the Bcl-2 protein family. Bcl-2, Bcl-XL, and Mcl-1 are some of the anti-
apoptotic members of this family, whereas Bax, Bak, and Bad are examples of the pro-
apoptotic group (10,11). Caspase activity can also be controlled by members of a
separate family of proteins known as inhibitors of apoptosis (IAPs), which regulate
activity of some caspases by directly binding to them (12–15). IAPs, in turn, can be
sequestered and inactivated by the pro-apoptotic factor Smac/DIABLO, which is
released from the mitochondria in response to various death signals (16,17).

The second major apoptotic pathway is triggered by the engagement of members of
the tumor necrosis factor (TNF) receptor family, such as TNF receptor and Fas, which
in turn results in activation of caspases (18,19). In some specific cell types, the death
receptor pathway also requires the involvement of the mitochondrial pathway to fully
activate the death process (20) (Fig. 1).

1.2. Oncogenes and Tumor Suppressor Genes as Activators 
of Anti-Apoptotic Signaling Pathways

Numerous studies have demonstrated that activation of many proto-oncogenes, as
well as inactivation of tumor suppressor genes, results in the induction of resistance to
apoptosis (21,22). Survival signals triggered by oncogenic Ras represent one of the
best-studied examples. Ras is a GTPase normally activated by receptor tyrosine kinases
and other extracellular stimuli (23,24). Once activated, Ras is capable of acting on sev-
eral effectors, including Raf and phosphatidyl inositol 3-kinase (PI 3-kinase). Raf, in
turn, activates a cascade of mitogen-activated kinases (MAP-kinases), whereas PI 3-
kinase stimulates the activity of protein kinase B (PKB) (25,26). Both Ras-induced
pathways have a direct impact on the activity of various components of apoptotic
machinery (27). One of these components is Bad, a pro-apoptotic member of the Bcl-2
family of proteins. Bad can bind to Bcl-XL and block its pro-survival function (28).
This activity of Bad is inhibited by phosphorylation at various serine residues. One of
such serines, Ser 136, represents a target of PKB (29). Another serine located at posi-
tion 112 is phosphorylated by MAP kinases (30). Both phosphorylations were shown
to block apopotosis in several cell types (31). In addition to Bad, PI 3-kinase and PKB
can induce the phosphorylation of other targets, including FKHRL1, one of the mem-
bers of the forkhead family of transcription factors (32). This factor appears to be
required for the expression of Fas ligand, a well-known inducer of apoptosis. FKHRL1
phosphorylation leads to inactivation and, consequently, to the inhibition of transcrip-
tion from the Fas ligand promoter (32). It has also been reported that the PI 3-
kinase/PKB signaling pathway stimulates the expression of Mcl-1, which is an
anti-apoptotic member of Bcl-2 family (33). Another component of the apoptotic
machinery that is affected by activated Ras is Bak, a pro-apoptotic member of the Bcl-
2 family. It has been shown that Bak expression is significantly down-regulated by this
oncogene (34).

In addition to ras, other oncogenes have been reported to act on the apoptotic
machinery. For example, oncogenic Src has been shown to trigger the expression of
Bcl-XL, an anti-apoptotic member of the Bcl-2 family (35,36).

The loss of tumor suppressor genes can also induce resistance to apoptosis. For
instance, p53 is a well known inducer of cell death that is frequently mutated in cancer
(37). p53 is a transcription factor that regulates the expression of several components
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of the apoptotic machinery, including Bax, a pro-apoptotic member of the Bcl-2 fam-
ily (38).

PTEN is another example of a tumor suppressor gene that can affect the apoptotic
machinery. PTEN is a phosphatase capable of removing phosphate groups from phos-
phoinositols and inhibits, therefore, PI 3 kinase-induced activation of PKB (39). Thus,
tumors that have mutated PTEN display an activation of this anti-apoptotic pathway
(40,41).

Although the effect of oncogenes and tumor suppressor genes on the expression of
many components of the apototic machinery was originally described in cultured cells,
it is now established that the expression of many of these molecules is also altered in
human tumors in a similar fashion. For example, Bak expression is reduced in a high
proportion of colorectal cancers, while the expression of Bcl-XL is frequently elevated
in tumors derived from colon, ovary, and other tissues (42–44).

The data described above regarding the resistance of malignant cells to apoptosis are
in an apparent contradiction with the observation that many human solid tumors dis-
play a high apoptotic index (45). How can this paradox be explained?

In vivo, normal epithelial cells grow as monolayers attached to a mesh of extracellu-
lar matrix (ECM) proteins usually called basement membrane (BM). Detachment of
epithelial cells from the BM results in apoptosis. Such form of programmed cell death
has been named anoikis (which means “homeless” in Greek) (46). Unlike normal cells,
malignant cells exist as multicellular aggregates in which they are forced to survive in
the absence of contact with a properly assembled BM. In addition, a large proportion of
cells within the tumor mass is often deprived of oxygen (47). Even though many types
of carcinomas are highly angiogenic, the vasculature in such tumors is usually disorga-
nized, and, as a consequence, a large fraction of cells within the tumor is hypoxic (48).
Similarly to detachment from the ECM, hypoxia is known to induce apoptosis (49).
Thus, the lack of attachment to the ECM and the insufficient supply of oxygen consti-
tute a highly hostile environment for cancer cells. In view of this, the fact that a propor-
tion of these cells dies in the course of tumor progression is not surprising. Many
cancer cells, however, are obviously capable of withstanding both types of pro-apop-
totic challenges and give rise to a viable clinically relevant cellular population capable
of invasion and metastasis. Therefore, resistance to cell death triggered by detachment
from the BM, and hypoxia, likely represents one of the most critical features of the
malignant phenotype. Specific oncogene- and tumor suppressor gene-triggered mecha-
nisms of inhibition of anoikis and hypoxia-induced apoptosis and the role of such
mechanisms in the progression of solid tumors are discussed below.

2. ROLE OF ANOIKIS RESISTANCE 
IN ONCOGENE-INDUCED TRANSFORMATION

2.1. Mechanisms of Anoikis
Anoikis is thought to be critical for the maintenance of proper tissue architecture, since

it precludes growth of epithelial cells at ectopic locations (50,51). In addition, this form of
apoptosis is thought to play a major role in several physiologically important processes,
such as mammary gland involution and developmental morphogenesis (52,53).

Which molecular mechanisms are responsible for the induction of anoikis? Adhesion
of epithelial cells to the ECM is controlled by specialized receptors called integrins
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(50,54). Different proteins composing the ECM represent specific ligands for various
integrins (55). Upon engagement by these ECM proteins, integrins trigger various signal-
ing pathways that contribute to cell survival and proliferation (56,57). Thus, it has been
proposed that in detached cells, integrins are unable to trigger such pathways (58,59).

Another potentially important regulator of anoikis is the cytoskeleton. Upon detach-
ment from the ECM, cells round up, which results in a dramatic change of the
cytoskeletal organization. Experiments with endothelial cells (which, similarly to
epithelial cells, are prone to anoikis) have demonstrated that distortion of the cell shape
and, consequently, of the cytoskeleton, is per se sufficient for the induction of apopto-
sis (60). Therefore, it has been proposed that efficient integrin-induced signaling
requires a properly organized cytoskeleton (61).

What are the mechanisms by which integrins and/or cytoskeleton could regulate
anoikis? Several studies indicate that the ability of growth factor receptors to support
survival and proliferation signals requires attachment of cells to the ECM
(58,59,62–65). For example, it has been shown that ligand-induced activation of the
epidermal growth factor receptor (EGFR) in NIH 3T3 fibroblasts is strongly reduced
upon cell detachment. This requirement for cell–ECM interactions was abrogated in
the presence of activating antibodies against β1 integrin subunit. In addition, EGFR
and β1 integrin were demonstrated to form a complex in monolayer, but not in suspen-
sion culture, suggesting that this particular integrin is capable of triggering EGFR
activity. Such activity was presumably required for cell survival, as detachment or
treatment of cells with a pharmacological inhibitor of EGFR resulted in apoptosis. The
authors of this study report that activation of the receptor by the integrin occurred in
the absence of EGFR ligands, but the precise mechanism of such ligand-independent
EGFR activation remains unknown (63). The inability of EGFR to support anti-apop-
totic signals in the absence of cell–ECM interactions has also been demonstrated in
case of dog kidney epithelial cells (MDCK) (66).

Inhibition of the EGFR caused by cell detachment results in the reduction of the activ-
ity of MAP kinases MEK, Erk-1, and Erk-2, which are well known stimulators of cell
survival (67–69). This phenomenon has been observed in NIH 3T3 and MDCK cells.
The significance of such reduction for anoikis has been made evident by the fact that
overexpression of Raf, an activator of the MAP kinase cascade, prevented detachment-
induced down-regulation of MAP kinase activity and subsequent death of MDCK cells
(70). PKB is another kinase relevant for anoikis and can also be stimulated by EGF. The
capacity of EGF to induce PKB was shown to be strongly reduced upon detachment of
MDCK cells (66). In addition, apoptosis caused by detachment was completely abro-
gated in cells expressing activated mutants of PI 3 kinase and PKB (66).

The receptors for insulin and insulin-like growth factor 1(IGF-1) are two other
examples of survival-inducing signaling molecules, whose activity requires adhesion to
the ECM (65). The ability of both insulin and IGF-1 to rescue primary mouse mam-
mary epithelial cells from apoptosis strongly depends on the attachment of these cells
to the ECM. Similarly to what was observed for EGFR, the anti-anoikis activity of
these growth factors was mediated by PI 3 kinase and, presumably, PKB (65).

Focal adhesion kinase (FAK) is another molecule that plays a critical role in integrin
signaling. This kinase is activated by integrin engagement, and it is thought to trans-
duce integrin-generated signals by binding to multiple cellular proteins such as c-Src,
Grb2, and PI 3-kinase, as well as by activating Ras (71). The activity of FAK is known
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to be reduced upon detachment of several types of cells, including MDCK cells (72).
Constitutively active FAK mutants rescue MDCK cells as well as normal immortalized
human keratinocytes HaCat from anoikis (72).

A recent report has suggested that at least some integrins can actively trigger pro-
apoptotic signals when they are not engaged by the respective ECM ligands (73). Using
human pancreatic carcinoma cells Capan-1, as well as normal epithelial cells MDCK, it
was shown that these cells become more prone to anoikis when transfected with the cell
cycle inhibitor p16INK4a. Expression of this protein resulted in a strong increase in the
levels of the α5 subunit of α5β1 integrin. The causal role of this integrin in anoikis was
made evident by the fact that addition of fibronectin, which acts as an α5β1 ligand, com-
pletely abolished anoikis. The same result was achieved by ectopic expression of anti-
sense α5 cDNA. Whether the effect of p16 on the levels of the α5 subunit is related to
the ability of this cell cycle inhibitor to regulate cell proliferation is unknown. Likewise,
the mechanisms of nonengaged α5β1 integrin-induced anoikis remain to be identified.

How do cell–ECM interactions and subsequent activation of specific signaling path-
ways affect the cell death machinery? One important clue to answer this question has
been provided by studying anoikis in normal human neonatal keratinocytes, as well as
immortalized normal rat intestinal epithelial cells IEC-18 (74,75). Detachment of these
cells from the ECM results in the down-regulation of the anti-apoptotic effector Bcl-XL
(74,75). Such down-regulation is required for the induction of cell death, and ectopic
expression of Bcl-XL in IEC-18 cells partially prevents anoikis (75). Expression of
Bcl-XL in adherent cells is known to require constitutive EGFR activity. In attached
cells, inhibition of EGFR function with drugs or monoclonal antibodies down-regu-
lates Bcl-XL (75). Given the fact that EGFR activity requires attachment to the ECM, it
is tempting to speculate that down-regulation of Bcl-XL in response to cell detachment
is caused by the preceding inhibition of the EGFR. However, a direct experimental evi-
dence supporting this hypothesis remains to be obtained.

Another component of apoptotic machinery involved in anoikis is Bax. This protein
is normally cytoplasmic and triggers cell death through integration into the mitochon-
drial membrane and subsequent stimulation of cytochrome c release into the cytoplasm
(10,76). The pro-apoptotic function of Bax requires the presence of its BH3 domain.
Detachment of mouse mammary FSK-7 cells, another anoikis-sensitive cell line,
results in a conformational change in Bax, such that its BH3 domain becomes exposed
(77). This, presumably, allows for the insertion of Bax into the mitochondrial mem-
brane and triggers subsequent cytochrome c release and anoikis. Ectopic expression of
dominant-negative FAK in FSK-7 cells causes a similar conformational change in Bax
accompanied by apoptosis. These events could be prevented by co-expression of acti-
vated PI 3-kinase and Src, indicating that these two kinases can regulate Bax confor-
mation, and pro-apoptotic activity caused by cell detachment.

One major pathway known to induce apoptosis is initiated by the engagement of the
“death” receptors, such as Fas and the TNF receptor (TNFR). Once activated, these
receptors trigger initiator caspases-8 and -10 through the adapter molecule Fas-associ-
ated death domain (FADD) (18,19). Initiator caspases, in turn, either directly activate
downstream caspases outside of the mitochondria or cause the cleavage of a pro-apop-
totic Bcl-2 family member Bid. The truncated form of Bid is thought to facilitate the
insertion of Bax into the mitochondria, and the subsequent release of cytochrome c and
cytochrome c-dependent activation of the effector caspases (20).
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Expression of dominant-negative FADD in MDCK, HaCat, and human endothelial
HUVEC cells strongly inhibits their susceptibility to apoptosis upon detachment, indi-
cating that anoikis could be mediated by the death receptor-dependent pathway (78–80).
However, the mechanism by which this pathway is involved seems to be cell type-spe-
cific, since in the case of MDCK and HaCat cells, anoikis appears to occur in a death
receptor ligand-independent manner (79), but in HUVEC cells, it is triggered by the
interaction of Fas with its ligand (80). In addition, detachment of HUVEC cells induces
the expression of Fas and the down-regulation of c-Flip, a known inhibitor of caspase-8
and caspase-10 (80). In the case of epithelial cells on the other hand, the mechanism by
which the death receptor pathway is activated by detachment remains unknown. Cell
detachment induced signaling events that result in anoikis are shown in  Fig. 2.

2.2. Oncogenes as Inhibitors of Anoikis
The ability to grow in an anchorage-independent manner is one of the most typical in

vitro features of solid tumor-derived and oncogene-transformed cells. This ability has
frequently been assessed by growing the cells in agar. To explain the lack of anchorage-
independent growth of nonmalignant cells, it was initially argued that detachment from
the ECM causes an arrest in the G1 phase of the cell cycle. This, indeed, is true for many
fibroblastic cell lines, especially in the presence of high concentrations of serum
(54,81,82). However, in the case of normal epithelial cells, the lack of anchorage-inde-
pendent growth is mostly due to apoptotic death—anoikis (46,83). In view of this, the
fact that oncogenes are capable to inhibit anoikis is not surprising.

Ras oncogenes are present in a large proportion of human cancers (84,85), and their
ability to inhibit anoikis has been clearly established (46,83). For example, it has been
shown that ras-transformed MDCK and IEC-18 cells are, unlike their parental counter-
parts, highly resistant to this form of cell death (46,83). In the case of MDCK cells, the
anti-anoikis effect of activated ras seems to be entirely dependent on PI 3-kinase and
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PKB, since activated mutants of PI 3-kinase and PKB rescue cells from anoikis to the
same extent as oncogenic ras(66). Similarly to what has been shown for mammary
epithelial cells (77), detachment of MDCK cells from the ECM resulted in the integra-
tion of Bax into the mitochondrial membrane, and in the release of cytochrome c into
the cytoplasm (70). Activated Ras and PKB mutants were capable to prevent both of
these pro-apoptotic events.

Additional mechanisms through which ras could inhibit anoikis have been described
for human and rat intestinal epithelial cells. In this case, the anti-anoikis effect was
shown to be due in part to the ability of activated Ras to down-regulate the expression
of the pro-apoptotic Bcl-2 family member Bak (34). The reduction in Bak expression
could be reversed by a pharmacological inhibitor of PI 3-kinase, supporting the role of
this enzyme in detachment-induced apoptosis. However, re-expression of Bak or inhi-
bition of PI 3-kinase in ras-transformed intestinal epithelial cells prevented the
inhibitory effect of this oncogene on anoikis only partially, suggesting the existence of
another, PI 3-kinase-independent ras-induced anti-anoikis pathway. Indeed, it turned
out that in addition to its effect on Bak expression, activated ras is capable of prevent-
ing down-regulation of Bcl-XL expression caused by detachment of intestinal epithelial
cells from the ECM. This property of activated ras is essential for anoikis resistance, as
abrogation of Bcl-XL expression in the ras-transformed cells through an antisense
RNA approach partially blocked the anti-anoikis effect of this oncogene (75). The
impact of activated ras on Bcl-XL expression was PI 3-kinase-independent and MAP-
kinase-independent, suggesting that other ras effectors are involved.

It is important to note that ras-transformed cells transfected with Bak or deprived of
Bcl-XL remained completely viable when attached to the ECM. Apoptosis observed in
response to these changes occurred only when cells were forced to detach, suggesting
that, in addition to the ras-induced changes in Bak and Bcl-XL, other pro-anoikis alter-
ations occur in the ras-transformed IEC cells upon detachment. These changes, how-
ever, resulted in apoptosis only when complemented by overexpression of Bak or
down-regulation of Bcl-XL.

Another oncogene capable of inhibiting anoikis in MDCK cells is v-Src (46,66). The
mechanisms of the anti-anoikis effect of this oncogene are presently unknown. v-Src
activates Bcl-XL expression in fibroblasts (35). Given the well documented role of Bcl-
XL in anoikis (75), it is tempting to speculate that the ability of v-Src to prevent detach-
ment-induced cell death is, at least in part, due to the effect of this oncogene on Bcl-XL
expression.

Resistance to anoikis by cancer cells could also result from the inactivation of tumor
suppressor genes. In the case of PTEN, for example, reintroduction of this gene into
human glioma (U251) and breast cancer (BT549) cell lines, which do not express func-
tional PTEN, notably increases susceptibility of these cells to anoikis (86,87). In both
cases, reexpression of PTEN results in the inhibition of PKB and Bad phosphorylation,
suggesting that inactivation of the PI 3-kinase-PKB-Bad signaling pathway is the cause
of increased anoikis in these cells.

Another tumor suppressor gene that has been implicated in anoikis is the adenoma-
tous polyposis coli (APC). APC inhibits transformation of normal epithelial cells by
binding to β-catenin and inducing its degradation. This prevents β-catenin-mediated
activation of Tcf-Lef family of transcription factors. Constitutive activation of the
APC-β-catenin signaling pathway in cancer can be achieved either through inactivating
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mutations in APC or through activating mutations in β-catenin (88,89). Expression of
the transforming mutants of β-catenin in MDCK, as well as RK3E rat kidney epithelial
cells, induces anchorage-independent growth, and suppression of anoikis (90,91). The
molecular mechanisms of such inhibition are currently unknown.

2.3. Role of Anoikis Resistance in Cancer Progression
As discussed above, cancer cells derived from solid tumors, as well as oncogene-

transformed epithelial cells are able to survive in tissue culture in the absence of attach-
ment to the ECM. Several studies indicate that this property of cancer cells is highly
relevant for the progression of solid tumors in vivo and does not represent just a tissue
culture artifact.

Disruption of the BM is one of the first events that can be observed at the cellular
level during progression of most cancers of epithelial origin. This disruption is required
for invasion of the surrounding stroma by the malignant cells. Histological studies of
invasive cancer clearly show that the invading cells survive and grow without the
attachment to a properly formed basement membrane. Thus, the ability of tumor cells
to survive in the absence of such attachment likely represents a critical prerequisite for
cancer progression. If this were correct, inhibition of susceptibility to anoikis in normal
epithelial cells would be expected to render them tumorigenic. On the other hand, inhi-
bition of anoikis resistance in cancer cells should reduce their tumorigenicity. This,
indeed, is the case. MDCK cells expressing activated FAK, a genuine regulator of inte-
grin-mediated signaling and anoikis, become tumorigenic in nude mice (72). In addi-
tion, variants of IEC-18 cells, selected for the ability to resist anoikis by intermittent
culturing in suspension, were also demonstrated to acquire tumorigenic potential
(83,92). On the other hand, the capacity of ras-transformed IEC-18 cells to form sub-
cutaneous tumors in nude mice is strongly inhibited by ectopic Bak expression (34).
The same phenomena have been demonstrated for IEC-ras and human ovarian carci-
noma HEY cells deprived of Bcl-XL (75,93). In the case of the ovarian cancer cells, it
is important to note that they are characterized by the ability to grow in the intraperi-
toneal cavity, especially at the late stage of the disease. This growth condition can be
considered an in vivo suspension culture. Importantly, reduction of Bcl-XL expression
in HEY cells severely inhibits their tumorigenicity when injected in the peritoneum
(93). Taken together, these observations indicate that acquisition of resistance to
anoikis represents a critical step in the progression of carcinomas.

3. ROLE OF RESISTANCE TO HYPOXIA 
IN SOLID TUMOR PROGRESSION

3.1. Metabolic Mechanisms of Adaptation to Hypoxia in Cancer Cells
Solid tumors are known to contain a significant proportion of microregions that are

chronically or transiently hypoxic. A strong reduction in oxygen concentration has
been observed in tumor cells located at least 100–200 µm away from a functional sup-
ply of blood (94). Hypoxia is thought to be one of the main factors resulting in the for-
mation of a core of dead cells within solid tumors. For some time, the lack of oxygen
was believed to result in necrosis of cancer cells (95). However, recent studies indicate
that hypoxia can lead to apoptotic death (96,97). The fact that tumors are capable to
grow and metastasize despite this highly unfavorable environment suggests that at least
a proportion of cancer cells is resistant to hypoxia.
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Tumor cells are thought to ensure a continuous supply of oxygen through angiogen-
esis. However, new microvessels are usually limited in quantity and disorganized (47).
One mechanism of tumor adaptation to hypoxia is the induction of a high rate of aero-
bic glycolisis by tumor cells. This allows for the production of ATP levels compatible
with survival, even in a low-oxygen environment. This phenomenon has been observed
in the majority of human and experimental animal tumors and is called the Warburg
effect (98). This effect is thought to be achieved through the increase in the expression
of genes encoding several proteins involved in the intracellular transport of glucose and
its conversion into ATP. A critical regulator of the expression of such genes in normal
cells is the hypoxia inducible transcription factor HIF-1 (99,100). For example, HIF-1
induces the expression of several glycolytic enzymes such as phosphofructokinase L,
aldolase A, phosphoglycerate kinase-1, pyruvate kinase M, enolase-1, and lactate dehy-
drogenase A (LDH-A). In addition, HIF-1 can stimulate the expression of vascular
endothelial growth factor (VEGF), a very potent angiogenic factor (47). HIF-1 consists
of two subunits, HIF-1α, and HIF-1β, also known as arylhydrocarbon-receptor nuclear
translocator (ARNT) (101). ARNT is a nuclear protein whose expression is hypoxia-
independent (48). Cellular levels of HIF-1α, on the other hand, are known to strongly
increase under hypoxic conditions (102). In normoxia, HIF-1α is degraded by the pro-
teasome pathway. When concentration of oxygen is low, the protein is stabilized and
translocates from the cytoplasm to the nucleus where it heterodimerizes with ARNT
into a transcriptionally active complex (101,102). The mechanisms of HIF-1α stabi-
lization in response to hypoxia are not well understood.

HIF-1 has attracted a great deal of interest in the field of cancer research due to the
fact that its levels, as well as the expression of its target genes involved in the Warburg
effect and angiogenesis, are frequently increased in response to activation of several
oncogenes. For example, cells transformed with activated v-Src display higher levels of
HIF-1 and its targets enolase-1 and VEGF, as well as an increased rate of aerobic gly-
colisis (103).

Activated Ras, in turn, has been shown to trigger VEGF expression by a mechanism
that requires the presence of a HIF-1 binding site in the VEGF promoter, suggesting that
this oncogene is capable of triggering glycolitic pathways. In agreement with this, the
consumption of glucose by the ras-transformed cells is also known to be increased (104).

myc, another oncogene frequently implicated in human cancer, has been shown to
trigger overexpression of LDH-A in Rat-1 fibroblasts (105). LDH-A is one of the com-
ponents of the glycolitic pathway, whose levels are known to be increased in response
to hypoxia in an HIF-1-dependent way (106,107). In addition, transgenic mice that
overexpress Myc in the liver display increased glycolisis in this organ (108). Also, both
Myc and LDH-A were shown to trigger glycolisis when overexpressed in rodent
fibroblasts (109).

Inactivation of tumor suppressor genes represents another mechanism through
which tumor cells can adapt to low levels of oxygen. It has been demonstrated that
reexpression of the von Hippel-Lindau (pVHL) tumor suppressor gene in renal carci-
noma cells results in reduced expression of hypoxia-dependent proteins such as the
glucose transporter GLUT-1 and VEGF (110).

Another tumor suppressor gene capable of suppressing hypoxia-induced stabiliza-
tion of HIF-1α, as well as the expression of its target genes, is PTEN (111). Reintro-
duction of wild-type PTEN into the PTEN-deficient glioblastoma cell line U373 has
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been shown to completely suppress stabilization of HIF-1α. This effect of PTEN has
been demonstrated to occur via the activation of PKB (112). In addition, wild-type
PTEN and a pharmacological inhibitor of PI 3-kinase were found to inhibit the expres-
sion of hypoxia-inducible genes such as VEGF, COX-1, PGK-1, and PFK. In this case,
however, PTEN failed to alter the sensitivity of U373 cells to hypoxia-triggered apop-
tosis, suggesting that this cell line acquired additional mutations sufficient for the pro-
tection against the lack of oxygen.

3.2. Mechanisms of Hypoxia-Induced Apoptosis
Although tumor cells develop various mechanisms of resistance to hypoxic condi-

tions, a significant proportion of these cells still die as a result of such conditions (47).
Recent studies have demonstrated that one of the likely reasons of tumor cell death in
response to oxygen deprivation is, paradoxically, hypoxia-induced glycolisis.

One major product of glycolisis is lactic acid. Since hypoxia and oncogenes can both
independently activate glycolisis, lactic acid production in hypoxic tumor cells is usually
much higher than in hypoxic normal cells (113). Acidosis resulting from overproduction
of lactic acid is thought to be a powerful inducer of apoptosis. It has been shown that
normal rat embryo fibroblasts (REF) undergo growth arrest under hypoxic conditions. In
contrast, similar treatment of their Myc/Ras transformed counterparts as well as of
E1a/Ras transformed mouse embryo fibroblasts (MEF) resulted in a noticeable acidosis
and strong apoptosis (113). Acidification was demonstrated to be the cause of cell death,
as increasing the buffer capacity of the conditioned medium strongly protected these
cells from apoptosis. On the other hand, the same cells became apoptotic when they
were exposed to acidic medium, even under normoxic conditions (113).

Another consequence of increased glycolysis in cancer cells is the high rate of glu-
cose consumption. Glucose, therefore, can no longer serve as the only source of carbon
for normal aerobic respiration. An alternative source of carbon for tumor cells exposed
to reduced amounts of oxygen is glutamine. This aminoacid is known to have the abil-
ity to enter the abnormal truncated Krebs cycle. Oxidative metabolism of glutamine
generate reactive oxygen species (ROS), which can in certain circumstances cause
apoptosis. For example, L929 fibrosarcoma cells undergo death in response to TNF-α
only when grown in the presence of glutamine. Depletion of glutamine, but not glu-
cose, from the growth medium was shown to protect these cells from a TNF-α-induced
apoptosis (114).

An important regulator of hypoxia-induced cell death, whose elevated expression
may be the consequence of both increased glycolisis and acidosis, is the p53 tumor
suppressor protein. p53 levels increase in response to hypoxia in several cellular sys-
tems (115,116). One study indicated that the accumulation of this tumor suppressor
protein under hypoxic conditions results from acidosis, since inhibition of culture
medium acidification abrogated the accumulation of p53 in transformed hypoxic cells
(113). Another study, however, suggested that this accumulation is the consequence of
hypoxia-induced increase in HIF-1α expression and the subsequent direct or indirect
interaction of HIF-1α with p53. This interaction was shown to prevent proteasome-
mediated p53 degradation, triggering apoptosis (116).

In addition to being able to generate acidosis, HIF-1α appears to have the capacity
to directly induce the expression of pro-apototic components of the cell death machin-
ery (117). For example, hypoxic conditions elevate the levels of pro-apoptotic bcl-2

Chapter 9 / Oncogenes as Regulators of Cell Survival 163



family members such as NIP 3 and Nix in Chinese hamster ovary cells (CHO) (117).
The inductive effect of hypoxia on Nip 3 expression has also been observed in several
other types of cells. In addition, both hypoxia and HIF-1α were shown to activate the
NIP 3 promoter, suggesting that this pro-apoptotic protein represents a direct target of
HIF-1α (117).

3.3. Mechanisms of Resistance to Hypoxia in Cancer Cells
Even though relatively little is known about the mechanisms of resistance to

hypoxia-induced cell death in cancer, several direct and indirect regulators of apoptosis
have been implicated in this process.

One way tumor cells can resist hypoxia-induced apotosis is through the inactivation
of p53. p53-negative E1a/Ras-transformed MEFs are significantly more resistant to the
hypoxia-induced apoptosis in tissue culture than their p53-positive counterparts
(115,118). Examination of tumors formed by such cells upon injection into immuno-
compromised mice revealed that cells located in regions poorly supplied with blood
undergo a p53-dependent apoptosis. On the other hand, cells in which active p53 was
lost were demonstrated to acquire a survival advantage over cells with wild-type p53
(115,118).

Another mechanism through which cancer cells could potentially acquire resistance
to apoptosis triggered by the lack of oxygen involves the up-regulation of anti-apop-
totic Bcl-2 family members, such as Bcl-2 and Bcl-XL. For example, Bcl-2 has been
shown to protect myc-transformed Rat-1 fibroblasts from hypoxia-induced cell death.
A similar effect of Bcl-2 has been demonstrated in the rat hepatoma cell line 7316A
and the rat pheochromocytoma cells PC 12 (49). An even more potent protection from
hypoxia-induced apoptosis of PC 12 cells has been observed in response to overexpres-
sion of Bcl-XL (49). Since both Bcl-2 and Bcl-XL are frequently overexpressed in
many types of cancers (42–44), it is reasonable to speculate that oncogenes that can
induce the expression of these proteins will confer resistance to hypoxia-triggered
death. A direct poof of this hypothesis, however, has not yet been reported. Signaling
events that are triggered by activation of oncogenes and loss of tumor suppressor genes
in cancer cells under the normoxic and hypoxic conditions are shown in Fig. 3.

4. CONCLUSIONS

Recent observations strongly suggest that acquisition of resistance to anoikis and
hypoxia-induced apoptosis represent two important mechanisms of progression of can-
cers originated from epithelial cells. The role of oncogenes and tumor suppressor genes
in the generation of such resistance is now clearly established. Moreover, the results
discussed above indicate that certain oncogenes or tumor suppressor genes could be
involved in the simultaneous induction of resistance to both anoikis and hypoxia-
induced apoptosis.

This means that therapies aimed at the reversal of the activation or inactivation of
such oncogenes and tumor suppressor genes, respectively, may be able to sensitize
tumor cells to both anoikis and hypoxia. Since normal epithelial cells in vivo are
attached to the BM and are generally not exposed to hypoxic conditions, at least
some of such therapeutic approaches would be expected to preferentially attack
tumor cells.
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1. INTRODUCTION

A reductionist viewpoint, which assumes that all important properties of cancer are
ultimately encoded in a cancer cell, has provided an important stimulus for studies on
oncogenes (1). Although this approach proved to be very powerful in establishing the
genetic causes of cancer, it was in itself insufficient to properly interpret the resulting
complexity of the unfolding pathological process (2). Indeed, cancer as a disease
involves a multitude of interactions between heterotypic cellular and matrix compo-
nents, of which cancer cells are the central, but by no means the only relevant element
(2). In this sense, the intimate interrelationship and interdependence between cancer
cells and the adjacent host vasculature are indispensable aspects of tumor very growth
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and dissemination (3). Based on this premise, Folkman proposed that tumor vascula-
ture can be an attractive and universal target for anticancer therapy (3). This chapter is
intended as a discussion of the linkage between formation of the tumor vasculature
(tumor angiogenesis) and the causal disease-triggering effects of cancer-associated
genetic alternations, particularly expression of activated oncogenes. Here, it is argued
that there are multiple ways by which oncogenes can impinge upon the course, the out-
come, and the consequences of the tumor angiogenesis process. More importantly,
oncogene-directed therapies (signal transduction inhibitors) can interfere with various
aspects of tumor neovascularization and possibly synergize with other blood vessel-tar-
geting and cancer cell-targeting agents.

2. TUMOR ANGIOGENESIS

Progressive spatially unrestricted 3-dimensional cellular growth is a hallmark of
cancer (4,5). It is now evident that this abnormal growth pattern or topology is not
solely a function of various intrinsic properties of individual cancer cells (e.g., anchor-
age-independence, increased mitogenesis, survival under unfavorable conditions, inva-
siveness, morphological transformation), but also involves collective multicellular
properties of cancer (6) resulting in recruitment and maintenance of host-derived
tumor-associated blood vessels (3).

2.1. Dependence of Tumor Growth and Progression on the Vasculature
Development of the tumor-associated blood vessel network plays a pivotal role in

cancer progression. In simple terms, the absolute necessity for tumor neovasculariza-
tion stems from the fact that diffusion of essential metabolites, growth factors, and oxy-
gen between blood and tumor parenchyma can only occur at relatively short distances
(7). Therefore, the distances between tumor cells and their nearest capillaries are
viewed as ultimate determinants of sustained metabolic activity of tumor cells, their
proliferation, and very survival. In this sense, 3-dimensional tumor expansion beyond
the reach of the diffusion from the preexisting established vascular bed in a given organ
is conditional upon new blood vessel recruitment (3). This is best exemplified by the
observation that in the absence of angiogenesis, (avascular) tumor growth is limited to
the size of only 1 to 2 mm in diameter (3,7) and is often held in a steady state of dor-
mancy until new capillaries can be attracted (3,8). During the state of dormancy the
increase in cancer cell numbers in areas of sufficient perfusion is usually (out)balanced
by induction of mitotic arrest and apoptotic cell death in more ischemic regions of the
tumor cell nodule (at a distance from capillaries). This explains the lack of net increase
in tumor volume despite sometimes fairly rapid tumor cell turnover (9,10).

Although tumor cells may remain in the state of dormancy for extended periods of
time (9), the ingrowth of new blood vessel may eventually take place leading to cessa-
tion of this silent phase of the disease and to the exponential tumor expansion (10). At
this time, blood (10) and lymphatic (11–13) vessel networks develop in and around the
tumor, ultimately allowing the release of tumor cells into the circulation and their local,
regional, and distant metastatic dissemination (14). Thus, the onset of angiogenesis
(angiogenic) switch is belived to be a precondition for macroscopic, clinically apparent
manifestation of cancer, as well as its eventual morbidity and mortality (3).

Tissue perfusion is not the only relevant consequence of tumor angiogenesis (15). It
is believed that tumor-associated endothelial cells acquire unique properties (16), and
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may become capable of releasing a plethora of growth factors, cytokines, small molec-
ular weight mediators (e.g., nitric oxide, reactive oxygen species) proteases, and extra-
cellular matrix (ECM) proteins (15). These various biologically active entities could, in
turn, stimulate in a paracrine manner tumor cell growth (17), survival (18), migration
(19), invasion (20,21) and metastasis (22). Some of these vascular influences simply
promote these various cancer-associated processes, while others may participate in
selection of distinct phenotypic tumor cell variants, usually of increased malignancy
(23). This paracrine supportive/selective role of the tumor vasculature may be particu-
larly relevant in hematopoietic malignancies (leukemias, lymphomas), where, with
possible exception of the bone marrow and/or lymphoid organs sites, tumor cell access
to blood is not restricted by anatomical barriers (24,25).

The notion that cancer growth and dissemination is angiogenesis-dependent carries
fundamentally important therapeutic implications (3). In particular, Folkman first real-
ized that inhibition (anti-angiogenic therapy) of tumor blood vessel formation or their
selective destruction (anti-vascular therapy) could constitute an effective strategy to
treat cancer (3). Indeed, the accuracy of this prediction is supported by ample preclini-
cal evidence (3,10,26–28). Morever, a large group of anti-angiogenics is curretly in
various phases of clinical testing as prospective anti-cancer agents (http://cancertri-
als.nci.nih.go and www.angio.org). While the early results in many cases appear
promising, in that the drugs are usually devoid of severe toxicity associated with tradi-
tional cytoreductive anti-cancer agents, their efficacy under specific clinical circum-
stances remains to be firmly established, optimized, and their role in mono-or
combination therapy protocols more precisely defined (29). Further progress in this
area will likely require a more refined mechanistic understanding of cellular and mole-
cular interactions that constitute the process of tumor angiogenesis in its many inducer,
organ-, and tumor-specific forms.

2.2. Processes Leading to Tumor Blood Vessel Formation
Several distinct cellular processes can participate in the development of tumor vas-

culature (30–33). It is believed that, for the most part, tumor-associated vascular struc-
tures originate by direct branching and extension of preexisting host capillaries or
postcapillary venules (31). At the center of this process (termed sprouting angiogene-
sis) is the directional deployment of endothelial cell cohorts (vascular sprouts) from the
wall of the existing vessel toward the source of the inducing stimulus. Formation of
new capillaries usually involves a cascade of distinct sequential events including: dis-
sociation (drop-out) of supporting mural cells (pericytes, smooth muscle cells) from
their underlying inner endothelial tube and resulting local vessel destabilization. This is
followed by proteolytic dissolution of the endothelial basement membrane, endothelial
cell invasion into the surrounding ECM, and their subsequent migration, proliferation,
and alignment into a solid cellular cord (31). Further steps involve lumen formation
and anastomosis with analogous neighboring vascular sprouts, all of which brings
about the establishement of blood circulation in the newly formed capillary loop (31).

While the above generic sequence is relatively well described, alternative processes
also do exist. For instance, new capillary loops may be formed by formation, first of a
larger thin walled mother vessel, which is then subdivided into smaller endothelial
channels (daughter vessels) (34). This transition is accomplished, either by external
pressure of surrounding tissue pillars (intusussceptive angiogenesis) (35) or by aber-
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rant intraluminal bridges formed by activated endothelial cells (splitting angiogenesis)
(31). Some of the preformed vascular structures might also merge through a process of
microvacular fusion to form larger vessels (36). Tumor vasculature may, to some
degree, expand through incorporation into the vessel wall of circulating bone marrow-
derived endothelial progenitor cells (EPCs) (37,38), a process often referred to as post-
natal vasculogenesis (30). It has also been proposed, that, at least some vascular
segments of uveal melanoma, are composed of tumor cells, which are said to adopt
endothelial-like functions and phenotype (i.e., undergo vasculogenic mimicry) (39).
While the existence and extent of this form of tumor neovascularization remains con-
troversial in itself (40), it is important to point out that even blood channels with
incomplete or absent endothelial lining must, by definition, maintain anatomical and
functional continuity with, and dependence on, the remaining fully endothelialized
vasculature, present both within and outside of the tumor. To a degree, tumor vascular-
ization may also occur via invasion and engulfment (41), or cooption (42) by growing
tumor masses of preexisting autochtonous tissue blood vessels. In some circumstances
this process, rather than bona fide vessel recruitment through angiogenesis, is thought
to accompany early stages of tumor expansion (42). To one degree or another, all these
forms of tumor vascularization may be present within, support, and be induced by var-
ious types of cancers. As such, these various processes, often collectively referred to as
tumor angiogenesis can be viewed as implicitly linked to expression of cancer-causing
genes including activated oncogenes.

Intratumoral vascular networks are often described as caricatures of their normal
orthotopic counterparts. Physiologically, angiogenesis occurrs infrequently and is
mainly restricted to such processes as embryo development, corpus luteum formation,
growth of the exercising skeletal muscle, accumulation of the fatty tissue, regeneration
of organs, and granulation tissue formation. In all such instances, the outcome is a
well-organized tree-like (arborized) quasifractal vascular structure, the geometry of
which is well adapted to the topology and perfusion needs of a particular site, organ,
and tissue. The general feature of such normal vasculature is the gradual decrease in
vessel caliber and regular branching towards the organ’s periphery (7). In contrast,
tumor blood vessels display a wide array of morphological and functional abnormali-
ties including: lack or proper branching and arborization, aberrant and inconsistent
vessel size distribution (dilatations, pseudostenosis), as well as bizarre tortuosities,
loops, and corkscrew structures (7). Tumor blood vessels are thought to lack functional
innervation and are often immature, i.e., display poor and discontinuous coverage of
endothelial channels with pericytes and smooth muscle cells (41,43,44). The function-
ality of such abnormal vessel networks is severely compromised as indicated by slug-
gish blood flow, shunting, and leakage of plasma proteins into the extravascular
milleau (7).

In contrast to largely quiescent endothelium of normal blood vessels, the mitotic
indices of tumor-associated endothelial cells is often remarkably high (45). This is
accompanied by elevated expression of various molecular markers of endothelial cell
activation including: adhesion molecules (including “αv” intergrins), growth factor
receptor tyrosine kinases (e.g., vascular endothelial growth factor receptors VEGFR-1,
and -2) (46), tie-1(47), and tie-2(48–50), proteases (20), and induction of pro-coagu-
lant properties (e.g., overexpression of tissue factor) (51). Indeed, application of
genomic technologies, such as sequential analysis of gene expression (SAGE), has
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revealed that endothelial cells associated with human colorectal carcinoma display a
distinct gene expression profile (including the so called tumor endothelial markers
[TEMs], which can be qualitatively distinguished from endothelium lining blood ves-
sels of normal or even inflammatory gut mucosa, as well as that from cultured
endothelial cells (16).

2.3. Effector Molecules of Angiogenesis
Formation of vascular structures is orchestrated by a complex series of cellular inter-

actions, the molecular intricacies of which continue to be unveiled (31). Nevertheless,
VEGF and its receptors (VEGFR-1/flt-1, VEGFR2/flk-1/KDR, VEGFR3/flt-4, and neu-
ropilin-1/NP1) are believed to be cornerstones of this regulatory network (31,52). Six
members of the VEGF family have been identified thus far (designated VEGF-A,-B, -C,-
D,-E, and placenta growth factor, PIGF) along with functionally similar but unrelated
endocrine gland VEGF (EG-VEGF), of which the main ligand (VEGF-A) is expressed
in at least five different protein isoforms: VEGF121, VEGD145, VEGF165, VEGF189, and
VEGF209, due to alternative splicing of the single VEGF mRNA (52,53). Gene knock-
out studies have demonstrated an absolute requirement for diploid expression of VEGF-
A (54–56) and for the intact isoform profile (57), during embryonal and postnatal
vascular development, respectively. Multiplicity of pro-angiogenic effects elicited by
VEGF-A includes: endothelial mitogenesis, motility and invasiveness, endothelial cell
survival and longevity, vascular permeability, vascular fusion, induction of endothelial
cell-associated procoagulant activity, up-regulation of endothelial proteases and adhe-
sion molecules, and many other, but less clearly defined, changes (36,53,58). For the
most part, these various biological activities have been traced to activation of the major
signaling VEGF receptor known as VEGFR-2/KDR/flk-1, but there is also an increasing
interest in several modulating effects of other VEGFRs, such as VEGFR-1/flt-1 and neu-
ropilins (e.g., NP-1). For example, VEGFR-1 may act as a decoy or molecular sink for
VEGF (59), or, in its soluble form, as a natural VEGF antagonist (52). This receptor also
serves as the high affinity binding site for PIGF (60), a recently recognized important co-
regulator of VEGF-induced vascular permeability (61). It is noteworthy that engagement
of VEGFRs and resulting formation of signaling complexes is conditional upon simulta-
neous ligation of endothelial cell adhesion molecules such as VE-cadherin and αv inte-
grins (62,63).

Endothelial cell-specific signaling queues are also received through tie-1 and tie-2
receptor tyrosine kinases (RTKs) (33). While the former remains an orphan receptor,
the latter interacts with several different ligands of the angiopoietin family (Ang-1 to
Ang-4) (33). Ang-1, the natural tie-2/tek agonist is thought to be responsible for inter-
action between endothelial cells and pericytes, vascular maturation, vascular remodel-
ing, and endothelial cells survival, particularly in the absence of VEGF (33,64–66).
Up-regulation of Ang-2 by endothelial or perivascular cells antagonizes the action of
Ang-1 and leads to vessel destabilization, a necessary precondition for VEGF-induced
angiogenesis. In the absence of VEGF, Ang-2 triggers regression of unstable vessels
(33,66). In addition, arterial or venous identity is imposed upon developing endothelial
cells by expression of the membrane-bound ligand, Ephrin B2, or its receptor, EPH-B4,
respectively (33,67). Moreover, angiogenic growth factors may also regulate endothe-
lial cell function in an organ-specific manner. This is exemplified by endocrine gland
vascular endothelial growth factor (EG-VEGF), a polypeptide growth factor, which,
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through activation of an unknown receptor interacts with endothelial cells in steroido-
genic organs (317). All the aforementioned endothelial-specific ligand–receptor sys-
tems constitute the core of known molecular regulatory networks, which integrate
various endothelial cell activities involved in blood vessel formation, maturation, main-
tenance, and remodeling (33). However, endothelial cells are also able to respond to
other cues, including a wide range of growth factors, cytokines, ECM components,
polypeptides, lipids, and other mediators. Collectively, all these influences can be
broadly classified as either angiogenesis stimulators or inhibitors, depending on the
global outcome of their respective interactions with the vasculature under specific bio-
logical circumstances (68).

In normal mature tissues angiogenesis inhibitors are in excess, while stimulators are
either not expressed or otherwise biologically unavailable (69). In tumors, the onset of
angiogenesis (angiogenic switch) is believed to be triggered by a reversal of this nega-
tive balance (69,70). For example, tumor cells themselves are known to overexpress
and/or liberate multiple pro-angiogenic growth factors and cytokines including: VEGF,
basic fibroblast growth factor (bFGF), hepatocyte growth factor (HGF), or inter leukin
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Table 1
Direct Impact of Oncogenes on the Angiogenic Phenotype of Cancer Cellsa

Oncogene Angiogenic activities affected References

K-ras, H-ras VEGF up-regulation, TSP-1 down-regulation. 89,90,92,161
v-src VEGF up-regulation, TSP-1 down-regulation. 89,170,191,284
c-myb TSP-2 down-regulation. 285
N-myc Down-regulation of angiogenesis inhibitors (activin A). 286–290
c-myc Complex angiogenic properties in epidermis. 291
HER-2 VEGF up-regulation. 104,239,292
EGFR VEGF, bFGF, IL-8 up-regulation. 104,272,274,275
bcl-2 Hypoxic induction of VEGF. 293
PyMT TSP-1 down-regulation. 294
c-fos VEGF expression. 295
trkB Down-regulation of angiogenic factors. 296,297
HPV-16 Secretion of VEGF and IFN-a. 298,299
MDM-2 VEGF up-regulation. 300
v-P3k VEGF production and angiogenesis. 165
ODC Novel angiogenic factor. 301
PTTG1 VEGF and bFGF up-regulation. 302
E2a-Pbx1 Induction of mouse angiogenin-3 and VEGF. 153,303
v-Abl VEGF up-regulation. 153
v-sis VEGF up-regulation. 153
PML-RARa VEGF up-regulation. 209
RhoC VEGF and cytokine upregulation. 140
HHV8 VEGF up-regulation. 304,305
eIF-4E VEGF up-regulation (translation). 127
NOX-1 VEGF up-regulation. 316

a Nomenclature: EGFR, epidermal growth factor receptor; HER-2/ErbB-2/neu, homologue of EGFR;
HPV-16, human papilloma virus; PyMT, polyoma middle T antigen; ODC, ornithine decarboxylase; v-p3K,
oncogenic PI3K p110; PTTG1, pituitary tumor transforming gene 1; E2a-Pbx1, chimeric leukemia oncogene.



(IL)-8, as well as down-regulate angiogenesis inhibitors such as interferons (IFNs), or
thrombospondins (TSPs) (70). Alternatively, the effects of the latter, could also be
bypassed in tumors by recently uncovered elaborate escape mechanisms (71).

It will be discussed later in this article, how various endogenous pro-angiogenic
tumor cell properties may be induced by expression of transforming oncoproteins
(Table 1). In addition, angiogenic activities could also be produced by inflammatory
cells and tumor stroma present within and around the tumor mass (72,73). It is note-
worthy, that besides this local control, tumor angiogenesis is also regulated at the sys-
temic level by either tumor-derived circulating angiogenesis inhibitors (e.g.,
angiostatin) (68) or by preexisting state of constitutive angiogenic susceptibility linked
to the genetic background of the host (74–76). All these various levels of regulation
contribute to the onset, pathway, and magnitude of the angiogenic response elicited in a
given tumor.

3. ONCONGENES AS INDUCERS OF TUMOR ANGIOGENESIS

The source of virtually all clinical manifestations of cancer can ultimately be traced
to one or more of genetic hits sustained by tumor cells during the course of the disease
progression (5). Such transforming genetic lesions result in either a gain of function or
a loss of function events resulting in activation of dominant oncogenes or inactivation
of tumor suppressor genes, respectively (1,5). An overt malignant phenotype usually
includes both types of changes accumulated sequentially over many years and often
preceding the clinical manifestation of the disease (5).

There are over 100 known genes that, under certain conditions, can act as transform-
ing oncogenes (1). In this regard, relatively well described Ras oncoproteins can serve
as a paradigm for the functional linkage between molecular mechanisms of malignant
transformation, 3-dimensional tumor growth, and tumor angiogenesis. Thus, three
existing ras genes (H-ras, N-ras, or K-ras) encoding four protein isoforms (H-, N-, K-
rasA, and K-rasB, respectively) are known to be frequently activated in human cancer
(77). In colorectal adenoma, activating K-ras mutations are found at relatively early
stages of tumor progression (5), around the time when onset of angiogenesis would be
expected to take place (69) (i.e., prior to expansion of early adenoma to intermediate
adenoma). Interestingly, the incidence of such mutations is 3- to 4-fold greater in the
type of colonic (polypoid) adenomas, which a priori assume 3-dimensional growth
pattern as compared to the so called “flat” or “superficial” adenoma lesions, which are
characterized by horizontal tumor expansion within the colonic mucosa (78,79). Again,
polypoid growth of colorectal adenomas would likely require extensive and rapid
rearrangements and expansion of the local vasculature, whereas superficial tumors
could rely on more modest vascular response and preexisting mucosal microcircula-
tion. The correlation of 3-dimensional tumor growth, angiogenesis, and high frequency
of K-ras mutations is, therefore, thought provoking.

Indeed, in many instances, the continued expression of Ras oncoproteins has been for-
mally shown to be indispensable for sustained 3-dimensional growth of ras-dependent
tumors in vivo (80–82). Furthermore, even in the absence of an overt ras mutation, the
biochemical activity of wild-type, normal Ras proteins is often chronically elevated in
cancer, and thus it can contribute to induction and maintenance of exponential tumor
expansion (83). Such permanent increases in Ras activity are thought to result from up-
regulation, constitutive activation, or mutation of upstream acting oncogenic proteins
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such as members of the epidermal growth factor receptor (EGFR) or platelet-derived
growth factor receptor (PDGFR) families (83,84). In all these various scenarios, Ras-
activation leads to triggering several crucial intracellular signaling cascades (77) and
alterations in expression of a large numbers of ras-responsive genes (85–87), many of
which could be relevant for tumor angiogenesis (see Fig. 1 and Table 2).

3.1. Up-Regulation of VEGF by Mutant ras: A Paradigm 
for a Direct Linkage Between Oncogenes and Tumor Angiogenesis

Constitutive expression of mutant H-ras oncogene in immortalized but nontumori-
genic IEC-18 rat intestinal epithelial cell line leads, in one apparent step, to the overt
tumorigenic conversion of these quasi normal cells (88,89). Because tumors induced
by injection of mutant ras-expressing IEC-18 cell variants exponentially reach large
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Fig. 1. Genetic and epigenetic control of VEGF expression in cancer cells. Several signal transduc-
tion pathways are involved in expression of VEGF and regulation of the angiogenic phenotype of can-
cer cells. In many instances the impact of activated oncogenes can be modulated by the expression
status of certain tumor suppressor genes (e.g., p16 or PTEN) and by epigenetic influences such as
hypoxia and cell–cell contact. These various stimuli activate intracellular signaling pathways, often
in a synergistic manner. Synergy between epigenetic and oncogene-dependent induction of tumor
angiogenesis is an attractive target for oncogene-targeting signal transduction inhibitors (see text
for details).



sizes (≥ 10mm) not achievable in the absence of new blood vessel ingrowth, we sur-
mised that ras expression itself must somehow trigger the angiogenic switch in these a
priori non-angiogenic epithelial cells (89). Indeed, in contrast to parental IEC-18 cells,
conditioned medium from their ras-transformed malignant counterparts was found to
contain an activity capable of supporting growth and survival of growth factor-deprived
human umbilical vein endothelial cells (HUVEC) (89). Upon closer analysis, this
effect was attributed to copious amounts of VEGF present in this material (89,90).
Moreover, expression of mutant H-ras in IEC-18 cells under control of various consti-
tutive (simian virus 40SV40), or conditional (heavy metal, inducible; tetracyclin,
repressible) promoters was strictly paralleled by massive up-regulation of VEGF
mRNA and by the onset of the VEGF reporter activity (unpublished observations),
which not only confirmed but also suggested a transcriptional nature of these stimula-
tory influences (Fig.2) (89–91). Conversely, blockade of H-ras-dependent transforma-
tion in the case of two independent IEC-18-derived clones (RAS-3 and RAS-4) by
treatment with a farnesyl transferase inhibitor (L-739, 749) efficiently abrogated their
elevated VEGF expression (89). Similar conclusions were reported by Grugel et al.,
who documented VEGF up-regulation in H-ras-and v-Raf-transformed NIN3T3 fibrob-
lasts (92) and these observations were later confirmed by a large number of indepen-
dent studies reviewed elsewhere (93).

Initial analyses of VEGF production by rodent cells expressing oncogenic H-ras,
while intriguing, differ from human pathology in two important aspects. First, H-ras-
transfected cell lines usually express multiple copies of the oncogene, which is in sharp
contrast to a single point mutation that is believed to play a transforming role in human
cancers. Second, the oncogenic H-ras isoform used in many experimental studies is far
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Table 2
Ras-Responsive Angiogenesis Regulators

Factora Angiogeic activity Impact of ras Reference

VEGF stimulator up-regulation 89,92
bFGF stimulator up-regulation 306
aFGF stimulator up-regulation 307
TGF-α stimulator up-regulation 308
TGF-β stimulator up-regulation 309
TNF-α stimulator (at low concentration) up-regulation 310
G-CSF stimulator up-regulation 311
IGF-1 stimulator up-regulation 312
PDGF stimulator up-regulation 313
OPN stimulator up-regulation 314
TSP-1 inhibitor down-regulation 161
TIMP inhibitor down-regulation 85
PAI-1,2 modulator down-regulation 315
PGE stimulator up-regulation 308

a Abbreviations: VEGF, vascular endothelial growth factor; bFGF, basic fibroblast growth factor; TGF-
α, transforming growth factor alpha; TGF-β, transforming growth factor beta; TNF-α, tumor necrosis fac-
tor alpha; G-CSF, granulocyte colony-stimulating factor; IGF-1, insulin like growth factor 1; PDGF,
platelet-derived growth factor; OPN, osteopontin; TSP-1, thrombospondin 1; PAI-1 and PAI-2, plasmino-
gen activator inhibitors 1 and 2; TIMP, tissue inhibitor of metalloproteinases; PGE, prostaglandin E.



less prevalent in major human cancers (i.e., that of colon, pancreas, and lung) than its
mutant K-ras counterpart (94). To address these concerns, we employed two human
colorectal cancer cell lines (HCT-116, DLD-1), each harboring a single mutant K-ras
allele and their respective variants (Dks-8, Hkh-2), in which the mutant (but not the
wild-type) K-ras gene had been disrupted by homologous recombination by Shirasawa,
Sasazuki and colleagues (80). The results of these ras-knock-out experiments matched
what was previously observed with IEC-18 cells (i.e., ras-knock-in approach). Thus,
parental cells (DLD-1 and HCT116) were found to express high levels of VEGF pro-
tein and mRNA, while in their mutant K-ras-knock-out derivatives (Dks-8, Hkh-2,
respectively) production of this angiogenic factor was reduced by at least 4- to 5-fold
(89), a property that coincided with near complete loss of the tumor forming capacity
of the latter cell lines (80,89). We have also observed a dramatic increase in VEGF
expression in rat kidney epithelial (RK-3E) cells transformed with the mutant K-ras
oncogene (Rak, Fearon, Kerbel, unpublished observation). Taken together, these results
demonstrate that both H- and K-ras isoforms are capable of up-regulating VEGF, even
if only a single copy of the oncogene is expressed. Furthermore, since VEGF produc-
tion consistently co-segregated with the onset of the tumor forming capacity in various
ras-transformed cell lines, it was postulated that VEGF-dependent angiogenesis may
play an essential role in supporting the aggressive growth of such cells as tumors in
vivo (89).

3.2. VEGF as a Mediator of Oncogene-Dependent Tumor Angiogenesis
Endogenous production of VEGF by cancer cells is, at least in some instances,

absolutely required for tumor growth and angiogenesis. This notion is supported by
several lines of experimental and histopathological evidence including: (i) frequent up-
regulation of VEGF in human cancers (95) and under the influence of many different
transforming oncogenes (Table 1); (ii) suppression of tumorigenic properties of various
cancer cells engineered to down-regulate their VEGF production by antisense (96–102)
or gene knock-out (54,103) approaches; (iii) synchronous inhibition of both VEGF
expression and tumor growth by certain oncogene-targeting agents (6,104); and (iv)
considerable preclinical anticancer efficacy of anti-VEGF antibodies (53,105,106), sol-
uble VEGF receptors (53,107–109), and VEGF receptor inhibitors (53,110–114).

In this context, it was reasonable to ask whether VEGF is also indispensable for
tumorigenesis driven, specifically, by mutant ras oncogene. An affirmative answer to
this question would strengthen the rationale for using VEGF/VEGFR inhibitors in
treatment of cancers, in which ras oncogenes are likely to play a major transforming
role (e.g., pancreatic carcinoma, colorectal cancer). In order to explore this possibility,
two independent human colorectal carcinoma cell lines (DLD-1 and HCT-116), in
which, as we have shown previously, K-ras oncogene drives overexpression of VEGF
were transfected with expression vectors encoding VEGF121 antisense cDNA (115). In
the resulting successful transfectants, VEGF production dropped to levels similar to
those achieved by disruption of the mutant K-ras allele (i.e., 3- to 4-fold) (89,115).
Remarkably, even such incomplete VEGF down-regulation significantly diminshed the
tumor forming potential of all VEGF-suppressed clones analyzed (115). These results,
along with subsequent independent studies (103,116,117), suggest that VEGF-overex-
pression is, at least in some cases, absolutely necessary for full expression of the tumor
forming properties attributed to the influence of mutant ras (Table 3), but is clearly not
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sufficient (81,115). This is evident from experiments involving enforced expression of
VEGF121 in K-ras-disrupted variants of both DLD-1 and HCT-116 cell lines (115).
These VEGF-proficient, but K-ras-negative cell lines, despite producing copious
amounts of the angiogenic activity, fail to recapitulate the aggressive in vivo growth of
their parental (K-ras-positive) counterparts (115). This is not surprising as angiogenic
competence is one of many cellular characteristics that must cooperate for tumor take
(118,119) or tumor maintenance (81) to be fully realized.

3.3. Signaling Pathways Involved in ras-Dependent VEGF Up-Regulation
The notion that overexpression of VEGF may significantly contribute to ras-depen-

dent tumor formation naturally leads to the idea that signal transduction inhibitors, able
to block this effect, may act as indirect anti-angiogenic agents (27,89). In support of
this view, pharmacological inhibitors targeting protein farnesyl transferase (Ftase), or
geranylgeranyl transferase I (GGTase-I), enzymes involved in essential posttransla-
tional processing steps of Ras proteins have been shown not only to abrogate many fea-
tures of cellular transformation (120), but also to markedly suppress VEGF production
in certain cancer cells (compare Table 4). Moreover, given the central role of Ras in
cellular regulatory pathways, some of the elements involved in the Ras-to-VEGF sig-
naling could, at least in theory, be utilized by a wide variety of oncogenic, hypoxic,
paracrine, or inflammatory stimuli. Therfore, understanding how activated/mutant Ras
triggers VEGF production could potentially have attractive as well as broad biological
and therapeutic implications.
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Table 3
The Role of Tumor Cell-Derived VEGF in Mutant ras-Dependent Tumor Formation

Experimental systems, in which VEGF up-regulation IS essential 
for ras-dependent tumor formation

Approach Observation Reference

VEGF antisense transfection Enforced down-regulation of VEGF expression 115
abrogated K-ras-dependent tumorigenicity 
of human colorectal cancer cells. 

VEGF gene knock-out Transfection of VEGF –/– ES cells with mutant 116
ras did not rescue the tumorigenic phenotype.

VEGF gene knock-out v-H-ras transformed VEGF –/– mouse embryo 103,117
fibroblasts are deficient in tumor forming ability.

Experimental systems in which VEGF up-regulation is NOT essential 
for ras-dependent tumor formation

VEGF gene knock-out H-ras-transformed VEGF–/– adult mouse 198
fibroblasts (528ras1) form angiogenic 
tumors in SCID mice.

Inducible ras expression Cessation of mutant H-ras expression leads to 81
regression of spontaneous melanoma in 
transgenic mice regardless of residual 
VEGF expression.



The principal difficulty in establishing the exact mode of VEGF up-regulation by
mutant ras lies with the molecular complexity on both sides of this interaction. Thus,
regulation of VEGF expression and activity can be influenced at multiple levels (53),
including regulation of the gene transcription (121,122), mRNA stability (122–125),
mRNA splicing (126), as well as the rate of translation (127,128) or posttranslational
protein modifications (129). Each of these regulatory levels could, in principle, be
affected by the oncogenic ras (Fig. 2).

A large number of intracellular signaling modules can be triggered by activated
GTP-bound Ras, all of which could be considered as plausible VEGF regulators (77)
(Fig. 1). Furthermore, some of the phenotypic changes attributed to ras transformation
are induced indirectly, namely through activation of autocrine growth factor feedback
loops driven, for example, by members of the transforming growth factor-α (TGF-α)
family, principal ligands of the EGFR protooncogene (130,131). Finally, ras-induced
cellular transformation, can be modulated by a variety of accompanying genetic and
epigenetic influences (6), a circumstance that may affect apparent magnitude of VEGF
production in different experimental (as well as clinical) settings.

In the case of IEC-18 cells, up-regulation of VEGF by mutant ras appears to be con-
trolled by a direct intracellular signal transduction mechanism rather than being sec-
ondary to ras-induced autocrine growth factor circuitry (90). The evidence for this is
twofold. First, addition of the conditioned medium of ras-transformed IEC-18 cells
(RAS-3) did not induce VEGF mRNA expression in their nontransformed parental
counterparts (90). Second, ras-dependent increase in VEGF expression remained undi-
minished in the presence of the tyrosine kinase inhibitor, genistein, or neutralizing anti-
bodies directed against TGF-α or EGFR (90).

Several direct effectors of Ras were implicated in up-regulation of VEGF. In
NIH3T3 and CCL39 fibroblasts, the expression of constitutively activated forms of Raf
(90) or MEK-1 (90,132) was sufficient to up-regulate VEGF to a level comparable to
that of cells harboring mutant v-H-ras oncogene itself (90,92,132–134). In addition,
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Table 4
Anti-Angiogenic Effects of Oncogene-Targeting Agents

Anti-angiogenic
Inhibitor Target effect Reference

FTIs (L-739, 749;L-744-832; Ras, Rho VEGF down-regulation, direct 89,143–145,
A-170634; RPR 115 135; inhibition of endothelial cells 153
AFC)

Herceptin (trastuzumab) HER-2 VEGF down-regulation changes 104
in Aug1 and TSP-1

IMC-C225 (cetuximab) EGFR VEGF, FGF, IL-8 down-regulation 104,273,274
Iressa (ZD1839) EGFR VEGF, bFGF and TGFa down- 277

regulation
Tarceva (OSI-774) EGFR ?* NT**
PKI-166 EGFR VEGF and IL-8 down-regulation, 278

apoptosis of endothelial cells
Gleevec (STI571) Bcr-abl ? NT
ATRA PML-RARa VEGF down-regulation 209

*? = unknown; **NT = not tested.



treatment of ras-transformed fibroblasts with the MEK-1 inhibitor (PD98059) normal-
ized (lowered) their VEGF expression (90,132). This inhibitor was also effective in
lowering high levels of VEGF expressed by the rat liver epithelial cell line (RLE)
expressing mutant v-H-ras oncogene (35). These observations could be interpreted as
an indication that Raf/MEK/MAPK pathway is the main and universal mediator of
VEGF up-regulation under the influence of mutant H-ras (134). However, such a gen-
eralization is inconsistent with the fact that in H-ras-transformed epithelial, i.e., IEC-
18 cells (RAS-3), treatment with PD98059 exhibited only a marginal decrease in
VEGF production. Moreover, expression of the constitutively activated MEK-1 mutant
in parental IEC-18 cells was insufficient to substitute for oncogenic ras in terms of
both VEGF overexpression and cellular transformation in general (90). The reasons
why these cells are resistant to transforming effects of the activated MEK-1 are
unclear, but a negative feedback mechanism mediated through MAP kinase phos-
phatases (e.g., MKP-1 and 2) or other similarly acting circuitry cannot be ruled out
(136). Nevertheless, unlike in fibroblasts, Ras-induced increase in VEGF mRNA and
protein expression could be profoundly suppressed by exposure of the transformed
intestinal epithelial cells (IEC-18/RAS3) to the phosphatidyl inositol 3′-OH kinase
(PI3K) inhibitor (LY294002) (90). Combination of both MEK-1 and PI3K inhibitors
was of even greater potency bringing VEGF production to nearly normal (i.e., barely
detectable) levels (90). The latter observation suggests that, while PI3K activity
appears to be crucial for VEGF up-regulation in RAS-3 epithelial cells, MEK/MAPK
pathway can potentiate this effect (90).

A distinct pathway, that only recently has been implicated in mutant ras-dependent
VEGF up-regulation involves activation of protein kinase C czeta (PKCΖ) (137). PKCΖ is
one of the professional ras effectors and, as such, can substitute for, and enhance the
impact of mutant ras on VEGF expression. This is, at least in part, executed by the ability
of PKCΖ to phosphorylate and activate the SP-1 transcription factor (137) known to regu-
late both baseline and growth factor stimulated activity of the VEGF promoter (137,138).

In addition to classical Ras-activated pathways such as MEK/MAPK or PI3K/Akt,
up-regulation of VEGF could, at least in part, be influenced by other, less studied medi-

Chapter 10 / Oncogenes and Tumor Angiogenesis 183

Fig. 2. Multiple levels of VEGF regulation that can be affected by expression of the activated/mutant
ras oncogene. Complex regulatory mechanisms that control VEGF expression and activity under vari-
ous physiological conditions could be altered in cancer cells as a result oncogene expression (see text).



ators of ras transformation such as Rho/rac/cdc42 cascade, or reactive oxygen interme-
diates (ROIs) (77) (Fig. 1). In this regard, preliminary evidence suggests that activated
Rho GTPases can, in some cases, substitute for Ras activation in causing up-regulation
of VEGF (139). In particular, one member of this family, RhoC, has recently been
found to be overexpressed at very high frequency (90%) in inflammatory breast cancer
(IBC), a disease in which profuse production of VEGF occurs with no apparent muta-
tion of ras proto-oncogenes (140). The causative role RhoC in triggering angiogenic
properties of IBC cells is strongly suggested by the fact that enforced expression of this
small GTPase in human mammary epithelial cells (HME) stimulates production of
VEGF along with bFGF, IL-8, and IL-6 (140). Another member of the Rho family,
RhoB, has recently elicited a great deal of interest, owing to the notion that this puta-
tive mediator of Ras-induced cellular transformation may (instead of activated Ras
itself) represent the primary target for farnesyltransferase inhibitors (FTIs) (141,142).
It cannot be ruled out at this time, that also the FTI-mediated reversal of VEGF up-reg-
ulation in cells harboring activated Ras (89,143–145) is due to inhibition of RhoB
(142). It is interesting that the Rho/rac/cdc42 cascade, in addition to mediating some of
the intracellular signals emanating from the activated Ras, is strongly linked to the con-
trol of the physical interface between cancer cells and their exterior (146). For exam-
ple, the activity of Rho-like proteins is linked to cytoskeletal organization, membrane
ruffling, and cellular motility (146). The type of physical forces involved in these inter-
action (sheer stress, contact, stretching, pressure, solid stress) are known to be associ-
ated with signaling events and changes in gene expression (147,148). It is possible that
VEGF overexpression in cancer cells may also be a function of the interplay between
these mechanical signals, activation of Ras, and action of Rho-like GTPases.

Rac1 is another small GTPase, which is viewed as a mediator of Ras-dependent cel-
lular transformation (146,149). In addition to its possible role in cell–cell interactions
and cell motility (146,150), Rac1 is also a component of the multimolecular enzymatic
complex (NADPH oxydase) implicated in generating reactive oxygen intermediates
(ROIs) in neutrophils (151). Expression of mutant ras in fibroblasts also triggers ROI
generation, an event that results in changes in gene transcription and triggers cellular
mitogenesis, possibly through the action of Racl (151). This is of interest, because
ROIs can up-regulate VEGF mRNA expression, whereas antioxidants and ROI scav-
engers, such as N-acetyl-cysteine (NAC), down-regulate it, at least in retinal pigment
epithelial cells (152). These circumstances may point to ROIs and the Rac/NADPH
pathway as ras-responsive elements regulating VEGF gene expression in cancer cells.
Although, this possibility cannot be definitively ruled in or ruled out, elevated VEGF
mRNA expression in IEC-18 cells harboring mutant ras oncogene (e.g., RAS-3)
remains unchanged in the presence of NAC (90). However, endogenous ROIs may par-
ticipate in other, still poorly defined, posttranscriptional event(s) required for efficient
syntesis/secretion of the VEGF polypeptide. This can be inferred from the observation
that NAC treatment can reduce the levels of immunodetectable VEGF protein (but not
mRNA) produced by various types of VEGF overexpressing cells, including those
transformed with oncogenic ras or v-src (90).

At least in some experimental settings, posttranscriptional VEGF regulation may
become a major target for transforming oncogenes (Fig. 1). This is exemplified by
increased VEGF protein production in cultures of transformed fibroblasts overexpress-
ing the translation factor eIF-4e (127). Increase in VEGF mRNA stability is also
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enhanced in the presence of several oncogenes including H-ras, v-src, v-abl, neu, or v-
sis (153), albeit not in all model systems (90). Expression of the H-ras oncogenic trans-
gene in FVB/N mice has also been linked to changes in VEGF mRNA spicing (126)
(Fig. 2).

Much remains to be learned about how activated Ras controls VEGF production,
particularly so, because the emerging picture does not appear to be simple, linear or
universally applicable (see Figs. 1 and 2). Instead, cell type-specific and -complex
pathways/networks seem to be involved in Ras-induced VEGF production in various
experimental settings (90,132,153,154). Therefore, development of signal transduction
inhibitors to block the intermediate steps involved in expression of the oncogene-
dependent angiogenic phenotype may need to be tailored to specific biochemical prop-
erties of the given type of cancer cells and genetic alterations they carry.

3.4. Interplay Between Genetic and Epigenetic Factors 
in VEGF Up-Regulation by Cancer Cells

VEGF production by cancer cells may change dramatically in response to various
external conditions. Also in this regard, ras-mediated cellular transformation can pro-
vide an informative example as to how genetic and epigenetic factors co-operate during
tumor angiogenesis. While multiple epigenetic influences may have their bearing on
angiogenic profiles of various types of cancers, we will illustrate this point by dis-
cussing mainly the effects of hypoxia and cell–cell contact.

3.4.1. ONCOGENES, TUMOR ANGIOGENESIS, AND HYPOXIA

Hypoxia represents a primordial stimulus leading to VEGF up-regulation and angio-
genesis in various physiological conditions, but also in pathology, including cancer
(155). It is, therefore, of considerable interest to understand the relationship between
hypoxic and oncogene-dependent aspects of tumor angiogenesis regulation. Significant
progress has been recently made in this area (156). For example, studies conducted
with NIH3T3 fibroblasts demonstrated that stimulation of the VEGF promoter activity
and gene transcription by hypoxia is dramatically amplified in the presence of the
oncogenic H-ras (157). In other words, cells expressing the mutant oncogene became
hypersensitive to hypoxic conditions, at least, insofar as their level of VEGF transcrip-
tion was concerned (157,158). A similar effect was also observed in NIH3T3 cells
engineered to overexpress certain oncogenic tyrosine kinases, such as mutant
neu/HER-2 (104).

Several distinct signaling events have been implicated in the cross-talk between
oncogenes and hypoxia (Fig. 2). In this regard, studies of Mazure et al. indicated that in
NIH3T3 fibroblasts, the synergistic activation of the VEGF gene transcription by com-
bined action of mutant ras and oxygen withdrawal is executed in a PI3K-dependent
and MEK/MAPK-independent manner (158). In this case, the burst of VEGF expres-
sion was mediated, primarily, by activation of the hypoxia inducible factor-1 (HIF-1), a
dimeric transcription factor that binds to and activates the hypoxia responsive element
(HRE) present in the VEGF gene promoter (156). HIF-1 is a target of PI3K, which is,
in turn, activated by mutant H-ras (158). The convergence of hypoxia- and ras-acti-
vated pathways on PI3K is consistent with the earlier observation that the PI3K
inhibitor, wortmannin, can suppress VEGF production stimulated in murine endothe-
lioma cell line by the combined effects of ras-transformation and low oxygen condi-
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tions (154). Further evidence of this interrelationship has also recently come to light.
For example, in human glioblastoma cells, otherwise known for their high constitutive
levels of Ras activity (83), the expression of lipid phosphatase and tension homologue
on chromosome 10 (PTEN) was found to effectively block the burst of VEGF synthesis
under hypoxic conditions (159). It is noteworthy, that PTEN may also block tumor
angiogenesis through increased expression of thrombospondin-1 (160), a potent
endogenous angiogenesis inhibitor and a subject of mutant ras induced (90,161), as
well as hypoxia-induced (162), down-regulation. PTEN acts as a negative regulator of
PI3K activity and as a potent tumor suppressor (163,164), a property that could likely
entail blocking the aforementioned pro-angiogenic synergy between activated Ras and
hypoxia. Conversely, the enforced expression of various constitutively active and onco-
genic forms of p110a, the catalytic PI3K subunit (e.g., Myr-P3k or v-p3k) led in chick
embryo fibroblasts and endothelial cells, to marked constitutive VEGF up-regulation,
as did constitutively active forms of Akt/PKB (Myr-Akt), a downstream target/effector
of PI3K (165). Moreover, activation of the pathway involving PI3K, Akt, and their fur-
ther downstream kinase known as FKBP-rapamycin associated protein (FRAP) was
recently found to have an essential role in mRNA translation and efficient expression of
HIF-1α (the oxygen/growth signal regulated HIF-1 subunit) (156,166). This (posttran-
scriptional) regulation of HIF-lα could be an important, rate limiting step in HIF-1
mediated transcription of hypoxia-responsive genes, including VEGF (166). Interest-
ingly, this mode of HIF-lα up-regulation is involved in stimulation of VEGF produc-
tion by both, heregulin and oncogenic HER-2/neu receptor kinase, even in normoxia
(166). Hypoxic conditions could further cooperate with these known VEGF inducers
by inhibition of the ubiquitin-mediated HIF-1 degradation (156,166).

The MAPK pathway has recently been implicated in certain stages of hypoxic
VEGF regulation (134,167,168). Despite the apparent dissociation of the MEK/MAPK
module from the synergistic interaction between mutant ras and hypoxia in NIH3T3
fibroblasts (158), MAP kinases, namely Erk1/2, may in some experimental settings
(e.g., in CCL39 hamster lung fibroblasts) directly phosphorylate HIF-lα, and thereby
potentiate HIF-1/HRE-dependent VEGF transcription (168). MAPK inhibition was
shown to interfere with hypoxia/Ras-induced VEGF up-regulation in human astrocy-
toma cell lines (167). The generality and the relative significance of these respective
modes of VEGF regulation in vivo remain to be established.

While in some experimental systems transforming oncogenes induce a state of
apparent hypoxia hypersensitivity, in others their effects could be described as hypoxia
mimicry. The latter scenario is often manifested by a constitutive up-regulation of
hypoxia-resposive genes (e.g., VEGF, Glut-1) in cancer cells harboring certain acti-
vated oncogenes, even under normoxic conditions (169,170). For example, cellular
transformation with oncogenic v-src, can stimulate HIF-1 activity and thereby up-regu-
late VEGF expression, regardless of the actual oxygen levels (170). Interestingly, sev-
eral cellular proto-oncogenes such as c-src, Ras, and Raf were implicated as mediators
of various aspects of normal cellular response to hypoxia, including activation of tran-
scription factors (e.g., HIF-1, NFκB) known to directly regulate expression of VEGF
(156,170–172). Our recent observations suggest that in certain human colorectal can-
cer cell lines, mutant K-ras expression may mimic, rather than synergize with, hypoxia
(115). For example, treatment of HCT116 cells with cobalt chloride (a hypoxia
mimetic and inducer of HIF-1-dependent transcription) (173) was associated with min-
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imal and variable up-regulation of already high VEGF levels, a result that would be
expected if hypoxia response was a priori constitutively activated (6,115,174). Indeed,
abnormal HIF-1 levels and aberrant hypoxia responses are common in cancer (156).
Taken together, these various observations exemplify how the angiogenic phenotype of
cancer cells might be turned on as a result of the distortion of hypoxia response mecha-
nisms by the transforming action of activated oncogenes (e.g., ras, src) and/or loss of
tumor suppressor genes (VHL, p53, PTEN) (156,157,162,175–177).

3.4.2. ONCOGENES AND CELL–CELL CONTACT AS CO-REGULATORS

OF THE ANGIOGENIC PHENOTYPE OF CANCER CELLS

The impact of the oncogenic transformation on expression of VEGF can be signifi-
cantly modulated by cell–cell contact. In various types of cancer cells cultured under
confluent conditions, VEGF was found to be dramatically up-regulated as compared to
cultures where the close cell–cell contact was prevented (90,178–180). Malignant
transformation appears to be a prerequisite for such communal VEGF stimulation, as
parental nontransformed IEC-18 cells do not up-regulate VEGF even in very dense
monolayer cultures, whereas such up-regulation occurs readily in confluent cultures of
their ras-transformed (RAS-3) counterparts (90). Interestingly, RAS-3 cells grown at
high density become relatively less responsive to VEGF suppression by the PI3K
inhibitor LY294002 (90). This observation suggests that cell–cell contact may cause
not only changes in the magnitude of VEGF expression, but may also re-route some of
the ras-dependent VEGF-stimulating signals (90).

It is not clear what is the molecular sensor that elicits VEGF up-regulating signals
under conditions of high cell density. In this regard, homotypic adhesion molecules
such as members of the cadherin family and their associated β-catenin/GSK-3/LEF
signaling modules could be viewed as conceivable candidates (181). Moderate up-reg-
ulation of the constitutive VEGF production was, indeed, detected in rat kidney epithe-
lial (RK-3E) cells (182) engineered to express transforming mutants of β-catenin (Rak,
Fearon and Kerbel, unpublished observation). However, in IEC-18 cells, the expression
of E-cadherin is virtually undetectable upon transfection with mutant H-Ras (183), and
hence a different mechanism of VEGF up-regulation by cell–cell contact should be
sought in this case. In relation to this, it noteworthy that transformed IEC-18 sublines
engineered to overexpress the integrin linked kinase (ILK) secrete markedly elevated
levels of VEGF protein (our unpublished observation). Further indication that mem-
brane-associated adhesion complexes may play a pivotal role in regulation of VEGF
production by cancer cells comes from the recent work by Sheta et al (180). In this
study transfection of the dominant negative mutant of focal adhesion kinase (FAK), as
well as analogous mutants of key signaling partners of FAK (i.e., c-src, Rap-1, Raf,
MEK, but not Ras) prevented density-dependent up-regulation of VEGF in prostatic
cancer cells (180).

It is not unreasonable to assume that, in addition to the effects of hypoxia and
cell–cell contact, the oncogene-driven tumor angiogenesis could also be augmented by
other epigenetic influences such as paracrine growth factors, inflammatory cytokines,
hemostatic proteases, and hormones. A corollary to this point is that, even if tumor neo-
vascularization appears to be triggered by the presence of an evident microenviron-
mental pro-angiogenic stimulus (e.g., severe hypoxia or inflammation), targeting
oncogenes could still exert a significant anti-angiogenic effect by eliminating an impor-
tant element of the underlying genetic-epigenetic synergy (6).
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4. REGULATION OF THE ANGIOGENIC PHENOTYPE 
BY INTERACTIONS BETWEEN ONCOGENES 

AND TUMOR SUPPRESSOR GENES

Cell transformation by a given activated oncogene is usually conditional upon pre-
existing genetic alterations (184). For example, while mutant ras can readily transform
immortalized fibroblastic cell lines, expression of this oncogene in primary cultures
leads to growth arrest and cellular senescence, mainly due to up-regulation of
p16/INK4a cyclin-dependent kinase inhibitor and tumor suppressor (185). Hence, loss
of p16/INK4a expression is thought to be a prerequisite for oncogene-dependent trans-
formation of various cell types including primary murine fibroblasts (185), astrocytes
(186), and melanocytes (81). Moreover, recent studies implicated losses of other tumor
suppressors such as PML and p53 as additional requirements for effective ras-depen-
dent cellular transformation (187). Likewise, it would be expected that the ability of the
activated Ras (and other oncoproteins, as well) to drive the angiogenic phenotype of
cancer cells will be realized only in a permissive (i.e., p16/PML/p53 tumor suppressor-
negative) genetic context.

In high grade astrocytoma, many features of malignant transformation, including dra-
matic up-regulation of VEGF, have been linked to constitutive activation of the Ras sig-
naling pathway (167,186), a property that is almost always concomitant with the loss of
p16/INK4a (186). Interestingly, at least two independent studies demonstrated that the
abundant production of VEGF in several human glioma/astrocytoma cell lines could be
abrogated when the expression p16/INK4a was genetically restored (6,188). Similar sup-
pression of VEGF was recently observed in cell lines engineered to re-express p130/Rb2
tumor suppressor gene (189). Both p16/INK4a and p130/Rb2 were originally thought to
suppress tumorigenesis solely by regulation of cell cycle checkpoints. It is, therefore,
intriguing that the cell autonomous role of such bona fide cell cycle regulators appears to
be tightly coupled with their ability to control the expression of angiogenesis-related
genes, a property that, at least from a teleological standpoint, would be essential for full
realization of the mitotic capacity of cancer cells in vivo.

Several tumor suppressor genes (p53, APC, PTEN, DPC4/Smad4, or VHL) are
known to control the expression of molecular mediators of angiogenesis (both stimula-
tors and inhibitors) (70,177,190). Again, in many such cases tumor suppressors mani-
fest their anti-angiogenic activities primarily in the context of activated oncogenes. In
this regard Mukhopadhyay et al. have originally observed that v-src-dependent activa-
tion of the VEGF promoter can be suppressed by co-transfection of the cDNA encod-
ing wild-type p53 tumor suppressor gene (191). Other mitigating effects of p53 on
VEGF production have been described as well (192). Volpert et al. have recently
demonstrated a complementation between mutant p53 and oncogenic ras in triggering
tumor angiogenesis (193). Thus, in fibroblasts derived from patients with the Li-Frau-
meni syndrome (germline p53+/–), spontaneous loss of the remaining p53 allele was
accompanied by a dramatic decrease in expression of TSP-1, slight up-regulation of
VEGF, and a mild pro-angiogenic phenotype (193). Subsequent expression of mutant
ras in those cells led to a dramatic increase in VEGF production and to an overt angio-
genic switch (193). Observations such as this, point to a parallel between the sequential
genetic hits that cancer cells sustain during the natural history of the disease and pro-
gressively pro-angiogenic properties they express in vivo, a process we termed “angio-
genesis progression” (15) (Fig. 3). Recent studies by Bergers et al. point to the
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practical importance of this evolutionary process by demonstrating that successful inhi-
bition of tumor angiogenesis may require therapeutic approaches specific for different
stages of the disease progression (194).

5. VEGF-DEPENDENT AND -INDEPENDENT ANGIOGENIC
PHENOTYPES IN DIFFERENT TYPES OF TUMORS

Tumor growth is often, but not always, dependent on VEGF endogenously produced
by cancer cells themselves. For instance, copious expression of VEGF is clearly
required for experimental tumor formation by such cell types as: certain mutant K-ras-
positive human colorectal carcinoma cells (DLD-1 and HCT116) (115), wild-type
embryonic stem (ES) cells (195), their H-ras transfected derivatives (116), and H-ras-
transformed mouse embryo fibroblasts (MEFs) (103,117). However, alternative
(VEGF-independent) scenarios have also been described (81,196,197) (Table 3).

In order to better understand the nature of such diversity, we compared the impact of
VEGF gene inactivation on tumor forming capacity in a series of clonally-related cell
lines, which represent different states of cellular ontogenesis (ES cells vs mature
fibroblasts) and different corresponding tumor histotypes (teratoma vs ras-induced
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changes in expression of oncogenes and tumor suppressor genes are likely to leave their signatures on
angiogenic pathways cancer cells utilize. Therefore, the nature and the treatment sensitivity of the
vascular compartment in progressively growing tumors is likely to undergo a gradual change.



fibrosarcoma). The R1 strain of totipotential ES cells was previously engineered to
inactivate VEGF gene (55) and along with its VEGF–/– derivatives was used to gener-
ate a series of adult fibroblastic VEGF–/– cell lines, either nontransformed or trans-
formed with mutant ras or neu oncogenes. In order to generate such cell lines, chimeric
(VEGF–/– plus VEGF+/+) mice were created from wild-type (VEGF+/+) blastocysts
by aggregating them with VEGF–/– R1 ES cells (55). Skin explants were removed
from these chimeric mice when they reached the age of maturity (approx 4 mo) in
order to isolate VEGF-deficient dermal fibroblasts, which were then established in cul-
ture as spontaneously immortalized nontransformed polyclonal cell line (MDF528).
These nontumorigenic MDF528 cells were subsequently transfected with an expres-
sion vector encoding mutant v-H-ras oncogene to yield 528ras fibrosarcoma-like cell
line (198).

Wild-type ES cells (R1-VEGF+/+), VEGF-defficient ES cells (R1-VEGF–/–,)
VEGF-deficient nontransformed fibroblasts (MDF528) and their ras-transformed
derivatives (528ras) were then injected subcutaneously into immune deficient (SCID)
mice for assessment of their respective tumor forming and angiogenic competence. As
expected, based on earlier studies (195), parental VEGF-positive R1/ES cells formed
highly vascular rapidly growing teratomas, while their VEGF-inactivated variants were
devoid of such capacity. Because of this and other results obtained with various VEGF-
negative murine embryonal cell lines (103,116,117), VEGF-negative 528ras cells were
also expected to be non/poorly-tumorigenic. Contrary to this prediction, and despite
their inability to elaborate VEGF, 528ras cells (derived from adult mouse fibroblasts)
formed aggressive angiogenic fibrosarcoma-like tumors in SCID mice (198). Clearly in
this case, the tumorigenic and pro-angiogenic effects of the ras oncogene were exe-
cuted via alternative mechanisms independent on the endogenous production of VEGF
by tumor cells themselves.

This observation reinforces the notion that mutant ras can trigger production of
other than VEGF and possibly redundant angiogenic growth factors (Table 2). The
presence and identity of such factors in the 528ras system remains to be established,
but it is of interest that formation of subcutaneous 528ras fibrosarcomas in SCID mice
was accompanied by considerable recruitment of fibroblastic host (VEGF+/+) stromal
cells. It is possible, therefore, that in this particular case, ras-transformation bypassed
the requirement for endogenous tumor cell VEGF expression by triggering production
of growth factors/chemoattractants for intratumoral host cells. Arrival of such stromal
and inflammatory cells could, in turn, deliver a threshold quantity of VEGF (and other
angiogenesis stimulators as well) to the tumor site and promote angiogenesis in a host-
VEGF-dependent manner (73,196). Down-regulation of angiogenesis inhibitor-TSP-1,
observed in 528ras cells could also, to some degree, compensate for their VEGF defi-
ciency (198). Thus, tumor angiogenesis may be driven by oncogenes in several direct,
as well as indirect ways, and by utilizing, in a manner that still needs to be understood,
such host components as stromal fibroblasts, inflammatory cells, and/or the elements of
the hemostatic system (Fig. 4). Whatever the specific mechanism, the comparison of
VEGF-deficient (nontumorigenic) ES cells with their VEGF-deficient, but H-ras-trans-
formed (tumorigenic), direct clonal descendants (528ras cells) revealed that the very
requirement for endogenous VEGF production for inducing and maintaining tumor
growth and angiogenesis may be dependent on the intrinsic properties of tumor cells,
their ontogenesis, and differentiation status (198).
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The role of the tumor cell-derived VEGF in inducing angiogenesis may change not
only with tumor type, but also with the disease progression (197,199). For example, the
human T-47D breast cancer cell line, engineered to express VEGF in an
inducible/repressible manner, was employed to demonstrate that VEGF withdrawal in
incipient tumors inhibits their further growth, but is inconsequential when the tumors
are larger and more established (197). Finally, in a model of murine melanoma, in
which tumor growth was triggered by tissue specific and inducible expression of the
oncogenic H-ras transgene (in a p16INK4a –/– background), the onset of VEGF pro-
duction could be temporally and functionally separated from the impact of this onco-
gene on the overall tumor maintenance (81). In view of these results, it is clear that the

Chapter 10 / Oncogenes and Tumor Angiogenesis 191

Fig. 4. Direct and indirect influences of oncogenes on tumor angiogenesis. Expression of activated
oncogenes in cancer cells may not only alter their expression of angiogenesis stimulators (e.g.,
VEGF, bFGF) or inhibitors (e.g., TSP-1), but also influence recruitment and activation of stromal
cells and inflammatory cells, both of which can serve as a source of pro-angiogenic stimuli. In addi-
tion, changes in pro-coagulant properties of cancer cells are likely a function of their genetic profile.
The hemostatic alterations in cancer are intimately linked to angiogenesis (see text).



role of endogenous VEGF production as a driving force of tumor angiogenesis may
vary depending upon specific pathological circumstances (tumor type and stage of pro-
gression), i.e., is hardly universal for all tumors. This should be taken into account
when assessing clinical trial results with such drugs as VEGF neutralizing antibodies
or VEGFR inhibitors (patients who do not respond fully to such treatments may have
cancers, the angiogenesis of which is not driven by VEGF).

Indeed, even in the same cellular background various transforming genetic alter-
ations elicit different forms of angiogenic competence. Thus, in IEC-18 cells onco-
gene-specific angiogenic phenotypes can be induced by expression of either mutant
H-ras or v-src (90). In the former case, transformed cells simultaneously up-regulate
VEGF and down-regulate TSP-1, whereas v-src (IEC-18) transformants up-regulate
VEGF, but retain their wild-type TSP-1 expression (90). Such a genetic determination
of tumor angiogenesis pathways has also been documented in an elegant recent study
where transgenic expression of distinct transforming genetic lesions (e.g., neu onco-
gene, BRCAI anisense, mutant p53) was directed to the murine mammary gland (under
control of the mouse mammary tumor virus [MMTV] promoter). Interestingly, the
resulting tumors not only displayed different profiles of angiogenesis regulators, but
also different types of vascular patterning and different responses to anti-angiogenic
treatment regimens (Iruela-Arispe, personal communication). Again, this observation
reinforces the notion that different tumors or tumor sites may be associated with dis-
tinct types of angiogenic response, which may be a function of such variables as organ
site, cellular background, tumor microenvironment, the stage of tumor progression,
and the transforming genetic events involved (Table 1).

6. ONCOGENES, ANGIOGENESIS, AND CANCER COAGULOPATHY

Dvorak et al. proposed that tumor angiogenesis is, to a significant degree, driven by
the pathologic consequences of the increased vascular permeability (200). This effect,
as mentioned earlier, is largely attributed to the action of VEGF, which for this reason
is also known as vascular permeability factor (VPF) (200). It was argued that the
VEGF/VPF-dependent leakage of plasma proteins from hyperpermeable tumor-associ-
ated capillaries leads to activation of the extravascular clotting and formation of a pro-
angiogenic fibrin matrix (or gel) within the tumor mass (200). In fact, activation of the
hemostatic system (as well as fibrinolysis) often is not limited to the tumor site, but
rather spills-over to the general circulation causing systemic thrombotic abnormalities
described under a collective term of cancer coagulopathy or paraneoplastic syndrome
(201). In this regard, two obvious questions need to be raised. First, what is the rela-
tionship between cancer-inducing oncogenic lessions and cancer-induced abnormali-
ties in blood coagulation? Second, what, if any, is the contribution of hemostatic/
fibrinolytic events and processed occurring in tumor bearing hosts (animals and
humans) to the outcome of oncogene-dependent tumor growth and angiogenesis?

Some of the links between cancer coagulopathy and oncogene-driven tumor angio-
genesis are quite apparent (202). Because of the causative role of oncogenes (including
mutant ras) in up-regulation of VEGF in tumors, it can be argued that, through VEGF
(or otherwise), oncogenic transformation could be an important (albeit indirect) trigger
of plasma protein leakage, intratumoral fibrin formation, and activation of various pro-
teolytic cascades that control hemostasis and fibrinolysis, both locally and systemically
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(202). In addition, VEGF is known to induce procoagulant properties in endothelial
cells, mainly through up-regulating their surface expression of tissue factor (TF)
(203,204). TF, in its own right, is an important regulator of angiogenesis (205). On the
other hand, frequent overexpression of this inducer of the extrinsic coagulation path-
way (and cellular signaling receptor) by the cells of tumor parenchyma (204) is thought
to potentiate their production of VEGF and angiogenic properties in general (206).
This is likely executed through proteolytic action of coagulation factors VIIa, Xa, and
thrombin, and resulting stimulation of their respective protease activated receptors
(PARs) (207). It is of interest that, as we observed recently, TF expression appears to
positively correlate with the presence of mutant K-ras oncogene and, to a lesser extent,
also with the absence of p53 tumor suppressor gene in human colorectal cancer cell
lines in culture (J. Rak, unpublished observations). This observation suggests that
oncogenic transformation may directly and simultaneously impact both procoagulant
and pro-angiogenic properties of tumor cells (202) (Fig. 4).

Another case for the linkage between deregulated hemostasis (i.e., disseminated
intravascular coagulation DIC) and transforming genetic events (i.e., expression of PML-
RARa oncogene) could be made in acute promyelocytic leukemia (APL) (208). In this
disease, administration of all trans retinoic acid (ATRA) and resulting inhibition of
PML-RARa transforming activity invariably leads to a reversal of cancer coagulopathy
(208), suggesting a causal role of the oncogene in the latter syndrome (202). At the same
time, ATRA also inhibits VEGF production and angiogenic competence of APL cells
(209) (Table 4). The linkage between these respective events is under investigation.

An activated hemostatic system in cancer is also a potential source of powerful
angiogenesis inhibitors (210). The list of endogenous angiogenesis inhibitors is contin-
uously expanding and currently includes, besides the two anti-angiogenic members of
the thrombospondin family (TSP-1 and TSP-2) (211), also certain ADAMTS proteins
(Meth-1 and Meth-2) (212), pigment epithelium-derived factor (PEDF) (213), glioma-
derived angiogenesis inhibitory factor (GD-AIF) (214), vascular endothelial growth
inhibitor (VEGI) (215), murine EGF fragment (33–42) (216), brain-specific angio-
genesis inhibitor 1 (BAII) (217), maspin (218), endostatin (219), PEX domain (220),
kininostatin (221), 16 KD a prolactin fragment (222), fibronectin fragment (223),
restin (224), arresten (225), canstatin (226), tumstatin (227), vasostatin (228), angio-
statin (229), and the antiangiogenic form of antithrombin III (aaATIII) (230). As
mentioned earlier, many of these inhibitors can act not only at the tumor site, but
also/rather are released into the circulation, whereby they could impose a state of
angiogenic anergy on tumor micrometastases in distant organs (219,229,230). With
very few exceptions, including some known targets of tumor suppressor genes (e.g.,
TSP-1, BAII, GDAIF) (70), the role of cancer-associated genetic lesions (particularly
oncogenes) in regulation of angiogenesis inhibitors remains poorly understood (202).
This is particularly obvious in the case of circulating inhibitors, the relationship of
which to oncogenic changes in cancer cells is unknown and requires formal experimen-
tal investigation (202).

A study on aaATIII could be used as an informative, if unintended, example to illus-
trate the possible connection between genetic cancer cell heterogeneity, tumor progres-
sion, and the tumor-specific release of circulating angiogenesis inhibitors, in this case,
through proteolytic cleavage of plasma proteins (230). In this study, NCI-H69 human
lung carcinoma cells were injected into immunodeficient mice in two distant subcuta-
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neous sites. Upon tumor take, it was noticed that the larger tumors were often able to
suppress the growth of their smaller contralateral counterparts (230). This effect was
chiefly mediated by a then novel systemic angiogenesis inhibitor, a cleaved form of
antithrombin III (aaATIII), which was elaborated at the tumor site and released into the
circulation (230). Although, the native plasma-derived antiprotease (serpin)-ATIII, is a
crucial regulator of hemostasis and a potent heparin-dependent antagonist of thrombin,
aaATIII does not express such properties (230). This suggests that the anti-angiogenic
activity of aaATIII is unrelated to the anticoagulant action of its ATIII precursor.

Interestingly, various random clones of NCI-H69 cells were found to differ in their
ability to trigger aaATIII production in vivo (230). In particular, while parental NCI-
H69 cells or, even more so, their H69i variant were efficient aaATIII producers, the
subline designated H69ni was devoid of such capacity or, for that matter, the ability to
suppress tumor growth and angiogenesis at distant organ sites (230). Although the mol-
ecular basis for this heterogeneity in aaATIII generation amongst H69 cell lines is
unknown, its very existence raises a number of interesting questions. For example,
could activated oncogenes (or inactivated tumor suppressor genes) be responsible for
the ability of cancer cells to elaborate aaATIII and other systemically acting anti-angio-
genic polypeptides (202)? How would such a regulation be executed (directly or indi-
rectly)? Could such genetic control (suppression) of angiogenesis inhibitor production/
responsiveness explain fulminant progression and accelerated metastasis at late stages
of certain malignancies, such as melanoma or breast carcinoma?

Whether oncogenes can regulate or influence the levels of systemic angiogenesis
inhibition is also potentially important for a number of practical reasons. First, onco-
gene-responsive circulating angiogenesis inhibitors could perhaps be used as indica-
tors (surrogate markers) to monitor the efficacy of oncogene-directed therapies.
Second, the overall profile of local and circulating angiogenesis inhibitors (as well as
stimulators) could be important for predicting the efficacy of various exogenously
administered direct anti-angiogenic treatment strategies. This is because the action of
the latter would always be projected on the background or the preexisting angiogenic
balance, of which endogenous inhibitors are an important component. For example,
it could be argued that tumors that retain expression of at least some inhibitors (e.g.,
still produce aaATIII or endostatin) could be considerably more sensitive to anti-
angiogenic therapies than their inhibitor-negative counterparts, because, in the latter
cases, the therapy would encounter less resistance in tripping the angiogenic switch
to the off position. Finally, it would be expected that oncogene antagonists (i.e.,
oncogene-targeted signal transduction inhibitors) should, at least in part, restore the
levels of angiogenesis inhibitors that were down-regulated by their respective targets
(e.g., mutant ras). It follows that, oncogene-directed therapies may, therefore, be
ideal synergistic partners for combination treatments involving direct acting angio-
genesis inhibitors.

7. ROLE OF ONCOGENES IN SELECTION 
OF THE ANGIOGENIC PHENOTYPE 

IN TUMOR CELL POPULATIONS: A HYPOTHESIS

It would seem reasonable to propose that an overt angiogenic switch in the growing
tumor could take place only if there was a critical mass of angiogenically competent
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tumor cells. In this sense, the angiogenic phenotype could be viewed as collective or
multicellular in nature, rather than unicellular, or cell autonomous. Hence, the forma-
tion of a cluster of angiogenic cells (or an angiogenic unit) (231) within the incipient
tumor would be required for both the development of a sufficient concentration/gradi-
ent of stimulatory growth factors, as well as for a meaningful local reduction in expres-
sion of angiogenesis inhibitors. Especially with respect to the latter effect, even a
dramatic decrease in inhibitor expression at the single-cell level would not be expected
to relieve the overall angiogenesis suppression and permit tumor angiogenesis to be set
in motion. For these reasons, a significant enrichment in the fraction of tumor cells
equipped with the overt angiogenic capacity would be required to actually initiate the
process of tumor blood vessel formation (6).

It is unclear exactly, how the enrichment in such angiogenically competent tumor
cells could be realized. Most of the malignant characteristics of cancer cells are believed
to emerge as a result of the clonal evolution (232) or clonal dominance (233) processes,
whereby specific heritable traits are selectively amplified in the tumor cell population
due to competitive growth and survival advantage they bestow on individual tumor cells
and their clones vis-a-vis the remaining nonexpressors (232). In this setting, the pro-
angiogenic phenotype, on its own, would not be expected to be associated with a partic-
ularly strong selective advantage (234,235). Quite simply, it is difficult to imagine how
the presence of a blood vessel capillary within a given tumor microdomain would favor
growth of one specific cancer cell (clone) over a neighboring cell, particularly as a func-
tion of the difference in their respective angiogenic capacities (235). Instead, it seems
likely that blood vessels would be “altruistically” shared among heterogenous tumor
cells present in their immediate proximity. In contrast, a selective growth advantage
could clearly be conferred upon individual tumor cells, if they expressed certain “selfish”
properties such as intrinsically higher mitotic activity, reduced growth factor require-
ments, higher apoptotic threshold, or increased resistance to metabolic stress.

The actual coexistence in tumors of various selfish (e.g., apoptosis-resistant) or
altruistic (e.g., angiogenic-competent) cancer cell characteristics is somewhat paradox-
ical, as it is not obvious how the latter would be maintained in such a competitive
tumor cell population. A possible, albeit hypothetical, explanation is that the altruistic
features emerge because they are tightly linked to more selectable traits by virtue of
having a common molecular/genetic cause or regulation, e.g., by being concomitantly
triggered by activation of a cellular oncogene. In this regard, some clues as to the feasi-
bility of such co-selection, could be drawn form our earlier analysis of the relationship
between the tumorigenic phenotype of various sublines of IEC-18 cells and their sus-
ceptibility to anoikis which is a programmed cell death that can be induced in normal
epithelial cells when they are forced to grow under tumor-like 3-dimensional condi-
tions, i.e., without a proper attachment to the ECM (236,237). In such 3-dimensional
(spheroid) cultures, parental, nontumorigenic IEC-18 cells invariably succumbed to
massive programmed cell death, whereas their tumorigenic H-ras or v-src transformed
variants remained viable and mitotically active, i.e., displayed oncogene-induced
anoikis-resistant (AR) phenotype (236,237). Naturally, such oncogene-expressing IEC-
18/RAS (or SRC) cells also exhibited a variety of other properties typically associated
with malignant trasformation, such as changes in cell shape, deregulated mitogenesis,
and pro-angiogenic phenotype, all of which could contribute to their apparent tumori-
genic competence in vivo (6).
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In order to establish whether acquisition of anoikis resistance could, in its own right,
confer any degree of tumorigenic competence upon IEC-18 cells, the parental anoikis-
sensitive cells were subjected to a lengthy in vitro selection (in spheroid culture) in
order to obtain cellular variants specifically enriched for cells with exclusively
increased anchorage-independent survival capacity, and not with other features of
malignancy (237). This was the intent, but not the outcome. AR IEC-18 variants (called
AR1.10 and AR2.10) were, indeed, generated after 5–10 selection cycles, and shown
competent to survive in spheriod culture (237). Furthermore, upon subcutaneous injec-
tion, the variant cell lines formed slow growing tumors in nude mice (237). This could
have been taken as evidence for the critical and sufficient role of anoikis resistance in
initiation of tumor formation, if not for the fact that, unexpectedly, tumor expansion did
not stop at the size thought to constitute the limit for the avascular tumor growth (i.e., 1
to 2 mm in thickness) (3). Instead, growth of AR1.10 and AR2.10 cells as tumors con-
tinued in an apparently angiogenesis-dependent manner (tumors reached relatively
large sizes of 500–1500 mg and were vascularized) (237). It was established a posteri-
ori, that selection in vitro of the AR IEC-18 variants was paralleled by, and inseparable
from, a marked constitutive up-regulation of VEGF in these cells (237).

Thus, selection of IEC-18 cells for survival under bona fide angiogenesis-independent
growth conditions (in vitro) resulted in expression of pro-angiogenic properties, even
though such properties would be of no apparent biological significance in this particular
biological in vitro context (237). The pleiotrophic (i.e., apoptosis-resistant, angiogenic,
and tumorigenic) phenotype of AR variants, although the specific cause of its expression
is unknown, bears a striking resemblance to changes induced in IEC-18 cells by enforced
expression of mutant ras, src, and other transforming oncogenes (238). In both cases, the
angiogenic phenotype is tightly linked to highly selectable intrinsic cellular traits, such as
apoptosis resistance, especially under 3-dimensional conditions. It remains to be estab-
lished, whether in naturally occurring human tumors the angiogenic phenotype propa-
gates throughout the cell population by virtue of being coupled with other more selectable
traits encoded by common genetic lisions (e.g., activated oncogenes) (237). It is also pos-
sible that in addition to clonal selection, other mechanisms such as horizontal DNA trans-
fer may be involved in the enrichment of tumors in both oncogene-expressing and
angiogenically competent cancer cells (239). In most of these circumstances, oncogenes
would nevertheless act as carriers of tumor cell associated pro-angiogenic properties.

8. ONCOGENES AND THE VASCULAR DEPENDENCE 
OF CANCER CELLS

Although tumors may induce a vigorous angiogenic response, the resulting vascula-
ture is often insufficient to uniformly perfuse the tumor mass and sustain optimal can-
cer cell growth and viability (7). Instead, it is often the case that tumor cells thrive in
the immediate vicinity of functional blood vessels, but undergo growth arrest and
ischemic cell death with increasing distances from capillaries (9). This manifestation
of the vascular dependence principle can sometimes be directly observed histologically
as so called perivascular cuffing i.e., formation of multilayered cylinders of viable
tumor cells surrounding the central capillary and separated from other cuffs by areas of
tissue necrosis. Indeed, the very distance between the central capillary and the rim of
apoptotic tumor cells at the periphery of the vascular cuff defines the ultimate limit of
tumor cell tolerance for ischemia and growth factor deprivation (Fig 5).
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In theory, two parameters could influence this distance, i.e., the thickness of the
perivascular cuff: (i) the effective perivascular diffusion rate of critical growth factors,
gasses, and metabolites (7,32); and (ii) the individual tolerance to growth factor/oxy-
gen/metabolite deprivation exhibited by a particular type of cancer cells (240). It is
noteworthy, that the latter property of cancer cells (i.e., their relative vascular depen-
dence) would likely vary as a function of tumor progression, as thresholds for growth
arrest and apoptosis become increasingly higher with increasing levels of tumor malig-
nancy (240). Bedi et al demonstrated directly that the intrinsic susceptibility of col-
orectal cancer cells to undergo apoptotic cell death ex vivo negatively correlates with
the stage of the disease progression (241). This is not surprising, as colorectal cancer
progression is associated with multiple genetic alterations (involving such genes as
APC, ras, or p53, many of which are now known for their pro-survival effects and
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Fig. 5. Changing relationships between tumor cells and the vasculature during cancer progression.
Cancer cells posses an intrinsic limit of tolerance to ischemia (i.e., defined vascular dependence),
which is a function of their genetic make-up, including expression of activated oncogenes. With
tumor progression cancer cell populations become heterogenous with respect to their vascular depen-
dence. Less malignant (more vascular dependent) cellular variants (left side panel) can survive only at
relatively short distances from their adjacent capillaries (or at high blood vessel density), while their
more malignant counterparts (less vascular dependent) can be found throughout the tumor including
its hypoxic regions (right side panel). The ability of the latter cells to survive at greater distances from
the capillaries and at lower blood vessel density could be a target for signal transduction inhibitors
(see [15,240,244] and the text for details).



interference with various intracellular apoptosis-regulating pathways (242). Among
factors that participate in progressive natural selection of increasingly apoptosis-resis-
tant tumor cell variants, chronic or intermitted hypoxia, growth factor deprivation, and
metabolic stress are likely to play a major role.

There are some illuminating examples of the relationship between genetic cancer
progression and tumor cell resistance to hypoxia-induced apoptosis. For instance, cells
lacking the p53 tumor suppressor gene were found to be protected from pro-apoptotic
effects of hypoxia, and thereby capable of outcompeting their p53+/+ counterparts in
an oxygen deprived microenvironment (175). Loss of p53 expression is often associ-
ated with late stages of colorectal carcinoma progression (5) (among other tumor
types), where large tumor sizes, necrotic regions, and overall poor tumor perfusion,
i.e., conditions detrimental for p53 expressing cells, clearly exist. Moreover, studies
involving certain strains of ES cells, in which the HIF-1a gene has been inactivated,
and, thereby, the main pathway of hypoxia-response has been disabled (243), indicate
that the rate of growth arrest and apoptosis normally (i.e., in HIF-1α +/+ cells) elicited
by low oxygen tension were largely attenuated, along with expression of hypoxia-
inducible genes, such as VEGF (175). Notwithstanding the latter effect, HIF-1α-defi-
cient ES cells formed large (albeit hypovascular) tumors upon subcutaneous injection
into mice, suggesting that their increased apoptotic threshold could, to some degree,
compensate for their relatively deficient angiogenic activity and hence, scarece perfu-
sion of the tumor mass (175).

We have previously hypothesized that with genetic disease progression (including
expression of activated oncogenes) the responsiveness of cancer cells to hypoxia and
growth factor deprivation would, in all probability, gradually diminish, leading to
reduction in the relative vascular dependence of such increasingly malignant tumor
cells (240). It could, therefore, be predicted that tumor cells, which remain sensitive to
hypoxia/ischemia conditions, would preferentially home to areas immediately adjacent
to functional capillaries, whereas their more malignant (and ischemia-resistant) cellu-
lar variants could propagate throughout the tumor (including in its most hypoxic
regions) (5,240). To examine more directly whether this is the case, mixtures of wild-
type, i.e., HIF-1α-positive ES, cells and their HIF-1α-negative (HIF-lα –/–) hypoxia-
resistant counterparts were injected into SCID mice, and the tumors were allowed to
develop to a palpable size (244). Tumor-bearing mice were then injected intravenously
with the DNA binding nontoxic fluorescent dye (Hoechst 33342), which, after a short
circulation in blood, is known to diffuse spontaneously out of the capillaries to form
perivascular concentration gradients (245). Because, tumor cells incorporate the dye
proportionately to its local concentration, their fluorescence intensity could be used as
a marker of their position relative to the nearest perfused capillary, both in situ and
after extraction of such cells from the tumor (15,245). This technique was successfully
used for isolation (by fluorescence-activated cell sorter-FACS) and analysis of tumor
cells in areas either immediately adjacent to tumor capillaries (bright fluorescence), or
from more hypoxic tumor periphery, i.e., areas distant from the vasculature (dim fluo-
rescence) (15). In the case of mixed teratomas containing HIF-la+/+ and HIF-la–/– ES
cells, the Hoechst 33342-based sorting revealed, as expected, that the former (hypoxia-
sensitive) cell type resided almost exclusively in the close proximity to blood vessels
(bright fluorescence), whereas the HIF-la–/– ES cells (hypoxia-resistant) populated all
areas of the tumor including the most hypoxic regions (both bright and dim fluores-
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cence) (244). This result suggests that indeed, impaired hypoxia response (i.e., HIF-lα-
null-like properties) can endow tumor cells with a selective growth advantage in the
heterogenous cell population and extend the distance from blood vessels, at which such
cells can remain viable and mitotically active (Fig. 5).

The intratumoral cell segregation is, by no means, a peculiarity of ES cells only. A
more clinically relevant tumor model, namely WM239 human malignant melanoma,
was subjected to several rounds of vascular selection in vivo (as xenografts in nude
mice), during which cell subpopulations preferentially colonizing perivascular regions
of the tumor (bright fluorescence) were separated by FACS from the cells homing to
areas distant from the vasculature (dim fluorescence). After a short expansion in cul-
ture, both subpopulations were reinjected into separate mice, and the enrichment cycle
was repeated for up to 4× (244). Finally, both subsets of WM239 tumor cells (i.e., the
subpopulation enriched for proximal or distal tumor cells relative to blood vessels)
were again reinjected into nude mice, and the tumors were analyzed with respect to
their growth rate and vascularity (244). Interestingly, both the distal WM239 subpopu-
lation and the parental WM239 cells formed rapidly growing tumors, while their prox-
imal (perivascular) WM239 counterparts displayed a reduced aggressiveness and
slower growth rate (244).

What was even more surprising (but, in retrospect, is not) was the fact that the slow
growing tumors, composed of proximal WM239 cells, exhibited markedly increased
microvascular density (MVD), relative to more aggressive distal WM239 subpopula-
tion (244).

This high blood vessel density associated with slow growing tumors, composed of
purely perivascular (proximal) WM239 cell variants, was not due to their more angio-
genic properties, i.e., it was not associated with an increase in supply of angiogenic
blood vessels or their inducing growth factors, at least as indicated by the endothelial
cell proliferation and VEGF ELISA assays with the respective conditioned medium
(244). Instead, this paradoxical hypervascularity of poorly tumorigenic proximal
WM239 variants likely represents an increase in demand for blood vessels (or height-
ened vascular dependence), an interpretation consistent with the fact that these cells
originated from the immediate proximity of the capillaries (244). Thus, it seems likely
that proximal WM239 cells may cease/slow-down their proliferation or undergo apop-
tosis at relatively closer distances to their supplying capillary, as compared to distal
variants of WM239 cells. The proximal cells would then resume their growth only after
a new (extra) capillary had been recruited to their immediate vicinity (244). The
increase in MVD would be a natural consequence of such a process (244).

At this point it should be noted that, while in certain early and intermediate stage
tumors (e.g., node negative breast cancer), increase in MVD is a marker of
unfavourable prognosis (246), in other cases, e.g., in advanced colorectal carcinoma,
MVD appears to actually decrease at the late stages of disease progression (247). It
could be speculated that the former trend is a manifestation of the increasing angio-
genic activity (supply) of the tumor, whereas the latter heralds decreasing vascular
dependence (demand), each occuring at certain distinct stages during the disease pro-
gression (Fig. 5).

It is unclear what molecular mechanisms are responsible for the heterogenous vascu-
lar dependence of WM239 melanoma cells and whether oncogenic changes are involved.
However, similar apparent perivascular selection of tumor cells was also detected in our
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earlier study describing two tumorigenic clones of IEC-18 cells expressing either high
(RAS-7) or low (RAS-3) levels of the H-Ras oncoprotein (15). The impetus for this
study originally came from our observation that RAS-3 cells express a lower grade of
cellular transformation and greater susceptibility to a variety of growth inhibitory and
pro-apoptotic stimuli, as compared to their RAS-7 counterparts (15,248). Also in this
case, Hoechst 33342 injection and cell sorting revealed that, in mixed tumors containing
both RAS-3 and RAS-7 cell subpopulations, the former (less malignant) cells were
restricted to areas immediately adjacent to the tumor vasculature, while the clonogenic
RAS-7 cells could be found throughout the tumor including its most hypoxic (distal)
regions (15). Thus, in three independent experimental systems (HIF-lα–/– ES cells,
WM239 melanoma, IEC-18/RAS cells), of which at least one (IEC-18/RAS) involves a
defined activated oncogene (H-ras), increasingly malignant properties of tumor cells
brought about a relative decrease in their vascular dependence. In the context of this arti-
cle, the latter example is not insignificant, as it demonstrates the possible contribution of
oncogenes to changes in vascular dependence.

An important aspect of the genetically driven reduction in vascular dependence of
cancer cells is the possible impact of such changes on the outcome of the antiangio-
genic therapy (319,320). Since genetic tumor progression (including expression of
activated oncogenes) results in tumor cells being increasingly angiogenesis proficient,
but, at the same time, decreasingly vascular dependent, it follows that, at least tran-
siently, a vascular reserve or excess of blood vessels relative to what is actually
required may develop within the tumor. This reserve could, in theory, soften or mitigate
the impact of even very effective anti-angiogenic agents. Tumor growth could simply
continue, despite changes in vascularity and blood flow, until the functional vasculature
is reduced below a certain threshold, which might be tumor-specific. A corollary to this
point is that, even partial pharmacological reversal of cellular transformation, for
example, by using oncogene-targeted drugs, might sensitize tumors to various direct
angiogenesis antagonists (e.g., peptide inhibitors (10), metronomic chemotherapy
(27,249,250), at last in part, by restoring higher levels of their vascular dependence (6).

9. ONCOGENES AND ANGIOGENESIS 
IN HEMATOPOIETIC MALIGNANCIES

There are reasons to believe that, despite their liquid nature, various hematopoietic
malignancies are also angiogenesis/vascular-dependent (24). This contention is sup-
ported by the observation that bone marrow of leukemic patients often becomes hyper-
vascular (25,251) and that leukemic cells produce VEGF, FGF, and possibly other
angiogenic growth factors (209,252–255). More importantly, anti-angiogenic treat-
ments can inhibit development of experimental leukemias in mice (249,256). An expla-
nation for this, somewhat counterintuitive relationship between blood-borne
malignancies and blood vessels, may lie with the fact that leukemic cells are likely
responsive to paracrine growth and colony-stimulating factors released by adjacent
activated endothelial cells present in the bone marrow and lymphoid organs (15).

Several oncogenes have been implicated in development of various types of
leukemia, but their presumed role in leukemia-associated bone marrow and/or lym-
phoid angiogenesis remains conjectural. For example, in the experimental model of
murine erythroleukemia, a disease induced by injection of the Friend virus complex
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into newborn mice, the process culminates in massive expansion of leukemic blasts in
the spleen and lethality due to organ rupture (257). This progressive leukemic
splenomegaly leads to a tenfold enlargement of the spleen size, a change that could not
conceivably occur without a significant rearrangement, expansion, and possibly angio-
genesis within the vascular bed of this organ. It is implicit that sequential genetic alter-
ations associated with Friend erythroleukemia (e.g., activation of oncoproteins such as
Fli-1 and Spi-1, as well as loss of p53 tumor suppressor) are directly or indirectly
involved in triggering such a massive vascular remodeling.

In human hematopoietic malignancies an impressive inventory of oncogenic
changes has been compiled over the last two decades (258–260). They include, for
example: internal tandem duplications of FLT3 and mutations of the N-ras oncogenes
in acute myeloid leukemia (AML) (260), mutations of N-, or K-ras oncogenes in
plasma cell leukemia, multiple myeloma, acute lymphoblastic leukemia (ALL), and
chronic myelomonocytic leukemia (CML) (260), expression of a hybrid bcr-abl onco-
gene in chronic myelogenous leukemia (CML) (261) and PML/PLZF-RARα oncogene
in APL (262,263), and probably many others. All these alterations, to one degree or
another, are likely to play a causative role in progression of these respective malignan-
cies. This notion is reinforced by the recently documented spectacular therapeutic effi-
cacy in CML patients of the pharmacological inhibitor (Gleevec/STI571) targeted at
the bcr-abl oncogene (264). It remains an open question, whether the antileukemic
effect of this signal transduction inhibitor, FTIs (260), and other similar agents is
strictly a result of inhibited proliferation, survival, increased differentiation, and other
intrinsic properties of leukemic cells themselves, or, at least in part, involves suppres-
sion of oncogene-induced (bone marrow) angiogenesis (Table 4).

A hitherto rather unexpected contribution of the endothelial cell compartment to the
oncogene-driven leukemogenesis can be inferred from recent studies on endothelial cell
progenitors (EPCs) in CML patients (265). Similarly to leukemic myeloid progenitors,
these EPCs also carry the Philadelphia chromosome, a karyotypic signature of the bcr-
abl oncogene (265). The reasons for this unusual EPC involvement in CML could be
related to the existence of a common bcr-abl-transformed presursor for both hematopoi-
etic and endothelial lineages. Such transformed vascular cells may, in fact, carry features
of genetic instability, malignancy, and drug resistance, thus far ascribed exclusively to
cancer or leukemic cells themselves. In this context, targeting bcr-abl (with Gleevec)
may result in both an indirect antiangiogenic effect, through inhibition of the angiogenic
phenotype of CML cells, as well as more direct effect on bcr-abl postive EPCs.

10. ANTI-ANGIOGNIC EFFECTS OF ONCOGENE TARGETING SIGNAL
TRANSDUCTION INHIBITING DRUGS

In 1995, we have postulated that pharmacological blockade of the mutant ras onco-
gene by using FTIs could contribute to the anticancer effects of these drugs in vivo by
inhibiting VEGF expression and tumor angiogenesis (89). Indeed, such an indirect
anti-angiogenic effect could characterize many, if not all, signal transduction inhibitors
and oncogene-targeting anticancer agents, inasmuch as oncogenes can be ascribed a
general role in triggering tumor vascularization (89,133) (Tables 1 and 4). While this
notion is awaiting rigorous clinical verification, preclinical observations seem to pro-
vide an increasing volume of affirmative evidence (27).
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Over the last two decades, the increasing understanding of the molecular causes and
intricacies of malignant transformation stimulated parallel efforts to develop effective
inhibitors of the oncogenic signaling pathways (84,266,267). This massive undertaking
yielded essentially two major classes of oncogene antagonists, both of which are cur-
rently either approved or being tested in clinical trials, namely: (i) inhibitors of protein
prenylation (farnesylation and/or geranylgeranylation) directed against small mem-
brane-associated proto-oncogenic GTPases (mainly Ras or Rho proteins) (268); and
(ii) protein kinase inhibitors (PKIs) directed against a diverse group of enzymes, which
act as generators or crucial transducers of intracellular oncogenic signals (266,269). In
both cases there is strong circumstantial preclinical evidence that angiogenesis inhibi-
tion may contribute to the therapeutic efficacy of these respective drugs (6,27,89).

FTIs have originally been viewed as mainly cytostatic agents capable of merely
reversing morphological transformation of cells harboring mutant ras (mainly the H-ras
isoform) and inhibiting their mitogenesis (270). More recently, however, this perception
has been challenged by the results of animal studies, in which H-ras-expressing trans-
genic oncomice, which spontaneously develop mammary and parotid (salivary) gland
carcinomas, have been put on a daily regimen of the FTI (L-744,832). This treatment,
rather than inducing tumor stasis, resulted in remarkable regressions of even large
established tumors (82), an obvious indication of cytotoxic rather than cytostatic anti-
cancer activity in vivo. While some direct proapoptotic effects were ascribed to FTIs
(143,236,271), the fact that cytotoxicity was mainly observed under in vivo, angiogen-
esis-dependent growth conditions suggested that blood vessel formation could also be
affected by the FTI, e.g., due to down-regulation of VEGF and obliteration of other
ras-dependent pro-angiogenic properties (133).

Inhibitors of the oncogenic protein kinases may also act as both indirect and direct
anti-agiogenics. In the first instance, blockade of the oncogenic action of the EGFR with
specific monoclonal antibodies (e.g., IMC-C225/cetuximab, mAb806) (104,272–276) or
small molecular weight inhibitors (e.g., ZD1839/Iressa) (277) was paralleled by a
marked reduction in release from tumor cells of angiogenic growth factors, primarily
VEGF, bFGF and IL-8, as well as by a commensurate inhibition of tumor growth and
tumor vascularization. Indeed, similar anti-angiogenic activity could be part of the
anticancer activity of other, possibly all other, kinase inhibitors currently in clinical
development, including antagonists of HER-2/Erb-B2 (Herceptin/Trastuzumab),
EGFR (Iressa, IMC-C225, Tarceva/OSI-744), NGFR (CEP-701), or bcr-abl (Gleevec/
STI-571) (269) (Table 4). At least in the case of Herceptin, preclinical evidence in this
regard is clearly affirmative (104) (also D. Slamon et al. unpublished observations).
Again, as in the case of FTIs, this mode of action of PKIs can explain the disparity
between their mild growth inhibitory effects against cancer cells in culture and the
much more potent and cytotoxic effects of these oncogene targeting agents against
tumors growing in vivo, i.e., in the context where access and generation of tumor blood
vessels becomes an important de facto survival mechanism for cancer cells
(82,89,104). Naturally, the scope and the actual contribution of the angiogenesis inhibi-
tion to the overall antitumor activity of these respective compounds remains to be
unequivocally established.

As mentioned already, like many other properties of cancer cells their angiogenic
phenotype is likely to evolve with tumor progression as well (15) (Fig. 5). Under selec-
tive pressure such phenotype may become superfluous, redundant, and/or follow sev-
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eral alternative pathways (197,199). This may lead to epigenetic forms of
resistance/refractoriness to the anti-angiogenic effects of oncogene antagonists. An
example of such an escape mechanism has been recently described in a study aimed at
analysis of tumor relapses following treatment of SCID mice bearing A431 squamous
cell carcinoma xenografts with a panel of neutralizing monoclonal antibodies (C225,
mR3, hR3) directed against the EGFR oncogene (272). In this case, rare recurrent
tumors were removed, enzymatically dissociated, and drug resistant cancer cell vari-
ants were established in cell culture (272). Interestingly, these variant cell lines were
found to express significantly higher constitutive levels of VEGF than parental A431
cells (272). Conversely, enforced overexpression of murine VEGF in the latter (A431)
cell line led to expression of in vivo resistance/refractoriness to antiangiogenic and
antitumor effects of EGFR antagonists (272). Results such as these suggest that loss of
sensitivity to signal transduction inhibitors may occur in cancer as a result, at least in
part, of progression to a more angiogenic state and possibly due to acquisition of addi-
tional genetic changes.

In some instances, endothelial cells themselves may become a target for oncogene-
directed signal transduction inhibitors. Thus, certain CAAX-FTIs (e.g., A-170634)
have been shown to possess a direct anti-angiogenic effect in vitro and in vivo, in addi-
tion to blocking ras-dependent VEGF production in cancer cells (145). Likewise, treat-
ment of nude mice harboring orthotopic xenografts of human pancreatic carcinoma
with a novel EGFR inhibitor (PKI-166) led to endothelial cell apoptosis, in part
through down-regulation of angiogenic/survival growth factors (i.e., through an indi-
rect mechanism), and in part through a presumed direct anti-endothelial activity of this
agent (278). Similar dual anti-angiogenic action seems to characterize some other
inhibitors of intracellular signaling including antioxidants (279) or blockers of
cyclooxygenase 2 activity (280).

At least in the case of FTIs, the prospect of inhibiting angiogenesis-inducing path-
ways should be viewed with some caution. FTIs inhibit protein prenylation by acting
on the cholesterol synthesis pathways downstream of HMG-CoA reductase (281), an
enzyme that is also inhibited by cholesterol lowering drugs known as statins (268).
Hence, certain similarities might exists between effects of these two groups of drugs.
In fact, at least one statin (Lovastatin) has been used experimentally to inhibit ras far-
nesylation and proved effective in reducing VEGF synthesis by cancer cells (282).
However, statins also possess a direct pro-angiogenic activity (281) and are known to
promote re-endothelialization of vascular grafts by mobilizing EPCs from the bone
marrow (283). It is not clear, whether such an effect could also be induced by FTIs and
manifest itself in the context of cancer treatment, but if so, the release of EPCs could
counteract some of the anti-angiogenic effects of FTIs.

Practical approaches to inhibit tumor angiogenesis in clinical settings will likely rely
on using synergistic drug combinations rather than single agents.

11. SUMMARY

It is now recognized that the onset, maintenance, and progression of tumor angio-
genesis is a central and indispensable element of tumor growth, invasion and metastasis
(10). Activated oncogenes are thought to play a key role in tumor-vascular interactions
owing to one or more of the following influences: (1) direct induction of the pro-angio-
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genic phenotype in cancer cells; (2) indirect regulation of tumor angiogenesis through
possible impact on: stromal cell recruitment, deregulation of hemostasis, and genera-
tion of circulating angiogenesis inhibitors; (3) possible influence upon positive selec-
tion of the angiogenic phenotype within the tumor cell population; and (4) regulation
of the relative vascular/angiogenesis dependence of cancer cells.

Oncogene-directed signal transduction inhibitors represent a new generation of anti-
cancer agents, which unlike traditional cytoreductive anticancer drugs, or direct angio-
genesis inhibitors, are designed to act therapeutically in a causal rather than
symptomatic or nonspecific manner. In this sense, these drugs are likely to exert their
anticancer activity, at least in part, through disruption of the interrelationship between
tumor cells and their adjacent angiogenic endothelium. Several possible complemen-
tary mechanisms of such action could be invoked, including: (1) attenuation of the
oncogene-dependent pro-angiogenic phenotype of cancer cells, both constitutive and
related to cancer cell hypersensitivity to epigenetic stimulation (e.g. hypoxia); (2)
increase in vascular dependence of cancer cells and their possible sensitization to direct
acting angiogenesis inhibitors; and (3) direct anti-angiogenic effects exerted on tumor-
associated endothelium. Further studies are needed to understand the vascular targeting
effects of these anticancer agents and define how they might be most effectively used in
the clinic. One of the promising avenues in this regard is the inclusion of oncogene tar-
geting agents in anticancer treatment regimens, e.g., those involving drugs developed
as direct angiogenesis inhibitors.
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1. INTRODUCTION

Oncogenes, including activated ras, have been shown to induce metastatic ability
in appropriate cell types. This response is most likely due to downstream changes in
expression of genes that contribute to the metastatic phenotype. Some of these Ras-
responsive, metastasis-associated genes, including osteopontin, cathepsins, calcyclin,
and vascular endothelial growth factor, have been identified. Because of their associ-
ation with metastatic ability, oncogenes would appear to be promising targets for
antimetastatic therapeutic strategies. Studies on mechanisms of metastasis using in
vivo video microscopy, coupled with quantitative assessment of which steps in the
metastastic process contribute to metastatic inefficiency, have suggested that regula-
tion of cancer cell growth in a secondary site is crucial to determining whether or not
clinically relevant metastases form. Studies on the stages of metastasis affected by
Ras suggest that the ability of cancer cells to grow in a secondary site can be signifi-
cantly affected by activated Ras-signaling. Because oncogene expression can
markedly influence the growth phase of the metastatic process, inhibition of onco-
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gene action offers a clinically and biologically appropriate therapeutic strategy to
combat metastasis.

Tumor metastasis is the spread of cancer from a primary site and the establishment
of secondary tumors in distant locations (1–4). Metastasis is responsible for most
deaths due to cancer, and tumors that have not metastasized are generally easier to
treat. Thus, it is imperative that the mechanisms of metastasis be better understood and
that therapeutic targets to prevent deaths due to metastasis be identified. In this context,
oncogene-based therapy offers much promise. Oncogenes were linked in early studies
to metastatic ability, and recent studies on the biological mechanisms of metastasis
suggest that therapies that target oncogene signal pathways may be useful in preventing
and treating metastases.

2. Ras ONCOGENES, TUMOR PROGRESSION, AND INDUCTION 
OF THE METASTATIC PHENOTYPE

In the late 1970s and early 1980s, genomic DNA transfection into normal murine
NIH 3T3 fibroblasts led to the discovery that the H-ras oncogene was able to morpho-
logically transform these cell in vitro (5–8). This identification of a transforming onco-
gene in cellular DNA firmly linked human and animal cancer with the growing field of
study on retroviral oncogenes (9). In addition to showing altered morphology in vitro,
ras-transformed NIH 3T3 cells were shown to be able to form tumors in nude mice
(10–12). Moreover, in 1985, it was reported that ras-transformed NIH 3T3 cells also
were metastatic (13–15). This effect was shown to be related to expression levels of
the activated Ras oncoprotein, suggesting a direct causative effect (16). Later studies
confirmed that NIH 3T3, as well as some other cell lines, could acquire metastatic
ability by transfection with a single gene, members of the ras family of oncogenes
(17,18). This was not always the case, however, and some cell lines were found to be
resistant to Ras-mediated induction of metastatic ability (14,19–21). Furthermore,
oncogenes other than ras were also shown to induce metastatic ability in some cell
types (22,23). Together, these studies raised important questions about regulation of
the metastatic phenotype.

Tumor progression has been known to be a multistep process, clinically, pathologi-
cally, and at the molecular level as well. The general paradigm developed by Vogelstein
and colleagues for progression in colon cancer (24,25) appears to hold true for other
cancers as well. The progression from a normal colonic cell through to a metastatic
colon cancer required a series of genetic alterations, which include loss of tumor sup-
pressor gene function (e.g., APC and p53 genes), as well as gain of activating muta-
tions in oncogenes (e.g., K-ras). The specific oncogenes and tumor suppressor genes
involved in tumor progression will vary for individual types of cancer, but the overall
concept appears to apply to many cancer types. Interestingly, in this scheme, the
genetic changes responsible for the final stage of progression to metastatic ability
remain unknown. As genetic changes that are unique to metastasis have not been iden-
tified, it may be that “the” metastatic phenotype is, in fact, simply the accumulation of
sufficient genetic and epigenetic changes to produce the phenotypic changes necessary
to give rise to sufficiently efficient metastatic cells.

How can this scheme of tumor progression be reconciled with the induction of a fully
metastatic phenotype in NIH 3T3 cells by a single gene such as an activated ras onco-
gene? This was particularly puzzling, in that ras mutation in colon cancer progression
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can occur as a relatively early event, with over 60% of intermediate adenomas having
mutated ras (24). Furthermore, members of the ras oncogene family are mutated in a
very high proportion of human cancers of many types (26). It is thus apparent that acti-
vation of a single oncogene, ras or other, is usually not sufficient to render the cell
metastatic. However, in a cell carrying appropriate alterations in other genes (both onco-
genes and tumor suppressor genes), Ras activation may, in some cases, be sufficient to
convert the cell to a metastatic phenotype. Evidence suggests that NIH 3T3 cells are in
that category, and were a good model in which to test the role of a specific oncogene
change in malignancy.

Even in appropriate cells such as NIH 3T3 cells, which are receptive to a single
oncogene change, how does a single gene, such as an activated ras oncogene, alone
make the cells capable of metastasis? Here the answer seems to lie in the nature of
oncogene-encoded proteins and the molecular pathways that they control.

3. Ras SIGNALING PATHWAYS CAN LEAD TO CHANGES IN GENE
EXPRESSION ASSOCIATED WITH METASTATIC ABILITY

Oncogenes are genes that, almost by definition, code for proteins that regulate growth
control and responsiveness to environmental signals (27,28). When these control mecha-
nisms are constitutively activated in the absence of external growth signals, the unregu-
lated growth of cancer can occur. The molecular details of these signaling pathways are
increasingly becoming understood, and it is clear that these pathways provide a complex
mechanism by which a cell can sense its environment and respond appropriately. A hall-
mark of cancer is obviously the lack of appropriate response to growth control signals,
leading to unregulated and progressive growth. Members of the ras oncogene family
provide an example of how activated oncogenes can lead to phenotypic changes that pro-
mote metastatic behavior, via changes in downstream gene expression.

Ras genes code for a family of membrane-bound small GTP binding proteins. These
proteins act as cellular transducers relaying ligand-mediated signals from cell surface
receptors into the cytoplasm, where they participate in signaling cascades regulating
expression of sets of genes (29–32). These downstream genes are involved in many cel-
lular properties, including growth, differentiation, and apoptosis, depending on the cell
type and on cross-talk between other signaling pathways that also are activated. Ras pro-
teins are activated by association with guanine nucleotide exchange factors (GEFs),
which convert the inactive GDP-bound form of Ras to its active GTP-bound form, and
inactivated by GTPase-activating proteins (GAPs), which terminate Ras signaling
through the reverse process. Activated ras oncogenes have been shown to contain point
mutations that result in a loss of GTPase sensitivity, which leads to constitutive stimula-
tion of downstream effectors and deregulation of signal transduction pathways. Ras pro-
teins associate with many downstream effector proteins (i.e., Raf, PI3K), activating
different signaling cascades, and regulating expression of genes affecting various cellu-
lar responses, including metastatic potential. The general mechanism by which activated
Ras can induce metastasis in some cell types appears to be via induction of changes in
expression various genes important to the metastatic phenotype (33,34), as diagramed in
Fig. 1. The net effect of these changes in expression of metastasis-associated genes is to
induce the cell behavioral phenotypic changes that lead to metastatic ability.

A number of Ras-induced genes, whose protein products play a functional role in
metastasis have been identified (33,34). These include the secreted integrin-binding
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protein osteopontin (OPN) (35–37), the cysteine proteinases Cathepsins L and B
(38,39), and calcyclin (40), among others, and each of these has been shown to con-
tribute functionally to the metastatic phenotype. In addition, vascular endothelial
growth factor (VEGF) has been shown to be induced by ras oncogene activation
(41,42). VEGF can promote angiogenesis, which can contribute to metastasis both via
promoting the escape of cancer cells from a primary tumor, as well as through mainte-
nance and growth of metastases. In some cases, the mechanism by which activated Ras
can lead to induction of these genes has been determined (e.g., the Ras-responsive
sequence in the OPN promoter, identified by Guo et al. [43]). Inhibition of expression
of individual Ras-induced genes has also been shown to be able to reduce metastatic
ability of the cells, as shown by studies of antisense OPN expression (44–47). This
finding suggests that inhibition of Ras signaling, or of individual downstream Ras-
induced genes, may be sufficient to interfere with the metastatic process. While the
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Fig. 1. Regulation of gene expression by signal transduction pathways. Oncogene activation of sig-
nal transduction pathways can lead to changes in expression of genes that contribute functionally to
the metastatic phenotype, as well as to other changes in cell behavior (e.g., apoptosis, differentiation,
growth, etc.), depending on the cell type and other signaling pathways activated in the cell.



mechanisms by which each of the many Ras-induced metastasis-associated genes con-
tributes functionally to metastasis varies, overall, the set of genes induced by Ras sig-
naling  can lead to phenotypic changes that result in metastatic behavior of cells.
Interestingly, Webb et al. (48) used Ras effector domain mutants and found that metas-
tasis was induced only by an activated MEK/ERK pathway, suggesting that the details
of which specific Ras pathways are activated is important for induction of the metastatic
phenotype. A feature of an activated ras or other oncogene, in appropriate cells, is to ren-
der them capable of growth that is unresponsive to growth regulatory environmental sig-
nals. As will be discussed below, this aspect of metastasis is crucial in the establishment
and growth of tumors in secondary sites.

4. METASTATIC PROCESS AND THE IMPORTANCE 
OF GROWTH REGULATION IN SECONDARY SITES

Metastasis is the process of formation of tumors at sites distant from the location of
the primary tumor. The process consists of a series of sequential steps (see refs.
1–4,49,50 for reviews), beginning with the escape of cancer cells from a primary
tumor, their entry into the blood or lymphatic circulation (intravasation), their transport
via the circulation to distant organs, their arrest in the microcirculation of these organs,
escape from the circulation (extravasation), and growth in the new site. Only metas-
tases that complete all of these steps and grow sufficiently large to cause physiological
effects of metastatic growth to the patient are clinically relevant.

The metastatic process is known to be inherently inefficient, with many cells that
may be shed from a primary tumor (or injected into the circulation of an experimental
animal) resulting in few overt macrometastases (4,49–51). We have developed research
strategies to quantify metastatic inefficiency and to determine which steps in the
process contribute to the overall loss of cells through the sequential steps in the
process. These approaches have included use of in vivo videomicroscopy, to observe
and quantify the success of cells at each step in the process, and a “cell accounting”
procedure, to permit calculation of the efficiency at each step.

Our studies, on cells that have been injected into the circulation, suggest that events
in the secondary organ are then crucial in determining numbers of metastases that form
(2,3,49,50). Regulation of survival and growth of cancer cells in the secondary organ
contributes significantly to the overall metastatic efficiency. Our findings have sug-
gested that early steps in hematogenous metastasis are quite efficient, with most cells
able to complete this phase of the process once they have entered into the circulation.
(In contrast, the intravasation process also has been shown, in other models, to be inef-
ficient [52]). Efficient steps of hematogenous metastasis include survival in the circula-
tion, arrest in the first capillary bed encountered by size restriction, and extravasation
into host tissue. For the several cell types and organs we have studied experimentally,
more than 80% of cells delivered to the circulation successfully complete these steps.
Inefficiency of subsequent steps is then responsible for overall metastatic inefficiency.
These inefficient steps include the initiation of growth in secondary sites by a small
subset of cells and the persistence of growth of a subset of the cells that had initiated
growth. Therefore, regulation of growth in a secondary site is crucial for determining
whether or not clinically relevant macroscopic metastases develop. Thus, this phase of
the metastatic process offers a biologically relevant therapeutic target.
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The growth phase of the metastatic process also offers the most promising thera-
peutic target from a clinical standpoint (see refs. 2 and 50 for discussion). When can-
cer is diagnosed, either it has metastasized or not. If not, it can often be successfully
treated by local therapy (e.g., surgery). If metastasis has already occurred and clini-
cally detectable metastases are present, treatment for systemic disease can be initi-
ated (e.g., chemotherapy). Uncertainty arises when it is not known if metastasis has
been initiated, and then prognostic factors in the primary tumor are used to assess the
probability of undetectable metastases being present and to determine the probability
that systemic treatment may be of benefit. In some cases, for example in breast can-
cer, evidence of metastasis may not occur for years after apparently successful treat-
ment of the primary cancer. Treatment of metastatic disease, either of known
metastases or to prevent appearance of metastases in the future, offers a broad thera-
peutic time window via inhibition of growth in the secondary site. Any therapy that
prevents metastases from growing to a point where they cause physiological harm to
the patient is of potential clinical utility. It is in this context that oncogene-based ther-
apies offer an attractive therapeutic approach.

5. Ras-TRANSFORMATION OF NIH 3T3 CELLS RESULTS 
IN MAINTENANCE OF GROWTH OF MICROMETASTASES

Based on this knowledge of the steps in metastasis, coupled with knowledge about
Ras-mediated signal transduction, we have begun to ask which steps in the metastatic
process are affected by activated Ras signaling, using a pair of cell lines (control NIH
3T3 cells and a ras-transformed metastatic NIH 3T3 cell line called PAP2 [16]). Our
findings to date are summarized in Fig. 2. These cell lines differ in their tumorigenic
and metastatic properties, with only the PAP2 cells being able to form tumors from
subcutaneous injection in nude mice and to metastasize to the lungs in either sponta-
neous or experimental metastasis assays in mice or chick embryos (16,53). We thus
are comparing the abilities of the two cell lines to complete the sequential steps in the
metastatic process. Initially, we asked whether these cells differed in their ability to
survive in the circulation and to extravasate, using a chick embryo chorioallantoic
membrane metastasis assay and in vivo videomicroscopy analyses (54). Unexpect-
edly, in that study we found that both cell lines were equally able to extravasate,
with approx 90% of observed cells from each cell line having fully completed
extravasation by 24 h after intravenous injection. After extravasation, cells of both
cell lines also showed the same initial behavior, preferentially migrating towards
arterioles, rather than venules or lymphatic vessels, and interacting with the outer
surfaces of arterioles. This study suggested that the ras-transformed and control NIH
3T3 cells, therefore, must differ in their metastatic ability because of differences in
subsequent steps in the metastatic process, namely some aspect of growth in the sec-
ondary site (53).

In more recent studies, using in vivo videomicroscopy and cell accounting analyses,
we are extending these studies to murine liver metastases and to aspects of the growth
phases of the metastatic process (55). Our findings indicate that both cell lines can
complete early stages of hematogenous metastasis to the liver with equal efficiency
(see Fig. 2). The difference between the cell lines in end point in metastatic ability, or
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the ability to form macroscopic metastases, arises from Ras-induced maintenance of
the growth of micrometastases. This finding is consistent with the concept, discussed
above, that anti-oncogene therapy directed at the growth phase of metastases may offer
a promising target for treatment.

6. ONCOGENES AS THERAPEUTIC TARGETS 
TO PREVENT METASTASIS

Oncogene expression has the potential to affect most steps in the metastatic
process via induction of downstream genes that affect processes such as growth,
apoptosis, motility, adhesion, and proteolytic activity (see Table 1). As illustrated by
studies on the effects of activated Ras in NIH 3T3 cells, discussed above, oncogene
expression may contribute more to some steps in the metastatic process than to oth-
ers. Clinically, however, the step most amenable to therapeutic intervention is the
final broad phase of growth of metastatic lesions in a secondary site. This phase is
sensitive to activated oncogene expression, for the maintenance and progressive
growth of metastases. Oncogene-based therapies, either targeting the signal pathways
activated by an oncogene or targeting one or more oncogene-induced downstream
effector proteins, offer a promising and clinically relevant therapeutic approach to
prevent the growth of metastases and the physiological consequences of this growth
to the patient.

Chapter 11 / Oncogenes and Metastasis 225

Fig. 2. Ability of ras-transformed and control NIH 3T3 fibroblasts to complete sequential steps in
metastasis. Using in vivo videomicroscopy and quantitative measurements of metastatic efficiency,
we determined the fate of NIH 3T3 fibroblasts and ras transformed fibroblasts, at each stage of the
metastatic process. Data summarized from Koop et al. (54) and Varghese et al. (55).
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1. INTRODUCTION

It is now widely accepted that cancer results from an accumulation of genetic alter-
ations, including subtle sequence changes, alterations in chromosome number, chro-
mosomal translocation, and gene amplifications (1). These alterations result in a gain
of function of oncogenes and a loss of function of tumor suppressor genes, leading to
uncontrolled growth, differentiation, and apoptosis. The number of mutations required
for a tumor to develop in human populations is age-dependent, and seven or eight
acquired mutations in a cell are required in commonly occurring solid tumors before an
overt malignancy becomes evident (2). The ectopic expression of the telomerase cat-
alytic subunit, in combination with two oncogenes, the simian virus 40 large T and an
oncogenic allele of Ha-ras, lead to direct tumorigenic conversion of normal human
cells (3). Therefore, there is a succession of genetic alterations, each of which confer-
ring one or another type of growth advantages, lead to the transformation of normal
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cells into malignant tissue (4). Cancer cell genotypes are a manifestation of six essen-
tial alterations in cell physiology that collectively dictate malignant growth through
various mechanistic strategies: self-sufficiency in growth signals, insensitivity to
growth-inhibitory signals, evasion of apoptosis, limitless replicative potential, sus-
tained angiogenesis, and tissue invasion and metastasis (4). This classification is
needed for a better understanding of molecular mechanisms involved in tumorigenesis
and for designing appopriate therapy.

Ras has been implicated in controlling cell proliferation, differentiation, and apoptosis.
The activated ras oncogenes can transform mammalian cells in culture and have been
implicated in the formation of a high proportion of human tumors (5,6). Activated Ki-ras
oncogenes were found in the majority of exocrine pancreas carcinomas (7) and in a high
frequency of colorectal tumors and lung adenocarcinoma, whereas the N-ras gene was
frequently mutated in myeloid leukemia, indicating a possible correlation between tumor
type and ras gene mutation (6). Furthermore, Ki-ras, but not H- or N-ras, was found to be
essential for normal development in mice (8,9), and Ki-Ras4B possesses distinct COOH-
terminal modification (10). Taken together, these results suggest that Ki-Ras has specific
functions in signal transductions and that these are not shared by other family members.
Although ectopic expression of H-, Ki-, or N-ras gene in rat fibroblasts resulted in a simi-
lar expression pattern in cells transformed by other mutated ras isoforms, isoform-specific
downstream targets did exist (11). While these experiments were done using fibroblasts,
we have identified differential expressed genes, using a suppression polymerase chain
reaction (PCR)-cDNA subtraction library between human colon cancer HCT116 cells and
its derived activated Ki-ras disrupted HKe3 cells. Some of the genes up-regulated by acti-
vated Ki-ras in fibroblasts were down-regulated in HCT116 cells, which suggested that
activated Ki-Ras-mediated signaling depended on the cells examined, levels of Ras-
expression, and the conditions. To address the function and biological meaning of acti-
vated Ki-ras in human colon cancer cells, we should probably analyze colon cancer cells
harboring Ki-ras mutation, but not other types of cells. Based on this concept, we earlier
disrupted activated Ki-ras in human colon cancer cell lines, HCT116 and DLD-1 cells,
through gene targeting in order to analyze the function of activated Ki-ras by comparing
parental cells and cells disrupted at activated Ki-ras (12). Here, we review the impact of
Ki-ras oncogene on tumor maintenance, utilizing this system.

2. REDUCED TUMORIGENICITY OF HUMAN COLON CANCER CELLS
DISRUPTED AT ACTIVATED Ki-ras

Human colon cancer cells, HCT116 and DLD-1 cells, were used to elucidate the
biological meaning of activated Ki-ras in human colorectal tumorigenesis. Genetic
alterations of these cells are summarized in Table 1. Both lines of cells have a Ki-ras
mutation at codon 13, mismatch repair enzyme MLH1 and GTBP mutation (13,14),
and transforming growth factor (TGF)-β receptor II mutation (15). HCT116 cells have
a deleted in colon cancer (DCC) mutation and β-catenin mutation (16), whereas DLD-
1 cells have p53 and adenomatous polyposis coli (APC) mutations (17). These findings
coincide with the multistep carcinogenesis that occurs in colorectal tumors. The accu-
mulation of genetic alterations is vitally important for tumorigenesis, however, cancer
cells that once gain the malignant potential can lose or reduce their malignant charac-
teristics when one of the mutations in tumor cells functionally disappears. To address
this question, we established clones of HCT116- and DLD-1-derived cells disrupted at
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activated Ki-ras (12), and we found that these activated Ki-ras-disrupted cells lost or
had a reduced tumorigenicity in nude mice and anchorage-independent growth assayed
by soft-agar colony formation, with reduction of c-myc mRNA expression to the level
seen in the normal colonic epithelium (Table 2). This finding not only demonstrated
that somatic cell knock-out strategy is a useful tool to analyze the function of the can-
cer-related genes, but also that the function of activated Ki-ras oncogene in colon can-
cer is not redundant, but rather is essential for maintenance of the tumorigenic
phenotype. Thus efforts were made to target ras in human cancer.

3. GROWTH FACTORS REGULATED BY ACTIVATED Ki-Ras

Normal cells require growth signals from the extracellular environment to maintain
an active proliferative state. Most of these signals are transmitted by transmembrane
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Table 1
Genetic Alterations of Human Colon Cancer Cells HCT116 and DLD-1

HCT116 DLD-1

Ki-ras +(Gly13Asp) Ki-ras +(Gly13Asp)
p53 WT p53 +(Ser241Pro)
DCC + DCC WT
APC WT APC +
β-catenin +(Ser45-deletion) β-catenin WT
MLH1 + GTBP +
TGFβ-RII +(A10tract) TGFβ-RII +(Leu452Pro)

+, mutation-positive; WT, mutation-netagive.

Table 2
Properties of Parental Cells and Ki-ras Disrupted Clones

Ki-ras Tumorigenicity Soft agar cloning Expression
Cell line disruptiona in nude miceb efficiency (%) of c-mycc

DLD-1 Parental 5/5 20.0 3.6
DKs-5 NHR 5/5 21.8 3.9
DK0-1 HR-N 5/5 24.0 3.6
DK0-3 HR-M 0/7 0.0 0.3
DK0-4 HR-M 0/7 0.0 0.4
DKs-8 HR-M 0/7 0.0 0.8
HCT 116 Parental 5/5 18.6 10.6
HK2-10 NHR 3/3 19.3 9.2
HK2-8 HR-M 0/4 2.1 1.1
HKe-3 HR-M 0/7 0.9 0.3
HKh-2 HR-M 0/7 0.0 1.1

a NHR, nonhomologous recombination; HR-N, homologous recombination at the normal Ki-ras allele;
HR-M, homologous recombination at the mutant Ki-ras allele.

b The fraction of mice showing evident tumors after 2 mo.

c Expression was determined by the relative radioactivity of c-myc and β-tubulin mRNA bands on
Northern blots. The ratio of these mRNAs in normal colon epithelium was 0.4:0.6.



receptors through binding distinctive types of signaling molecules. Tumor cells show a
reduced dependence on exogenous growth stimulation, as they generate many of their
own growth signals, alterations of extracellular growth signals, transcellular transduc-
ers, or alterations in intracellular signaling pathways. Cell surface receptors transduc-
ing growth signals into the cell are targets of deregulation of tumorigenesis. Epiregulin,
a member of epidermal growth factor (EGF) family (18) is expressed in many kinds of
human cancer cell lines (Fig. 1A,B), whereas expression is rare in human adult tissues
except for peripheral blood lymphocytes (19). Although epiregulin can be a potent pan
ErbB ligand (20), the biological significance in tumorigenesis still remains unknown.
We found that the expression of epiregulin is up-regulated by activated Ki-Ras in
HCT116 cells (21). TGF-α, EGF, or heparin binding EGF-like growth factor was rarely
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Fig. 1. (A) Epiregulin expression in human colon cancer cell lines. (B) Epiregulin expression in
human cancer cell lines. (C) Epiregulin activities in conditioned media of the HKe3 cells expressing
exogenous epiregulin on 32D cells expressing EGFR. 3H-thymidine incorporated into the DNA was
measured using scintillation counter. In the case of 32D cells, the extent of DNA synthesis was less
than 1000 cpm in all cases of conditioned media samples.



expressed in HCT116 cells. We then determined whether or not secreted epiregulin
could stimulate growth of 32D cells expressing the EGF receptor (EGFR) (DER cells),
as the growth of 32D cells is dependent on interleukin (IL)-3. Depending on expression
level of exogenous epiregulin (e3-pSE#6 expressed little; e3-pSE#26 expressed a mid-
dle level; and e3-pSE#36 and e3-pSE#65 expressed highest epiregulin, respectively).
The conditioned medium of HKe3 transfectants expressing epiregulin stimulated
EGFR in DER cells, resulting in DNA synthesis without IL-3 (Fig. 1C), whereas 32D
cells had little DNA synthesis when conditioned medium was used. Furthermore,
HKe3 cells expressing epiregulin led to tumors in nude mice, although their growth
rate in vivo were much slower than that seen with HCT116 cells. These results, taken
together, suggested that activated Ki-Ras is one factor contributing to overexpression
of epiregulin in human colon cancer cells, and that epiregulin plays a critical role in
human tumorigenesis in vivo.

4. DEREGULATED CONTROLS OF PRB, c-Myc, 
AND JNK SIGNALING PATHWAY BY ACTIVATED Ki-Ras

The c-myc gene is amplified in various human cancers, including lung and breast car-
cinoma (22,23), and expression is up-regulated in almost one-third of breast and colon
carcinomas (24,25). APC negatively regulates β-catenin, and β-catenin is a coactivator
for the transcriptional factor TCF, which activates c-myc expression, suggesting that
deregulated c-myc expression is central to signal transduction through APC (26). c-Myc
induces both neoplastic formation and apoptosis. c-Myc will be a key switch for induc-
tion of telomerase activity contributing to the immortality of tumor cells, as well as
expression of the catalytic subunit of telomerase (27). In collaboration with activated
Ras, c-Myc is able to transform primary fibroblasats, in which c-Myc appears to inacti-
vate cellular responses that are normally required for Ras-mediated growth inhibition,
resulting in switching the gene for Ras into a growth-promoting gene (28). Reciprocally,
Ras can inhibit Myc-mediated apoptosis (29). Numerous studies have demonstrated the
growth-regulated accumulation of c-myc mRNA resulting from increases both in c-myc
transcription and c-myc mRNA stability. Furthermore, posttranslational control of c-Myc
levels contributes to the deregulated accumulation of c-Myc activity (30).

In most of human colon cancers, over expression of c-myc mRNA is observed with-
out amplification of the c-myc gene. Although APC will be one of the main factors con-
tributing to this deregulated expression of c-myc, activated Ki-Ras will be also one of
the key factors involved in c-myc expression (12). As shown in Table 2, levels of c-myc
mRNA were dramatically reduced in HR-M clones, and Fig. 2 shows that the levels of
c-Myc proteins are greatly reduced in HKe3 cells more than in HCT116, and HKe3
cells re-expressing activated Ki-ras regains over expression of c-Myc, despite of exis-
tence of β-catenin mutation. These results suggested that activated Ki-Ras will be criti-
cally involved in c-myc expression, degradation, or c-Myc stabilization, resulting in the
uncontrolled cell growth in these cells.

The retinoblastoma protein (pRB) family is thought to inactivate E2F by physically
blocking the action of the transcription activation domain of E2F. Formation of E2F-
pRB complexes are inhibited by phosphorylation of several different clusters of sites of
pRB, with cyclin D-dependent kinase acting first and cyclin E- or cyclin A-dependent
kinases acting later (31). Many antiproliferative signals are transmitted to the pRB
family, including pRB, p107, and p130. pRB/p107/p130-triple knock-out mouse
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embryonic fibroblasts has a shorter cell cycle and were resistant to G1 arrest following
DNA damage and were insensitive to G1 arrest signals (32,33), thus confirming that
the essential role of the pRB family in the control of G1/S transition. Hypophosphory-
lated pRB blocks proliferation by sequestering and altering the function of E2F tran-
scription factors that control the expression of genes essential for progression from G1
to S phase. Deregulated pRB pathway renders cells that are insensitive to antigrowth
signals. One of the factors by which pRB is maintained in the hypophosphorylated
state is TGF-β-mediated signals. The phosphorylation of pRB, governed by TGF-β-
mediated signals, is disrupted in variety of ways in many kinds of human tumors, for
example, down-regulation of TGF-β receptors or dysfunctional receptors (34,35).
Indeed, both HCT116 and DLD-1 have mutations of the TGF-β receptor II, probably
caused by abnormality of mismatch repair enzymes (Table 1) and leading to deregula-
tion of TGF-β-mediated antigrowth signals. However, activated Ki-Ras is also criti-
cally involved in the state of phosphorylation of pRB. When fetal calf serum was
scanty in the culture medium in HCT116, HKe3, and HKe3 cells expressing activated
Ki-Ras, HKe3 cells showed only the hypophosphorylated from of pRB, whereas
HCT116 cells and HKe3 cells expressing activated Ki-Ras showed both forms as
observed under exponential growth conditions with calf serum (Fig. 2). These results
suggest that activated Ki-Ras-mediated signals culminates in a deregulated state of
phosphorylation of pRB, thus leading to uncontrolled growth of human cancers.

The Ras-mediated signaling pathway is complex and depends on the cells used and
the environmental factors (36). Oncogenic Ha-Ras causes a marked increase in tran-
scriptional activity of c-Jun through phosphorylation of c-Jun at Ser-63 and Ser-73,
which is phosphorylated by c-Jun NH2-terminal kinases (JNKs) (37–39). To determine
how activated Ki-Ras is involved in the JNK signaling pathway in HCT116 cells, c-jun
expression, phosphorylation of c-Jun, activity of JNKs, and activity of SEK1 were ana-
lyzed under conditions stimulated by 12-O-tetradecanoylphorbol 13-acetate (TPA)
(40). With nonstimulating conditions, exponential growth and serum-starved condi-
tions, neither HCT116 nor HKe3 cells expressed c-jun or show activation of the SEK1-
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Fig. 2. Western blot analysis of c-Myc expression and the state of phosphorylation of pRB. e3-
MKRas#9 and #14 are the HKe3-derived cells expressing activated Ki-Ras. Ex, exponential growth;
St, serum starved condition; P, hyper-phosphorylated.



JNK pathway. However, when stimulated by TPA, only HKe3 cells showed strong c-
jun induction, phosphorylation of c-Jun, through the SEK1-JNK pathway (Fig. 3). This
phenomenon was also observed in all HCT116-derived activated Ki-ras-disrupted
cells. These results, taken together, suggest that activated Ki-Ras suppresses TPA-
induced activation of SEK1-JNK. However, the inhibitor for PI3K did not inhibit TPA-
induced SEK1-JNK activation in HKe3 cells (40), which means that activation of PI3K
may not be involved in this pathway, and the imbalance between ERK and JNK activity
caused by activated Ki-Ras may play critical roles in human tumorigenesis.

5. Ki-Ras AND APOPTOSIS

The potential of tumor cells to expand is determined not only by the rate of cell prolif-
eration, but also by the rate of apoptosis. Activated Ras have either positive or negative
effects on the regulation of apoptosis, depending on cell types, cellular circumstances, and
environmental factors (41). These opposing effects on apoptosis by activated Ras relate to
Ras-mediated multiple effector pathways. For example, activated Ras has clearly been
shown to protect cells from apoptosis either through activation of Akt or through NF-κB
activation (42,43). Caspase-9 (Casp9) and caspase-3 (Casp3) are intracellular proteases
functioning as initiators and effectors of apoptosis, respectively. Most of the apoptotic
stimuli release of cytochrome c (cyto c) from mitochondria into the cytosol, where it
binds to the Apaf-1 (44). This complex between cyto c and Apaf-1 induces the binding to
pro-Casp9, and then induces proteolytic processing and the activation of pro-Casp9.
Active Casp9 cleaves pro-Casp3, then active Casp3 initiates a cascade of caspase activa-
tion that culminates in apoptosis. Prostate epithelial cells (267) expressing exogenous
activated Ki-Ras showed resistance to apoptotic stimuli causing cyto c release, and
cytosolic extracts derived from these cells were resistant to cyto c-induced caspase activa-

Chapter 12 / Ki-ras and Colorectal Tumorigenesis 235

Fig. 3. Inhibition of TPA-induced JNK activation in HCT116 cells. Ex, exponential growth; St,
serum starved; TPA, 1 h after TPA stimulation; and P, phosphorylated forms.



tion. The reduced caspase activity correlated with the inhibition of proteolytic processing
of pro-Casp3 (45–47). Furthermore, a farnesyl transferase inhibitor reversed the resis-
tance of cytosolic extracts to cyto c in 267 prostate cells expressing activated Ki-Ras, and
DLD-1 cells displayed a similar resistance to cyto c, whereas DK0-3 cells and DKs-8
cells showed a reversion of resistance to cyto c (48). Pro-Casp9 proteolytic processing in
response to cyto c was impaired in cytosolic extracts derived from 267 cells expressing
activated Ki-Ras. The mechanism of resistance to cyto c-induced pro-Casp9 by activated
Ki-Ras is due to the activation of Akt through PI3K pathway and activated Akt phospho-
rylates pro-Casp9, resulting in inhibition of its proteolytic activity (48). Thus, activated
Ki-Ras is involved in protection from cyto c-induced apoptosis.

Ceramide acts as a second messenger to mediate effects on cell differentiation,
growth inhibition, and apoptosis (49). Activation of JNK is essential for stress- and
ceramide-induced apoptosis in certain cells. TPA-induced JNK activation is inhibited
in HCT116 cells. Ceramide-induced apoptosis, JNK and ERK activity, as initiated by
ceramide, was analyzed using HCT116, HKe3, and HKh2 (50). In HKe3 and HKh2
cells, the activity of JNK increased significantly within 60 min following C2 ceramide
stimulation, and some apoptosis followed (Fig. 4). On the other hand, C2 ceramide
caused a marked apoptosis in HCT116 cells, but activation of JNK was not observed.
C2 ceramide did not activate ERK in any of the cells. These results suggest that acti-
vated Ki-Ras contributes to the sensitivity of ceramide-induced apoptosis, without JNK
or ERK activation, and other signaling pathways involved in ceramide-induced apopto-
sis may be present. These results also show that the effect of activated Ki-Ras on apop-
tosis depends on the conditions analyzed.

6. LIMITLESS REPLICATIVE POTENTIAL

Most types of tumor cells in culture appear to be immortalized, and this limitless
replicative potential is essential for development of a malignant growth state. Telom-
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Fig. 4. Viability of HCT116 cells, HKe3 cells, and HKh2 cells following treatment of C2 ceramide.



eres are the ends of chromosomes and are composed of several thousand repeats of
hexanucleotide. The 50–100 bp of telomeric DNA from the ends of every chromosome
are lost during even one replication. With this progressive erosion of telomeres through
successive cycles of replication, eventually they lose their potential to protect the ends
of chromosomal DNA and cell death follows. Telomere maintenance is evident in all
types of malignant cells (51), and most of these mechanisms maintaining telomeres are
through activation of telomerase enzymes, which adds hexanucleotide repeats onto the
ends of telomeric DNA (52).

To determine if activated Ki-Ras-mediated signaling affects telomere length and/or
telomerase activity in these cells, telomere length and telomerase activity in vitro was
analyzed (Fig. 5). HCT116 cells have much longer telomeres than do HKe3, and
telomerase activity of HCT116 was much higher than that of HKe3. Furthermore,
HKe3 cells re-expressing activated Ki-Ras showed a higher telomerase activity than
did HKe3 cells. HCT116 cell also expresses much c-Myc, whereas HKe3 cells express
little c-Myc. These results, taken together, suggest that activated Ki-Ras may affect
telomerase activity through the regulation of c-Myc expression.
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Fig. 5. Comparison of telomere length and telomerase activity between HCT116, HKe3, and HKe3
expressing activated Ki-Ras.



7. SUSTAINED ANGIOGENESIS

Oxygen and nutrients supplied by the vasculature are crucial for cell function and sur-
vival. Positive and negative signals for angiogenesis are regulated by soluble factors,
such as vascular endothelial growth factor (VEGF) and fibroblast growth factors (FGFs)
and their receptors on the surface of endothelial cells. Tumors appear to activate the
angiogenic switch, from vascular quiescence to sustained angiogenesis, by changing the
balance of angiogenesis inducers and inhibitors (53). One angiogenesis inhibitor is
thrombospondin-1, which binds to CD36, a transmembrane receptor on endothelial cells
coupled to intracellular tyrosine kinases (54). The inhibitor thrombospondin-1 is posi-
tively regulated by p53 in some cell types (55). Many human cancers have the p53 muta-
tions, therefore, the loss of p53 function may also be involved in tumorigenesis through
sustained angiogenesis. We and others also found that thrombospondin-1 is down-regu-
lated by activated Ki-Ras (11). HKe3 cells showed expression of thrombospondin-1,
whereas HCT116 cells and HKe3 cells expressing activated Ki-Ras showed little expres-
sion, which suggests that activated Ki-Ras is involved in tumorigenesis through down-
regulation of the angiogenesis inhibitor thrombospondin-1.

In terms of positive signals for angiogenesis, Rak et al. reported that VEGF mRNA
expression in DLD-1 and HCT116 were higher than that in DKs-8 and HKh2, respec-
tively (56), suggesting that activated Ki-Ras-mediated signals induce VEGF mRNA
expression. Further studies by Okada et al., who used the HCT116- and DLD-1-
derived transfectants expressing antisense VEGF and KHh-2, and DKs-8-derived trans-
fectants expressing sense VEGF, respectively, showed that reduced expression of
VEGF by antisense markedly inhibited the tumorigenesis in nude mice for HCT116
cells and DLD-1 cells, and induction of expression of VEGF in HKh2 cells and DKs-8
cells led to tumors in nude mice, albeit their growth rate in vivo being much slower
than that seen in HCT116 cells and DLD-1 cells (57). Thus, activated Ki-Ras-depen-
dent VEGF expression is necessary, but not sufficient, for progressive tumor growth in
vivo, and the relative contribution of activated Ki-ras to the process of tumor angiogen-
esis is given increasing attention.

8. TISSUE INVASION AND METASTASIS

The character of tissue invasion and metastasis demands thorough investigations.
Invasion and metastasis are complex processes involving changes in physical coupling
of cells to their microenvironment and activation of extracellular proteases. Tissue
invasion processes include cell–cell adhesion molecules, some of which also link cells
to extracellular matrix substrates. E-cadherin, ubiquitously expressing on epithelial
cells, serves as a widely acting suppressor of invasion and metastasis (58). The bridges
of E-cadherin between adjacent cells result in the transmission of antigrowth and other
signals through cytoplasmic contacts with β-catenin to intracellular signaling. Tissue
invasion and metastasis processes involve activation of extracellular proteases by up-
regulation of protease genes and down-regulation of protease inhibitor ones. The uroki-
nase-type plasminogen activator (u-PA) is a serine protease that converts inert
zymogen plasminogen to active plasmin. Urokinase binds to a glycosylated cell surface
receptor,u-PA receptor (u-PAR), which is thought to play a critical role in invasion and
metastasis. Colon cancer patients with a high u-PAR expression had a poorer progno-
sis, and colon cancer cell lines expressing a large number of u-PAR at the cell surface
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were more invasive in vitro compared with other colon cancer cells with a lesser degree
of expression of u-PAR. HCT116 cell-derived activated Ki-ras-disrupted cells
expressed 50–85% less u-PAR protein compared with the parental HCT116 cells (59).
One of the functions of the u-PAR is to facilitate plasminogen-dependent proteolysis.
HCT116 cells rapidly degrade laminin, which is one of the major elements of basement
membranes, whereas HKh2 cells showed only 80% less laminin degradation in vitro
(Fig. 6). These findings suggested that activated Ki-Ras is involved in u-PAR-directed
proteolysis and tissue invasion and metastasis through up-regulation of α-PAR ensues.

9. OTHER FACTORS CONTRIBUTING TO TUMORIGENESIS

p53 gene mutation is thought to be one of the most frequent genetic alterations in
human cancers. In response to DNA damage, p53 elicits either cell cycle arrest to allow
for DNA repair or apoptosis if the damage is excessive, the result being that the
genome is protected from accumulating excess mutations. Cells lacking functional p53
are more genetically unstable. Genes involved in sensing and repairing DNA damage
are lost in human cancers (60). This genome instability provides cells with selective
advantages for growth by acquiring accumulation of genetic alterations. INK4a
exhibits loss of function in a variety of human cancers at a high incidence. INK4a
encodes two distinct growth inhibitors, the cyclin-dependent kinase (CDK) inhibitor
p16 and the tumor suppressor p19arf. The former product is linked to the pRB-path-
way, through the inhibition of CDK4-directed phosphorylation of pRB. The latter is
linked to the p53-pathway, through interacting Mdm2 (a transcriptional target of p53),
the result being neutralization of Mdm2’s inhibition of p53 (61). Although Mdm2 is a
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Fig. 6. A slower rate of laminin degradation in HKh2 cells than HCT116 cells. Cells were plated
onto radioactive laminin-coated dishes, then supplemented with or without plasminogen. Culture
supernatant were counted for radioactivity at the indicated times.



transcriptional target of p53, resulting in a negative feedback loop through which p53
itself initiates its own destruction (62), p53-independent pathways triggered by growth
factors also regulate Mdm2 expression.

Ries et al. (63) determined if Ras-mediated radioresistance is dependent on p53,
using HCT116, HCT116-p53–/– (64), HKe3, DLD-1, and DK0-4 cells. HKe3
expressed less Mdm2 and more p53 than HCT116, and p53 accumulated at higher lev-
els in HKe3 cells after γ-irradiation because of lower levels of Mdm2, and the radiosen-
sitivity of these cells increased dramatically. Furthermore, the inhibition of MEK in the
parental HCT116 cells through addition of U0126 resulted in a radiosensitive pheno-
type similar to that seen with HKe3 cells. Treatment of p53-deficient HCT116 cells
with U0126 revealed no significant difference, and there was no difference of radiore-
sistance between DLD-1 and DK0-4 cells harboring the mutant p53, which thus indi-
cates that Ras-mediated radioresistance depends on p53.

10. CONCLUDING REMARKS

In human colorectal cancers, mutations of the Ki-ras gene are frequent. To address
the function of activated Ki-Ras in human colon cancers, we established the human
colon cancer cell HCT116- and DLD-1-derived activated Ki-ras-disrupted cells
through homologous recombination. The tumorigenicity in vitro and in vivo in these
cells was reduced dramatically. These cells have been extensively analyzed by the col-
laborators and functions of activated Ki-Ras in tumor maintenance were elucidated.
Activated Ki-Ras in human colon cancer cells analyzed revealed: (i) self-sufficiency in
growth signals through epiregulin; (ii) insensitivity to growth-inhibitory signals
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Fig. 7. Gene products regulated by activated Ki-Ras in human colon cancer cells.



through deregulation of c-Myc and pRB; (iii) evasion of apoptosis through phosphory-
lation of Caspase-9; (iv) limitless replicative potential through expression of hTERT,
(v) sustained angiogenesis through VEGF expression and the reduced expression of
thrombospondin-1; and (vi) tissue invasion and metastasis through uPAR expression
(Fig. 7). Therefore, these findings demonstrate that activated Ki-Ras manifests six
essential alterations in cell physiology (4) and malignant growth occurs.
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1. INTRODUCTION

Molecular analysis of multistage carcinogenesis in patients is mainly hampered by
the inavailability of biopsies from early tumor stages. In contrast, mouse models of
tumor development offer the means to reproducibly isolate different stages of tumor
progression, which then are amenable to pathological, genetic, and biochemical analy-
ses. Moreover, tumor cell lines derived from the different tumor stages are useful tools
in experimentally addressing many cancer-related questions. Finally, genetic modula-
tion of gene function by overexpression in transgenic mice (gain of function) or by
genetic ablation in knock-out mice (loss of function) provide the opportunity to deter-
mine whether observed genetic changes are cause or consequence of tumor develop-
ment. Hence, murine models of carcinogenesis have been instrumental in identifying
cancer-related genes and in unraveling their causal role in carcinogenesis.

However, simple overexpression of an oncogene in a particular tissue of a transgenic
mouse or ablation of the function of a tumor suppressor gene in knock-out mice,
although it may result in tumor formation, does not necessarily recapitulate the genet-
ics and biology of human cancer, and in the majority of mouse models generated up to
date, the comparison of mouse and human tumorigenesis reveals certain inconsistencies.
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Some of the still unresolved issues and limitations of mouse models are owing to
species-specific pecularities of cancer-associated genes, the tissue specificity of cancer
predispositions, and the low frequency of metastasis in mice.

To improve and optimize the use of mouse models for cancer research, three major
challenges have to be tackled:

1. Modulating biological activities in a way that the outcome resembles human cancer
(rebuilding cancer). Of course, this goal is hampered by a number of obstacles, including
differences in gene function between human and mouse or by redundancies within gene
families.

2. Molecular dissection of tumor progression. Rebuilding human cancer in mouse models
may not be possible unless all players are known, including mild genetic modifiers. This
is a rate-limiting step and bears a major challenge for the future, because genetic modi-
fiers may not be the same between mouse and human.

3. Development of murine models as tools for testing specific therapeutic approaches.
Mouse models that precisely recapitulate human carcinogenesis can be used to experi-
mentally evaluate both broad range and highly specific therapeutic approaches.

1.1. Manipulating the Mouse Genome
Generation of a transgenic mouse that carries in its germ line exogenously added

genetic information (transgene) is performed by physically microinjecting the DNA
construct into the male pronucleus of the fertilized one-cell mouse embryo (Fig. 1).
The microinjected constructs usually consist of a tissue- or cell type-specific promoter,
a cDNA encoding the gene product of interest, and mRNA processing sequences, such
as a polyadenylation site and introns, to ensure accurate and efficient gene expression
(Fig. 2). To accurately recapitulate temporal and spatial expression patterns of genes, in
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Fig. 1. Schematic outline of the generation of (1) transgenic mouse lines by DNA injection and (2)
knock-out mice by gene targeting. Germline transmission is indicated by one offspring in the trans-
genic approach and by three offspring in the knock-out approach (see text for details).



recent years short promoter constructs have been replaced by genomic regions contain-
ing the entire regulatory region of a gene, for example by using yeast artificial chromo-
somes (YACs) or bacterial artificial chromosomes (BACs) for generating the transgene
construct of interest (Fig. 2).

In many cases, transgene expression may interfere with embryonic development
and, hence, is sought to be under temporal or spatial control. For this purpose, a num-
ber of inducible systems have been adapted for the use in the generation of transgenic
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Fig. 2. Schematic representation of different transgene constructs that are commonly used to gener-
ate transgenic mouse lines expressing a gene of interest. Constitutive expression in a tissue of choice
is achieved by the use of a short promoter region that is sufficient to convey cell type-specific expres-
sion (classical transgene). Temporal and spatial expression of an endogeneous gene is accurately
recapitulated by expressing a gene of interest under the control of the entire regulatory region cloned,
for example, in YACs or BACs. Inducible expression of a trangene can be achieved by using the tetra-
cycline-inducible system or Cre-recombinase mediated activation of transgene expression (for details
see text).



mice. One aproach utilizes the bacteria-derived tetracycline-inducible system (Fig. 2)
(1). Two mouse lines are usually generated; one line expresses the gene of interest
under the control of a promoter region (Tet-operator) that binds and responds to the
tetracycline-dependent transcriptional regulator (Tet-activator). The second mouse line
expresses the Tet-activator protein that specifically binds the Tet-operator sequence.
The Tet-activator protein has been engineered to transactivate either in the absence of
tetracycline (Tet-Off system) or in the presence of tetracycline (Tet-On system). Appro-
priate choice of the promoter expressing the Tet-activator will decide in which tissue or
in which cell type expression of the gene of interest will be modulated. The two mouse
lines are then intercrossed to generate bitransgenic mice that carry both transgenes.
Tetracycline is provided in the drinking water or by other means, resulting in repres-
sion of gene expression in case of the Tet-Off system and activation of gene expression
in the Tet-On system (2).

While transgenic mouse lines have been instrumental in the gain of function
approach, in particular to learn about the oncogenic potential of genes, inactivation of
gene function by stable genetic ablation (knock-out mice) was crucial to learn about
the tumor suppressing capabilities of genes. Knock-out mouse lines are generated with
the help of embryonic stem (ES) cells, which are totipotent cells that can be cultured in
vitro and that are able to contribute to the development of mice, including the germ
cells (Fig. 1). In order to inactivate a gene of interest, targeting vectors are constructed
in a way that transfection of the vector in ES cells results in homologous recombination
and the removal of important regions, mainly coding exons, of the gene (Fig. 3). Posi-
tive and negative selection strategies are used to isolate ES cell clones that carry one
inactivated allele of the gene. These cells are injected into wild-type blastocyst stage
embryos, which are subsequently implanted into a foster mother. Resulting chimeric
mice are born in which the manipulated ES cells may have contributed to a majority of
the mouse tissue including the germ cells, thus establishing a stable knock-out mouse
line heterozygous for the inactivated allele. Intercrosses between these mice will pro-
duce mice in which both alleles are inactivated (homozygous knock-out). Dependent
on the function of the gene, complete loss of function may result in a variety of devel-
opmental or physiological phenotypes, ranging from early embryonic lethal to barely
detectable. Early embryonic lethality of knock-out mice is an unwanted complication
in cancer research. For example, analysis of the molecular function in carcinogenesis
of some important tumor suppressor genes, including the retinoblastoma protein (pRb)
or adenomatous polyposis coli (APC), is precluded by early death of the deficient mice.
Hence, an inducible or conditional way of ablating gene function has been developed
(conditional knock-out) (Fig. 3). Homologous recombination in ES cells is used to
introduce phage P1 (loxP) recombination recognition sites in a way that they flank the
exon(s) to be deleted. Mice are then generated that carry these “floxed” alleles in their
germline. These mice are then crossed to transgenic mice that express phage P1 recom-
binase Cre, the recombinase that specifically recognizes loxP sites and excises the
flanked exon(s) by homologous recombination (Fig. 3). Choosing cell type-specific or
inducible promoters to drive expression of Cre offers the opportunity to inactivate gene
function at desired time points and/or within tissues of choice. Floxed alleles and Cre
recombinase in ES cells in culture are also routinely used to replace a whole coding
area of a gene by a cDNA encoding another gene, so as to utilize the regulatory region
of one gene to drive expression of another gene (knock-in) (Fig. 3). Targeting of large
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chromosomal areas with loxP sites and subsequent recombination with Cre recombi-
nase is also used to rebuild chromosomal aberrations, such as deletions, duplications,
translocations, and gene conversions in mice. Among many other variations to this
scheme, a combination of knock-out/knock-in and transgenic strategies allows
inducible expression of a gene of interest by inserting several floxed polyadenylation
sites between the promoter region and the coding region of the transgene coding region
(Fig. 2). In the presence of the polyadenylation sites, mRNAs encoding the transgene
are not produced. Upon expression of Cre recombinase the polyadenylation sites are
removed by homologous recombination, and the transgene is expressed. This approach
offers dual specificity: both the promoter driving the blocked transgene and the pro-
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Fig. 3. Examples of experimental strategies to generate mutant mice by homologous recombination
in ES cells. Mice are subsequently generated by injecting the modified ES cells into blastocysts (Fig.
1) (for details see text).



Table 1
Genes that Act as Tumor Suppressors in Human and Mouse

Mouse tumors Human tumors 
Gene Gene function (knock-out mouse) (loss of function) References

pRb Cell cycle regulator Pituitary adenocarcinoma, Retinoblastoma, osteosarcoma. 26,27,245,246
pheochromocytoma, thyroid 
medullary carcinoma.

p53 Control of growth arrest Lymphoma, sarcoma, and others. Sarcoma, breast/brain tumors. 49,50,247,248
and apoptosis

NF1 Ras-GAP Pheochromocytoma, myeloid Neurofibroma, sarcoma, glioma. 222,225
leukemia, neurofibroma in 
chimeras.

NF2 Cytoskeletal regulator Sarcoma, metastases in p53–/–. Schwannoma, meningioma. 226,249
(Merlin)

APCMin (aa850) Component of Wnt signaling Multiple intestinal polyps. Colorectal cancer, brain. 145,250
APC∆716 Intestinal adenocarcinoma. 252
APC∆580 Multiple intestinal polyps. 148
Ink4a locus p16:CDK inhibitor, Lymphoma, sarcoma, Melanoma, pancreatic cancer, 33

(p16;p19/ARF) p19:stabilizer of p53 5carcinoma, glioma. ALL, glioma.
p19/ARF p19 stabilizer of p53 Lymphoma, sarcoma, ALL. 34

carcinoma, glioma.
Patched Sonic hedgehog Medulloblastoma. Basal cell carcinoma, 162

receptor medulloblastoma.
DPC4/Smad4 Transducer of TGF-β JPS. Pancreatic/colon cancer, 253

signaling hamartoma, JPS.
PTEN Dual specificity Lymphoma, thyroid, Glioblastoma, prostate, 130,131,132

phosphatase endometrium, prostate. breast cancer.
MSH2 MMR Lymphoma, colon/skin carcinoma. Colorectal cancer, HNPCC. 254,255
MLH1 MMR Lymphoma, intestinal Colorectal cancer, HNPCC. 77,256

adenoma/carcinoma.
PMS2 MMR Lymphoma, sarcoma. Non-polyposis colorectal cancer. 81
MSH6 MMR Lymphoma, intestinal Colorectal cancer, HNPCC. 75,76

adenoma/carcinoma.
ATM DNA repair Lymphoma. Lymphoma, leukemia. 92
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moter controlling Cre recombinase expression can be chosen according to the experi-
mental needs.

In the near future, these sophisticated technologies will be used at even more
advanced levels to generate mouse models of carcinogenesis that mimic cancer in man
as closely as possible. Faced with the huge number of mouse lines that develop tumors
and that have been generated over the years by purpose or by coincidence, in this book
chapter, we will restrict ourselves to mouse models that gave major insights into the
molecular mechanisms of tumor progression. In particular, we will present experiments
that used mouse genetics to proof molecular principles of mouse tumor development
that are most likely also valid in human cancerogenesis. Some of the transgenic and
knock-out mouse lines that, at least in part, are used as models for human carcinogene-
sis are summarized in Tables 1–5.

Table 2
Genes that Act as Tumor Suppressors in Mouse

Mouse tumors Human tumors 
Gene Gene function (knock-out mouse) (loss of function) References

Smad3 Transducer of Colorectal cancer. none 140
TGF-β signaling

E2F1 Transcription factor Lymphoma, lung, none 42
reproductive tract.

p27/KIP1 CDK inhibitor Multiple tissue none 35,36,257
hyperplasia, pituitary 
tumors, retinal dysplasia.

p18/Ink4c CDK inhibitor Pituitary tumor. none 38
ATR DNA repair Tumor prone. none 93
Tcf-1 Transcription factor, Mammary gland and none 154

transducer of intestinal tumors,
β-catenin signaling cooperates with APC in 

intestinal tumor formation.

Table 3
Genes that Act as Tumor Suppressors in Human

Mouse tumors Human tumors 
Gene Gene function (knock-out mouse) (loss of function) References

WT1 Transcriptional regulator none Nephroblastoma. 258
VHL Regulator of proteolysis none Hemangioma, renal, 259,260

pheochromocytoma.
BRCA1 DNA repair none Breast/ovarian 261,262,263

tumors.
BRCA2 DNA repair none Breast/ovarian 264,265,266

tumors.
PMS1 MMR none Colorectal cancer. 81
DPC4/ Transducer of TGF-β none Pancreatic/colon 267

Smad4 signaling cancer, hamartoma.
DCC Receptor of netrin-1 none Colorectal cancer 268
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Table 4
Examples of Cooperativity Between Tumor Suppressor Genes in Mouse

Gene Tumor phenotype of composite knock-out mouse References

APC, p53 Pancreatic neoplasia, without increasing intestinal tumor 146
formation.

Patched, p53 Medulloblastoma. 163
NF1, p53 Astrocytoma, glioblastoma. 225
DPC4, p53 Pancreatic cancer. 203
pRb, p53 Pinealoblastoma, islet cell tumors, bronchial epithelial 28

hyperplasia, retinal dysplasia, and others.
DPC4, APC Cooperates with Apc∆716 in colorectal carcinoma. 253
Tcf-1, APC Cooperates with APCMin in intestinal tumor formation. 154
PMS2, APC Cooperates with APCMin in intestinal tumor formation. 82
MHL1, APC Cooperates with APC(1638n) in intestinal tumor formation. 77,251
MSH2, APC Cooperates with APCMin in intestinal tumor formation. 80
MMP-7, APC Decrease in intestinal polyp formation of APC.Min 110
MTase, APC Decrease in intestinal polyp formation. 106
pRb, E2F-1 Decreased frequency of pituitary and thyroid tumors. 43
pRb, p107 Retinoblastoma. 29
p18/Ink4c, p27 Pituitary tumors. 38
PTEN, p27 Prostate cancer. 133

Table 5
Transgenic Tumor Models

Tumor type Promoter Oncogene References

Skin tumors
Squamous cell carcinoma
TG.AC mouse ζ-globin v-Ha-Ras 10

K5 E2F-1 46
K14 HPV16-E6/7 175

Melanoma (ocular)
Tyr v-Ha-Ras 169
Tyr Ret 170
Tyr T antigen 168,269

Melanoma (invasive)
INK4a–/– background Tyr v-Ha-Ras 13
Metastatic Tyr HGF/SF 8
Basal cell carcinoma

K14 Sonic hedgehog 156,270
K5 mutant smoothened 157
K5 Gli-2 158

BCC, trichoepitheliomas K5 Gli-1 159
pilomatricoma

K5 truncated β-catenin 152
Breast cancer

MMTV Py-MT 271
Bitransgenic MMTV MMTV c-Myc v-Ha-Ras 178

MMTV TGF-α 272
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Table 5
(Continued)

Tumor type Promoter Oncogene References

MMTV c-Neu 179
MMTV Activated c-Neu 178
Neu c-Neu 180
Neu Activated c-Neu 180
MMTV Cyclin D1 41
WAP T antigen 273

Lymphoid malignancies
MRP8 PML-RARα/PML- 274,275,

RARαm4 276
Cathepsin G PML-RARα 277
Knock-in cathepsin PML-RARα 278

G locus
Cathepsin G PLZF-RARα 232
Eµ c-Myc 279
Eµ N-Myc 280,281
Eµ v-Abl 282
Eµ Bcr-v-Abl 283
Eµ Ha-Ras 234
Eµ Bcl-2 289

Retinoblastoma
Mouse IRBP T-Antigen 284
Human IRBP T-Antigen 31
IRBP, p53–/– HPV-E7 32
LH T-Antigen 285

Lung cancer
SPC T-Antigen 218
K19 T-Antigen 220

Bitransgenic SPC c-myc 221
SPC EGF

Rhabdomyosarcoma
β-globin T-Antigen 287

Prostate cancer
MTT HGF/SF 288

TRAMP mouse probasin T-Antigen 191
C3(1) T-Antigen 197
Fetal-globin T-Antigen 201
Cryptidin T-Antigen 200

Pancreatic carcinoma
Elastase I K-Ras 202
Elastase I TGF-α 203

Hepatocellular carcinoma
Antithrombin-III T-antigen 204
Albumin T antigen 205
MT Growth hormone 208

Bitransgenic MT TGF-α 21
albumin c-Myc
HBx HBx 217



2. GROWTH CONTROL

Cancer cells bear an indefinite proliferative capacity being able to elude the commit-
ment to terminal differentiation and quiescence that normally regulate tissue homeosta-
sis in the organism. To achieve this property, tumor cells become independent from
external growth stimuli either by replacing external growth signals with autocrine
growth factors and/or with constitutive activation of signal transduction cascades or by
deregulating cell cycle control.

2.1. Autocrine Growth Stimulation
Many cancer cells, such as glioblastoma and sarcoma cells, produce their own

growth factors, platelet-derived growth factor (PDGF) and transforming growth factor
(TGF)-α, respectively, that are normally produced by stromal cells (3). Similarly,
melanoma cells produce high levels of fibroblast growth factor (FGF)-2 and are depen-
dent on this growth factor for proliferation (4). Alternatively, tumor cells become self-
sufficient in regulating mitogenic pathways by either overexpression or mutation of
signal transduction molecules. Examples are the up-regulated expression of growth
factor receptors, such as epidermal growth factor receptor (EGFR) or HER-2neu (5).
Moreover, tyrosine-kinase receptors, such as EGFR, are frequently found mutated or
truncated in a way that they are constitutively active independently from ligand binding
(6). Finally, 25% of human tumors present activating mutations in Ras, resulting in per-
sistent signal transduction via the mitogen-activated protein kinase (MAPK) pathway,
the phosphoinositol 3 kinase (PI3K) pathway, and possibly other downstream effector
pathways.

Several mouse models have confirmed a role of growth factor/receptor tyrosine
kinase signaling in carcinogenesis. For example, during skin tumorigenesis, overex-
pression of the EGF family member TGF-α in basal keratinocytes induces skin papillo-
mas at sites of wounding or mechanical stress (7). Similarly, ectopic expression of
HGF/SF in melanocytes induces the development of spontaneous/cutaneous melanoma
of about 20% of the mice with ultimate progression to metastasis after a year (8).
Transgenic modulation of signal transduction molecules that act downstream of recep-
tor tyrosine kinases also results in tumor development. For example, transgenic mice
expressing Ha-Ras in suprabasal keratinocytes develop benign papillomas (9), whereas
the more potent viral oncogene v-Ha-Ras initiates skin tumors that eventually convert
to squamous carcinoma (10,11). EGFR activation leads to association of the adapter
proteins Grb2 and Sos, the latter a Ras-specific guanine nucleotide exchange factor that
catalyzes activation of Ras by facilitating the GTP-GDP exchange. Expression of a
consitutive-active Sos in basal keratinocytes of transgenic mice induces spontaneous
papillomas with 100% penetrance (12). Notably, tumor development is impaired when
Sos tumors arise in a EGFR hypomorphic background, suggesting that a survival signal
independent from the Ras signal is activated upon EGFR stimulation.

In tumor-prone Ink4a-deficient mice, expression of an activated Ha-Ras is sufficient
to induce melanoma formation (13,14). Notably, the maintenance of the transformed
state is dependent on Ras activity, since tumor growth is reversed when expression of
the oncogene is abolished. Similarly to Ras, induction of c-Myc expression in skin or T
lymphocytes leads to neoplasia in a reversible fashion (15,16). These experiments indi-
cate that the sole activation of an oncogene can instruct cells to proliferate and prevent
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them from differentiation, growth arrest, or apoptosis. Nonetheless, tumor cells seem to
retain the capability of returning to normal regulatory responses, when the oncogene is
inactivated. In contrast to these results, simian virus 40 (SV40) T antigen-mediated
transformation of pancreatic β cells could not be reversed after a certain time point
(17). These experiments solicit questions about the number and nature of additional
genetic or epigenetic changes that render tumor cells irreversibly malignant.

One approach to identify cooperative effects between oncogenes is the genetic com-
plementation of transgenic mouse lines that overexpress two different genes of interest
in the same target cell, resulting in increased incidence of tumor formation, accelerated
tumor progression, or higher degree of malignancy. For example, co-expression of Ha-
Ras and c-Myc, or Wnt-1 plus FGF3, in mammary epithelial cells of bitransgenic ani-
mals results in an earlier appearance and a higher frequency of solid tumors, as
compared to expression of either of the transgenes alone (18,19). A similar cooperative
effect has been demonstrated in liver oncogenesis, where combinations of SV40 T anti-
gen and c-Myc, T antigen and Ha-Ras, or c-Myc plus Ha-Ras resulted in acceleration
of tumorigenesis and formation of tumors with more malignant phenotypes (20,21). In
a different set of transgenic mice, cooperative effects between TGF-α and either c-Myc
or SV40 T antigen has been revealed in liver and pancreas tumorigenesis (22). A varia-
tion on this theme has been demonstrated with transgenic mice that overexpress v-Ha-
Ras in the epidermal layer of the skin. Expression of v-Ha-Ras obviated the need for
classical carcinogens as initiators of tumorigenesis, since application of tumor promo-
tors such as phorbol 12-myristate-13-acetate (PMA) to the skin of the mice resulted in
the formation of skin papillomas (10). This approach has been also used to show that
TGF-α can bypass the need for a Ras mutation in the chemical carcinogenesis of skin
papillomas (23). In a similar cooperative fashion, exposure to UV light results in
enhanced melanoma formation in transgenic mice that express SV40 large T antigen
oncoprotein in melanocytes (24).

2.2. Cell Cycle Control
Cellular quiescence and tissue homeostasis is maintained by multiple antiprolifera-

tive signals in normal tissue. Most antiproliferative signals are transduced via the pRb
and its family members p107 and p130. Upon phosphorylation, these proteins release
the otherwise tightly bound transcription factor E2F thereby activating expression of
genes essential for G1 to S phase transition. Hence, any disruption of the pRb pathway
renders cells insensitive to antigrowth signals that normally block progression from G1
to S phase (25).

In human cancer, inactivating mutations of pRb have been documented in sporadic
and familial retinoblastoma, cancers of the lung, breast, prostate, and bladder, and
papillomavirus-associated cervical tumors. In addition, a large percentage of human
cancers carry a mutation in one of the components of the pRb pathway, all of which
lead to phosphorylation of pRb and disruption of cell cycle control. These alterations
include amplifications of the genes encoding cyclin D1 and cyclin-dependent kinase 4
(CDK4) and loss of the CDK-inhibitor p16/Ink4a. However, no alterations in the tran-
scription factor E2F gene have been found to date.

Inactivation of both copies of Rb in the mouse germ line results in early embryonic
lethality due to neuronal cell death and defective erythropoiesis. Heterozygous animals
are predisposed to the development of tumors of the pituitary gland and the thyroid, but
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not to retinoblastoma. Similar to human retinoblastoma, most of these tumors show
loss of the second allele of pRb (26–28). Hence, the wide range of tumors arising in
humans and especially familial retinoblastoma are not detected in the murine model.

Since mice with targeted deletion of pRb fail to show a retinal phenotype as sug-
gested from human studies, it was interesting to investigate pRb family members p107
and p130 in respect to their tumor suppressive function. Mice carrying a targeted dele-
tion of the Rb family members p107 and p130 develop normally and do not exhibit any
cancer predisposition in either heterozygous or homozygous state. Loss of p107 in the
Rb+/– background, however, leads to bilateral multifocal retinal hyperplasia with high
penetrance and suggests tumor suppressive function of p107 and moreover overlapping
function of pRb and p107 in the murine retina (29,30). Interestingly, no other combina-
tion of mutations in the pRb family members, including Rb+/– p130–/–, p130+/– p107–/–,
or p107+/– p130–/–, has resulted in retinal abnormalities or any other tumor phenotype
suggesting that loss of both p107 and p130 is insufficient to promote tumor progression
in the mouse.

Expression of viral oncogenes in the murine retina demonstrates that disruption of
the pRb pathway as well as inactivation of p53 is crucial in the development of
retinoblastoma. As expected, mice expressing T antigen specifically in the retina,
thereby inactivating pRb as well as p53, develop retinoblastoma (31). In contrast, trans-
genic mice expressing only the human papilloma virus (HPV) E7 gene product do not
exhibit retinal hyperplasia, because inactivation of pRb by E7 protein in the presence
of functional p53 leads of massive apoptosis. However, mice expressing HPV E7 in the
retina and simultaneously lack p53 develop retinoblastoma (32). Similar results were
obtained in Rb+/– animals: while p53 wild-type animals do not show retinal abnormali-
ties, p53-deficient mice succumb to retinal dysplasia, pinealoblastoma, islet cell
tumors, and bronchial hyperplasia. Consistent with the cooperative effect between the
loss of pRb and the loss pf p53 functions, analysis of mice heterozygous for both Rb
and p53 revealed a broader spectrum of tumors than the single deletions underlining
also the importance of the two major pathways affected during cancerogenesis (25).

The tumor suppressor pRb is one of the major targets of CDKs and their inhibitors
(CDK inhibitors). As expected, targeted deletion of the Ink4a locus, encoding the CDK
inhibitor p16 and p19/ARF, results in a cancer prone condition (33,34). Notably, loss of
Ink4a function cooperates with v-Ha-Ras in the induction of melanoma with loss of the
second Ink4a allele in heterozygous Ink4a tumors (13). Targeted inactivation of the
CDK inhibitor p27 leads to increased body size, hyperplasia of ovaries, testes, and
throid, retinal dysplasia, and pituitary tumors (35,36). A significant increase in the
onset of pituitary and thyroid tumors has been observed in Rb+/– p27–/– animals, with
loss of the remaining wild-type pRb allele (37), suggesting cooperatitvity between pRb
and p27. A similar cooperative effect has been observed between two CDK inhibitors,
p27 and p18, in context of suppression of pituitary tumorigenesis (38). Loss of p18,
like loss of p27, leads to pituitary hyperplasia and adenoma with high penetrance,
whereas mice deficient in both p18 and p27 exhibited a significant acceleration of
tumor development. In contrast, targeted inactivation of the CDK inhibitor, p21, a
major transcriptional target of p53, does not result in tumor formation (39,40).

Cyclin D1 has been identified as a candidate oncogene and is suspected to contribute
to a variety of neoplasms including breast cancer. To evaluate the potential of cyclin D1
to promote tumorigenesis in vivo, cyclin D1 was overexpressed in mammary epithe-
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lium of transgenic mice using the mouse mammary tumor virus (MMTV) long termi-
nal repeat (LTR) regulatory region. MMTV-cyclin D1 transgenic mice display abnor-
mal proliferation of the mammary epithelium and develop multifocal mammary
adenocarcinomas (41).

Mice lacking the transcription factor E2F1 are viable and susceptible to a variety of
tumors, which indicates, surprisingly, a tumor suppressive function of E2F1 (42). Within
one year, homozygous animals develop testicular atrophy and exocrine gland hyperpla-
sia and tumors of the reproductive tract, lung and lymphomas at low incidence. The
tumor spectrum of pRb+/– animals differs from the one observed in E2F1–/– mice.
Tumors of the pituitary and thyroid arising in pRb heterozygous animals are not
observed in mice lacking E2F1. Furthermore, pRb+/– animals develop only low levels of
bronchial lung hyperplasia, while E2F1–/– mice develop lung adenoma. pRb+/–E2F1–/–

double mutant mice show reduced frequency of both thyroid and pituitary tumors in
comparison to pRb+/– animals. In addition, the lifespan of pRb+/– is significantly
extended, suggesting that upon loss of pRb function, E2F1 acts as an oncogene (43).

Expression of human E2F1 under control of the keratin-5 (K5) promoter induced
hyperproliferation, hyperplasia and p53-dependent apoptosis in the epidermis of trans-
genic mice. Moreover, up-regulated E2F1 promotes spontaneous skin tumor develop-
ment upon loss of p53 and also cooperates with v-Ha-Ras in the formation of benign
skin papillomas (44,45). On the other hand, the K5-E2F1 transgenic mice are resistant
to chemically induced skin carcinogenesis, probably due to apoptosis early at the initi-
ation stage of tumor development (46). Hence, E2F1 exhibits both oncogenic and
tumor suppressive properties dependent upon the experimental context.

In contrast to the results obtained by overexpression of E2F1, up-regulation of E2F4
in the epidermis of mice does not induce spontaneous skin tumors (47). Also in con-
trast to E2F1, E2F4 cooperates with chemical skin carcinogenesis, but not with loss of
p53.

2.3. Checkpoint Control
Once cells have entered the cell cycle, for example by activating growth factor-

induced signal transduction cascades, additional controls are installed to assure accu-
rate DNA replication, mitosis, and cell division. Checkpoints are thought to exist at
several phases of the cell cycle, including the transition from G0 to G1, from G1 to S,
from anaphase to telophase and at cell division. Loss of any of these checkpoints can
result in disturbed DNA replication, DNA repair, and chromosome segregation and
thus in genomic instability and an increased mutational rate. Loss of such controls are
regularly observed in cancer cells.

The most frequent genetic alteration in human cancer is loss of function of the tumor
suppressor gene product p53; more than 50% of all human cancer types harbor muta-
tions in the p53 gene (48). The tumor suppressor gene p53 encodes a sequence specific
transcription factor which in response to DNA damage or other stress-related signals
promotes growth arrest and, in cases of irreversible DNA damage, induces apoptosis.
Consistent with its biochemical function, with its frequent inactivation in human can-
cers and with Li-Fraumeni syndrome, where p53 is mutated in the germ line, p53
knock-out mice rapidly develop malignant tumors, predominantly lymphomas and rare
cases of sarcomas (49,50). In the majority of tumors in mice heterozygous for the dele-
tion of p53, the second allele is found to be lost. Moreover, in all cases where p53
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knock-out mice have been intercrossed with tumor-bearing transgenic mouse lines,
tumorigenesis was dramatically accelerated. Together the data from transgenic mouse
experiments emphasize the pivotal role of p53 as a tumor suppressor gene.

A recently identified regulator of p53, Mdm2, is itself oncogenic and targets p53 for
ubiquitin-mediated degradation. Mdm2 gene amplifications and overexpression have
been reported in human sarcomas and various other malignancies, however, they have
been exclusively observed in tumors with functional p53 (51,52). Further evidence that
p53 and Mdm2 may act in the same pathway comes from experiments where the
embryonic lethality of Mdm2 knock-out mice can be completely rescued by ablation of
p53 function (53,54). Moreover, Mdm2/p53 double knock-out mice exhibit sponta-
neous tumor development that is indistinguishable from the tumor spectrum and tumor
rate observed in p53 knock-out mice (55).

Overexpression of Mdm2 in the mammary epithelium of transgenic mice was found
to inhibit proper mammary gland development by stimulation of multiple rounds of S
phase without completion of mitosis (56,57). A small number of mice developed mam-
mary tumors late in life, indicating that Mdm2 may play a role in induction of epithe-
lial tumors. Overexpression of Mdm2 under control of its native promoter in transgenic
mice causes the development of lymphomas and sarcomas (58). The high incidence of
Mdm-2 induced sarcoma that are not observed in p53 null mice argue for a p53-inde-
pendent mechanism of Mdm2 during tumorigenesis. Thus, overcoming p53-induced
suppression of tumor cell growth seems one but not the only function of Mdm2.

Crosstalk between the pRb and p53 pathway occurs on several levels. p21, for exam-
ple, is a transcriptional target of p53 and induces cell cycle arrest by interfering with
phosphorylation of pRb. Direct physical interaction is elicited through Mdm2 that
associates with both tumor suppressors p53 and pRb, thereby targeting the first for
degradation and inhibiting the repressor function of the second, consequently resulting
in cell cycle progression. Finally, p19/ARF links the pRb cell cycle control pathway
and the p53 DNA damage pathway. The Ink4a locus encodes two unrelated proteins,
the cell cycle inhibitor p16/Ink4a and p19/ARF, a stabilizer of p53. Upon loss of p16,
cyclin-dependent kinase 4 and 6 are no more repressed, they hyperphosphorylate pRb
resulting in the release of E2F transcription factors and unscheduled entry into S phase.
On the other hand, p19ARF efficiently induces a G1/G2 arrest by sequestration of
Mdm2, thereby preventing Mdm2-mediated p53 degradation. In mice, knock-out of the
whole Ink4a locus or of only p19/ARF generates a strong cancer prone condition
(33,34). Hence, appropriate function of these two pathways is fundamental for tumor
suppression, consistent with the fact that basically all tumor cells eliminate the func-
tion of either of these pathways. Moreover, many tumor viruses encode for proteins
that efficiently disrupt the function of both pRb and p53. Because of their high trans-
forming potential, these viral oncoproteins, such as SV40 large T antigen, human
papilloma virus 16 (HPV) E6 and E7 gene products, or adenovirus E1A and E1B gene
products, have been and still are extensively used as transforming agents in mouse
models of carcinogenesis.

2.4. Immortalization
At first sight, deregulation of proliferation and evasion from programmed cell death

(apoptosis) seems sufficient to enable a cancer cell to grow to a cell population com-
prising a tumor mass. However, growth inhibition and apoptosis are not the only mech-
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anisms that counteract tumor progression. Cells have also developed a device, based on
their telomere length, to count the number of cell doublings. Normal cells enter crisis
after a limited number of divisions (60–70 for human cells) resulting in cell cycle arrest
and/or apoptosis. Telomerase, the enzyme that is responsible to maintain proper telom-
ere length, is not active in normal human somatic cells, however, its activity is found to
be up-regulated in approximately 80% of cancer cells (59), prolonging their life span
and allowing them to circumvent crisis and senescence (60).

The functional role of telomerase in tumorigenesis has been assessed in experiments
in which tumor-prone Ink4a-deficient mice have been crossed with telomerase-defi-
cient mice (mTR–/–). In the absence of telomerase activity, tumor incidence is greatly
reduced (61), indicating that the gain of telomerase activity indeed favors tumor pro-
gression. On the other hand, two observations contradict this conclusion and compli-
cate the evaluation of telomerase as a target for therapeutic intervention. First,
telomerase-deficient mice, when bred up to the sixth generation, exhibit a significant
tumor predisposition (62). Secondly, embryonic fibroblasts deficient for both p53 and
telomerase have a higher transformation rate than p53-deficient cells (63). In both
cases, the lack of telomerase activity correlates with a high rate of chromosomal dam-
age and overall genomic instability. Telomere erosion is now known to be recognized
by DNA damage-sensing systems resulting in the induction of p53 (64). Notably, p53
deficient mice, who predominantly develop soft tissue sarcomas and lymphomas,
develop tumors in the self-renewing compartments of the skin, breast, and intestine,
when crossed to telomerase-deficient mice (65). Therefore, it can be speculated, that in
the absence of p53, cells do not arrest upon DNA damage and continue to accumulate
chromosomal abnormalities, thus promoting tumor progression. Hence, pharmacologi-
cal inhibitors of telomerase activity may have two distinct effects: they are likely to
regress advanced tumors, however, on the other hand they may enhance progression of
early tumors by accelerating the accumulation of intolerable genomic disarray.

2.5. Apoptosis/Survival
Programmed cell death (apoptosis) is a fundamental property of all multicellular

organisms, and it is not surprising that virtually all cell types of the human body carry a
latent form of the apoptotic program, which can be triggered upon a variety of physio-
logical signals. Extrinsic signals, such as Fas ligand binding the Fas receptor or tumor
necrosis factor-α (TNF-α) binding to its receptors, lead via a number of receptor/adap-
tor molecules to the activation of cascade of cysteine proteases, caspases, first by acti-
vation of an upstream caspase, which in return, activates downstream effector caspases
and the execution of cell death (66). In contrast, intrinsic stimuli of apoptosis activate
the release of cytochrome C from the mitochondria which via activation of another
upstream caspase results in the activation of downstream caspases. The latter process is
induced, for example, by the p53 target gene Bax which favors release of cytochrome
C from the mitochondria. In contrast, prominent anti-apoptotic members of the same
family of genes, such as Bc1-2 and Bc1-x, prevent cytochrome C-induced execution of
apoptosis and thus maintain survival even in the presence of apoptotic stimuli (67).

As described in the previous paragraphs, oncogene-induced proliferation via up-reg-
ulation of p19/ARF results in the activation of p53, cell cycle arrest and, in cases of
irreversible DNA damage, in apoptosis. In addition, there are a number of p53-inde-
pendent pathways that are activated in tumor cells and that lead to apoptosis, for exam-
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ple the up-regulation of Fas receptor and Fas ligand on tumor cells. Hence, in order to
give rise to massive tumors, tumor cells need to overcome these pro-apoptotic path-
ways and to escape cell death. Resistance to apoptosis can be acquired by different
means. Of course, the most frequent event seen in human and mouse tumors involves
mutational inactivation of p53. Fas ligand-induced apoptosis is frequently overcome by
the tumor cells’ expression of a nonsignaling decoy receptor that antagonizes the Fas
signal by sequestration of the ligand (66).

Some mouse models nicely exemplify the functional role of anti-apoptotic onco-
genes in tumor progression. Most notably is the acceleration of c-Myc-induced lym-
phomagenesis by the apoptosis suppressor Bcl-2 (22). In a similar manner, c-Myc
transgene-induced massive apoptosis of pancreatic β cells is rescued by expression of
Bc1-2 leading to β cell tumor formation (68). On the other hand, sensitivity to apopto-
sis can be overcome by the up-regulated expression of survival factors, such as insulin-
like growth factors (IGFs), EGFs, PDGFs, or interleukin-3. Using a transgenic mouse
model of β cell carcinogenesis (Rip1Tag2), it has been demonstrated that IGF-II acts as
a survival factor during tumorigenesis in vivo (69). In this transgenic mouse model,
expression of IGF-II is up-regulated concomitant with the onset of tumor cell hyper-
proliferation. Upon crossing Rip1Tag2 transgenic mice with IGF-II knock-out mice,
tumor outgrowth is dramatically reduced, and this can be accounted for by an increase
in tumor cell apoptosis. These experiments have clearly demonstrated the survival
function of classical growth factor signal transduction pathways. However, the molecu-
lar details of how these signals repress the execution of tumor cell apoptosis remain to
be elucidated.

3. GENOMIC INSTABILITY

Most of the molecular changes described above reflect genetic alterations of specific
genes. Genomic integrity, however, is ensured by a complex machinery of DNA moni-
toring and repair enzymes making mutations of specific genes or chromosomal aberra-
tions an unlikely event. Yet, human cancers do arise with substantial frequency, raising
the question of what causes the high genomic instability found in cancer cells. Increased
rates of mutations and chromosomal aberrations may be explained by the deficiencies in
components of the genomic caretaker system. The most prominent example is loss of
function of the tumor supressor p53 that occurs in more than 50% of all human malig-
nancies. Proteins with similar caretaker functions are currently identified with ever
increasing numbers and some of them are indeed impaired in cancer cells. Loss of func-
tion of these bona fide tumor suppressor genes promotes genomic instability subse-
quently leading to the generation of tumor cells with selective advantages.

3.1. Mutator Phenotype: HNPCC
In patients with hereditary non-polyposis colorectal cancer (HNPCC), most tumors

show microsatellite instability (MIN). Microsatellites are highly repetitive DNA
sequences that are prone to accumulate errors (mismatches) during DNA replication. In
HNPCC patients, the failure to repair these mismatches is due to inactivating mutations
in genes involved in postreplicative mismatch repair (MMR) (70). MMR genes are
highly conserved throughout evolution. They are all derived from the prototype bac-
terial mutS and mutL genes. Eukaryotic homologues are named MSH for mutS
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homologue and MLH for mutL homologue (71). Probably six human MSH genes exist
(1–6), where MSH2/MSH6 function in the repair of single base mismatches and
MSH2/MSH/3 in the repair of two to four base insertion/deletions. Of the mutL homo-
logues, MLH genes are implicated in mitotic repair, whereas MSH4 and 5 and PMS2
are involved in postmeiotic repair and MSH1 is involved in mitochondrial genome
repair. Defects in the mismatch repair system can shift the spontaneous mutation rate
from 10–6 to 10–3–10–2, resulting in a mutator phenotype characterized by an increased
frequency of mutations in tumor suppressor genes and oncogenes. Indeed, microsatel-
lites have been found within the coding regions of genes that are known to play impor-
tant roles in cellular transformation, including APC, TGF-β receptor II, IGF-2 receptor,
Tcf-4, Bax, and MMR genes themselves (72,73). A failure to repair replication errors
within these microsatellites invariably leads to a loss of the tumor suppressing func-
tions of these genes.

Loss of MLH1 and MSH2 function has been implicated in HNPCC. Knock-out mice
of MSH2 are fertile and develop normally. However, they exhibit a reduced life span,
development of T cell lymphomas, and with older age, also skin and gastrointestinal
(GI) tract tumors of benign and malignant characteristics (74). MSH6 knock-out mice
are fertile, and similar to MSH2 knock-out mice, they are prone to the development of
B and T cell lymphomas and GI tract tumors at older age, however, they live longer
than MSH2 knock-out mice (75). While MSH6–/– mice are deficient in single MMR,
insertion/deletions are still repaired, hence the longer life span. While MSH6 knock-
out mice can serve as an attenuated model of HNPCC, inactivation of MSH3 was not
seen in HNPCC and knock-out mice do not develop tumors (76). In contrast, MLH1
knock-out mice are infertile and they are predisposed to the development of T cell lym-
phomas and GI tract tumors (77). Although rare, MLH1 mutations are also found in
patients who died very early of leukemias, lymphomas, or neurofibromatosis type 1
(78,79). As expected, when MMR-deficient mice are crossed to other mouse models of
tumorigenesis, tumor development is dramatically accelerated. For example, MLH1-
deficiency in an truncated APC(1638n) background results in a higher incidence of GI
tract tumors and in accelerated progression to maligant stages (77). Intercrosses
between MSH2 knock-out mice and APC-deficient (Min) mice also accelerate tumori-
genesis (80). Interestingly, the wild-type allele of APC is lost in both cases, most likely
due to the fact that there is actually a microsatellite region within the coding region of
APC that makes APC itself a target of the MIN phenotype. PMS2 knock-out mice
exhibit male infertility, lymphomas, and some rare type tumors, however no GI tract
tumors (81). When crossed with APCMin mice, an increased number of GI tumors, but
no further progression to tumor malignancy, is apparent (82). PMS1 knock-out mice do
not develop tumors at all (81).

3.2. Chromosomal Instability
In contrast to the MIN caused by MMR defects, chromosomal instability (CIN) is

characterized by chromosomal rearrangements, including large deletions, fusions, and
translocation (83). CIN is easily recognized in tumor cells by their aneuploid DNA
content. On a molecular level, a first report indicates a correlation between aneuploidy
and mutations in molecules responsible for chromosome separation during mitosis
(84), however, a causal role of these mutations in tumor initiation is still unclear.
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3.2.1. DOUBLESTRAND BREAK REPAIR

Evidence for an involvement of chromosomal instability in cancer comes from stud-
ies on DNA repair in response to double-strand DNA breaks. Familial syndromes, such
as ataxia telangiectasia (AT), Nijmwegen breakage syndrome (NBS) and Li-Fraumeni
(loss of p53 function) or individuals with mutations in the breast cancer susceptibility
genes BRCA1 and 2, have indicated that defects in chromosomal homeostasis predis-
pose to cancer.

AT is a complex autosomal recessive disorder characterized by cerebellar ataxia and
dilation of blood vessels within the eyes and parts of the facial regions. Patients suffer
from recurrent infections due to immunodeficiencies and are predisposed to develop
cancer, predominantly lymphomas and leukemias (85). The gene mutated in At patients
(ATM) and a closely related gene (ATR) have been subsequently cloned and character-
ized (86). ATM and ATR are protein kinases that are involved in DNA damage
responses. One of the substrates of ATM kinase activity is the product of the gene
deleted in Nijmwegen breakage syndrome (NBS1 or nibrin), an autosomal recessive
genetic disorder characterized by an excessively high risk for the development of lym-
phatic tumors and an extreme sensitivity towards ionizing radiation (87).

Based on the identification of these genes and their functional characterization,
major insights into DNA repair mechanisms have been gained: double-strand breaks in
the DNA double helix, caused for example by γ-irradiation, usually induce activation
of p53 via the kinases ATM, ATR, DNA-dependent protein kinase (DNA-PK), or alter-
natively of the p53 family member p73 via ATM and c-Abl, resulting in growth arrest
or apoptosis (86,88).

DNA-PK is a molecule responsible for double-strand break repair and for specific
V(D)J recombination. DNA-PK knock-out mice exhibit high susceptibility to tumor
development (89,90). Moreover, mice deficient for both DNA-PK and poly(ADP-
ribose)polymerase (PARP), another DNA-damage sensing molecule, develop thymic
lymphomas (91).

ATM knock-out mice are resistant to γ-irradiation and, similar to patients, exhibit a
predisposition to the development of thymic lymphomas (92). Disruption of the func-
tion of ATR results in early embryonic lethality, however, in the heterozygous state a
predisposition to tumor development is observed (93). Inactivation of NBS1 in mice
results in embryonic lethality indicating that NBS1 mediates essential functions during
proliferation in the absence of externally induced damage (94).

Inheritance of mutations in the BRCA genes predisposes individuals to a high life-
time risk of breast and ovarian cancer (95). Surprisingly, unlike other tumor supressor
genes, mutations in the BRCA genes are not found in sporadic forms of breast cancer.
BRCA1 and BRCA2 are multifunctional proteins involved in homologous recombina-
tion and transcription coupled double-strand break repair, thereby maintaining
genomic integrity. Both are interacting with transcriptional regulators and repair pro-
teins such as Rad51, which is required for recombination and recombinational repair of
double-strand DNA breaks.

Homozygous deletion of BRCA1, BRCA2, and Rad51 in mice leads to early embry-
onic lethality and, unexpectedly, heterozygous animals develop normally and do not
seem to be susceptible to the development of mammary tumors (86,88). In contrast,
mice that carry a truncated version of BRCA2 develop lymphoma that aquire mutations
in p53, Bub1, and Mad3L, thereby losing the mitotic spindle checkpoint and ability to
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repair DNA (96). Moreover, embryonic fibroblasts derived from BRCA1 knock-out
mice are unable to arrest at the G2-M checkpoint, resulting in abnormal chromosome
segregation, aneuploidy, and amplification of centrosomes, suggesting that mutant
BRCA might induce genetic instability by disruption of regulation of centrosome
duplication.

3.2.2. CHROMOSOME SEGREGATION

Proper separation of chromosomes during mitosis is monitored by a checkpoint that
leads to cell cycle arrest if chromosomes are not correctly aligned and attached to the
mitotic spindle. Loss of this checkpoint has been shown to result in chromosome mis-
segregation and may contribute to genomic instability observed in many types of can-
cer (97). The checkpoint that controls the metaphase to anaphase transition involves a
number of proteins that have all been identified in yeast cell cycle regulation. In mam-
malian cells, most of these components are highly conserved: Mad1-3, Bub1, BubR1,
and Bub3 have been shown to play a role in mitotic checkpoint control. Mammalian
Bub1 and BubR1 are kinases that are active during mitosis and upon spindle check-
point arrest. Bub1 has been shown to phosphorylate Mad1 in vitro. Mad2 has been
found at decreased levels in a breast cancer cell line (98) and in colon cancer cell lines
(99). A dominant-negative version of Bub1 causes loss of checkpoint and chromosomal
instability, indicating a correlation between the loss of checkpoint control genes and
CIN (84). However, these proteins are not found to be completely absent in human can-
cers. Disruption of Bub1 in Drosophila and Mad2 in Caenorhabitis elegans and in
mice results in embryonic lethality with increased chromosomal aberrations and apop-
tosis, indicating that checkpoint control genes are important during normal mitosis
even without mutational challenge (100–102). Most notably, haploinsufficiency of the
Mad2 locus by targeted inactivation is associated with aneuploidy in human cancer
cells and in mouse embryonic fibroblasts (103). Consequently, in Mad2+/– mice ele-
vated chromomsome missegregation coincides with tumor development (102).

3.3. Epigenetics
Besides mutation or deletion, tumor suppressor genes can also be disabled by silenc-

ing their promoters. Recent studies have demonstrated that in many different tumor cell
types, CpG islands in the promoter region of many tumor suppressor genes are hyper-
methylated, thereby preventing their expression (104). The frequency of this CpG
island methylator phenotype (CIMP) accounts for most of the tumor cases in which
mutations or chromosomal aberrations affecting tumor suppressor genes could not be
detected. Tumor suppressor genes that are inactivated by CIMP include the von Hippel
Lindau gene (VHL), the cell cycle inhibitor p16/Ink4a, and the cell adhesion molecule
E-cadherin (105). Curiously, the MMR gene MLH1 has also been found inactivated by
hypermethylation, suggesting that CIMP may lead to the MIN mutator phenotype
(105). Hypermethylation does not appear to be a random process, since some promot-
ers seem to be predisposed. However, the molecular mechanisms by which promoter
hypermethylation is achieved and how its specificity is acquired are not known. There
is only indirect evidence that alterations in DNA methylase (Mtase) activity could
account for CIMP. Mtase activity is frequently found to be increased in various human
malignancies, including colon cancer, hematopoietic cancers, and lung cancer (104).
Inhibition of Mtase activity in mice, which by the mutation of the APC tumor suppres-
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sor gene are predisposed to colon cancer (Min mice), have markedly reduced tumor
incidence (106). Other epigenetic events, for example the role chromatin regulation
could play in carcinogenesis, have just started to be investigated in mouse models of
tumorigenesis. On the other hand, similar to human cancers, e.g., Wilms’ tumor,
imprinting of specific genes is also lost during tumor progression in mouse models of
tumorigenesis (107), providing a experimental tool to elucidate the molecular mecha-
nisms involved in this epigenetic event.

4. TUMOR PROGRESSION

Cancer is a disease of dynamic genetic and epigenetic changes resulting in gain and
loss of function of genes that are able to modulate tumor growth. The transformation of
a normal cell to a malignant tumor cell is, therefore, dependent upon a number of mol-
ecular changes. As a consequence, tumor development occurs in multiple pathological
stages, including hyperplasia with high an incidence of proliferation, the formation of
new blood vessels (tumor angiogenesis), extensive tissue remodeling, invasion of
tumor cells into surrounding tissue and, finally, dissemination of tumor cells to form
metastases. Thus, each of the molecular changes appears to be a rate-limiting, stochas-
tic event towards malignancy, and the genes that are involved in them are of course the
target of intensive investigations.

4.1. Tissue Remodeling
Altered regulation of cell–cell and cell–matrix interactions are found whenever

tumor cells invade their environment. Extra-cellular matrix (ECM)-degrading pro-
teinases regulate cellular behavior by remodeling stromal and cell surface proteins and
are widely expressed during all stages of tumor development, especially the members
of the matrix metalloproteinase family (MMPs) and the plasminogen activator system.
Proteases are often produced as inactive zymogens deposited in the ECM closely asso-
ciated with the cell surface or even in association with cell surface proteins.

To address the question whether MMPs have an implication in tumor initiation,
transgenic mice have been generated expressing MMP3/stromelysin-1 specifically in
the mammary gland (108). Surprisingly, the mere expression of MMP3 is sufficient to
initiate and promote the development of malignant mammary lesions that show epithe-
lial to mesenchymal transition and distant metastases. Induction of neoplasia was due
to proteolytic activity of MMP3 as overexpression of the MMP inhibitor TIMP-1
repressed tumor formation.

Transgenic mice expressing MMP7/matrilysin specifically in the breast epithelium
develop premalignant hyperplastic nodules in older females (109). Moreover, expres-
sion of MMP7 in these mice enhances the onset of primary mammary tumors of
MMTV-Neu mice, however, does not significantly increase the incidence of late stage
tumors and metastasis, again linking the function of a MMP to the early stages of
tumor progression. A similar effect on early stage of tumorigenesis has been observed
when MMP7 knock-out mice were crossed to APCMin mice, resulting in a significant
decrease in polyp number and size without a change in invasive behavior (110).

An influence of MMPs on both early and late stage tumorigenesis has been reported
in a model of skin carcinogenesis. Transgenic mice expressing the early region of
HPV16, specifically in basal keratinocytes, develop invasive squamous cell carcinoma
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of the epidermis (111). Extensive remodeling of the ECM occurs early in neoplastic
progression, and gelatinase B/MMP9 is already detected as active protein in hyperplas-
tic tissue. Concomitant with this observation, HPV16 mice that lack MMP9 show a
markedly delay in the development of hyperplastic and dysplastic lesions and a
reduced incidence of malignancy (112). Notably, MMP9 is predominantly expressed
by cells of the stromal compartment, rather than by the tumor cells themselves. Bone-
marrow reconstitution experiments restore the characteristic HPV16 phenotype in
MMP9 knock-out mice and, moreover, demonstrate that inflammatory cells expressing
MMP9 can be co-conspirators in skin carcinogenesis (112).

The importance of gelatinase A/MMP2 and gelatinase B/MMP9 in tumor formation
has been further elucidated in the Rip1Tag2 model of pancreatic β cell carcinogenesis
(113). Crossing Rip1Tag2 transgenic mice with MMP9 knock-out mice results in an
impaired onset of angiogenesis and, as a consequence, in reduced tumor incidence and
tumor growth (114). A possible mechanism involves the MMP9-mediated activation of
the angiogenic factor vascular endothelial growth factor (VEGF), which is constitu-
tively expressed even by normal β cells, but sequestered in a latent form in the ECM. In
contrast, crossing Rip1Tag2 transgenic mice with MMP2 knock-out mice has resulted
in impaired tumor progression without affecting angiogenesis, suggesting that MMP2
with similar substrate specificities may have distinct functions (114).

4.2. Angiogenesis
The formation of new blood vessels (angiogenesis) is critical for the growth and per-

sistence of primary solid tumors and their metastases. Furthermore, angiogenesis is
also required for metastatic dissemination, since an increase in vascular density facili-
tates access of tumor cells to the circulation. Induction of angiogenesis precedes the
formation of malignant tumors, and increased vascularization seems to correlate with
the invasive properties of tumors and thus with the malignant tumor phenotype. In the
last few years, the discovery and characterization of tumor-derived angiogenesis modu-
lators greatly contributed to our understanding of how tumors regulate angiogenesis
(115,116). Some of the best characterized angiogenic factors that are secreted by tumor
cells include VEGF, FGFs, and angiopoietins. By binding their cognate receptors on
endothelial cells, these angiogenic factors induce migration, proliferation, and tube for-
mation of endothelial cells. Inhibition of neovascularization by anti-angiogenic com-
pounds, such as endostatin, angiostatin, thrombospondin, platelet factor-4, TNP 470,
and others, as well as the inhibition of the function of angiogenic factors, for example
by neutralizing antibodies against VEGF by soluble growth factor receptors or by spe-
cific pharmaceutical inhibitors have demonstrated that angiogenesis is absolutely
required for tumor outgrowth and that angiogenic factors are responsible for the onset
of tumor angiogenesis (115).

Mouse models have been instrumental in investigating the molecular mechanisms of
tumor angiogenesis and in testing angiostatic compounds. For example, the onset of
tumor angiogenesis, the angiogenic switch, has been first characterized in the
Rip1Tag2 transgenic mouse model of pancreatic β cell carcinogenesis (117). In these
experiments, tissue biopsies from the different stages of tumor development are co-cul-
tured with endothelial cells in a 3-dimensional collagen matrix. While endothelial cells
do not respond to the presence of an early, nonangiogenic tumor stage, in the presence
of a tumor stage with active angiogenesis, endothelial cells respond by migration and
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proliferation. These experiments have also indicated that soluble angiogenic factors are
secreted by tumor cells. The Rip1Tag2 tumor model has also been instrumental to
demonstrate that MMP9 is functionally involved in the onset of tumor angiogenesis by
releasing latent VEGF from ECM (114) (see above) and that FGFs are functionally
involved in tumor angiogenesis by inhibiting the angiogenic switch with soluble FGF
receptors (118).

In the past years, many inhibitors of angiogenesis have been identified and charac-
terized, either protein factors or small chemical entities (115). Of course, transgenic
mouse models are frequently used to evaluate the efficacy of these compounds in the
inhibition of tumor angiogenesis and thus tumor growth. For example, among many
other assay systems, Rip1Tag2 transgenic mice have also been used to demonstrate the
anti-angiogenic activities of endostatin, angiostatin, interferon α, or TNP 470
(119,120).

4.3. Metastasis
Outgrowth of a solid tumor mass in late stage tumorigenesis often generates pioneer

cells that move out of the primary tumor mass and invade surrounding tissue. Eventu-
ally, tumor cells intravasate into blood vessels, disseminate through the bloodstream,
and extravasate at distant sites to settle and form metastases. Although only a small
number of tumor cells succeed to survive this journey, 90% of all human cancer deaths
are caused by metastases. Moreover, human tumors often exhibit an organ-specific
pattern of metastasis. This preference of tumor cells to specifically home to a distant
organ may reflect expression of specific tumor cell surface proteins that may interact
with proteins on the endothelial cell surface of a particular organ. Consistent with this
notion, redirection of tumor cell metastasis has been achieved in mouse models by
forced expression of α4β1 intregin or L-selectin on the surface of tumor cells
(121,122).

4.3.1. LOSS OF CELL ADHESION AND INVASION

Development of malignant tumors, in particular the transition from benign lesions to
invasive, metastatic cancer, is characterized by a tumor cell’s ability to overcome
cell–cell adhesion and to invade surrounding tissue, and changes in the expression of
many cell adhesion molecules have been implicated in tumor progression. The majority
of human cancers (approx 80–90%) originate from epithelial cells. Normally, epithelial
cells are tightly interconnected through several junctional structures, including tight
junctions, adherens-type junctions, and desmosomes. The establishment and mainte-
nance of these junctional complexes depends on Ca2+-dependent homophilic interactions
mediated by the cell-adhesion molecule E-cadherin in the zonula adherens (123). Criti-
cal for the activity of E-cadherin is its interaction with the catenins (α, β, and γ catenin
[plakoglobin]), which link E-cadherin to the actin cytoskeleton, and any disruption of the
intracellular E-cadherin-catenin complex concomitantly causes loss of cell adhesion.

Recently, it has been shown that expression of E-cadherin is lost during the transi-
tion from well-differentiated adenoma to invasive carcinoma in the Rip1Tag2 trans-
genic mouse model of pancreatic β cell carcinogenesis (113). To assess whether loss of
E-cadherin-mediated cell adhesion is a cause or a consequence of tumor progression in
vivo, Rip1Tag2 mice have been crossed with transgenic mice that either express wild-
type E-cadherin or a dominant-negative form of E-cadherin specifically in pancreatic β
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cells (124). Maintenance of E-cadherin expression during β-cell tumorigenesis results
in arrest of tumor development at the adenoma stage, whereas expression of a domi-
nant-negative E-cadherin induces early in vasion and metastasis. These results demon-
strate that loss of E-cadherin-mediated cell–cell adhesion is one rate-limiting step in
the progression from adenoma to carcinoma in vivo.

Other cell–cell adhesion molecules that seem to play a role in tumor cell invasion and
metastasis include the immunoglobulin superfamily of cell adhesion molecules (CAM).
In many human cancers, including Wilm’s tumor, colon carcinoma, melanoma, Ewing
sarcoma, neuroblastoma, small-cell lung cancer, and multiple myeloma, re-expression of
the embryonal isoforms NCAM 140, and NCAM 180 concomitant with the loss of
NCAM 120 is observed. Moreover, in human pancreatic and colorectal cancer reduced
levels of NCAM expression appeared to correlate with increased tumor malignancy
(125). NCAM’s functional contribution to tumor development is still only partially
understood. A first answer to this question has come also from experiments with
Rip1Tag2 trangenic mice (125). Similar to the development of many human cancers,
expression of NCAM in Rip1Tag2 transgenic mice changes from the 120 kDa isoform in
normal tissue to the 140/180 kDa isoforms in tumor tissue. To assess the role of NCAM
during tumor progression, Rip1Tag2 mice have been crossed with NCAM knock-out
mice. In NCAM-deficient Rip1Tag2 mice a dramatic increase in tumor metastasis was
observed, predominantly metastases to local lymph nodes. In contrast, other tumor
stages, in particular the transition from adenoma to carcinoma, were not affected by the
loss of NCAM function, suggesting that the loss of NCAM function is one rate-limiting
step in the actual metastatic dissemination of β tumor cells.

4.3.2. LYMPHANGIOGENESIS

Very recent experiments revealed that lymphangiogenesis, the formation of new
lymphatic vessels, plays an important role in tumor metastasis. With the discovery of
specific markers that are exclusively expressed on lymphatic endothelial cells, it has
been possible to correlate increased lymphatic vessel density with progressive malig-
nancy and metastasis (126,127). Moreover, members of the VEGF family of factors,
VEGF-C and -D have been identified to bind to VEGF receptor-3, a tyrosine kinase
receptor that, in the adult, is exclusively expressed on lymphatic endothelial cells. Sub-
sequently, it has been demonstrated that VEGF-C and -D are able to induce lymphan-
giogenesis, for example by expression of these factors in transgenic mice. Finally, the
causal role of lymphangiogenesis in tumor metastasis has been demonstrated by
expressing VEGF-C or VEGF-D either in xenografted tumor cell lines or in transgenic
mouse models of tumorigenesis, such as Rip1Tag2 transgenic mice (126,127). Expres-
sion of the lymphangiogenic factors during tumor outgrowth leads to active lymphan-
giogenesis, increased lymphatic vessel density in the tumor tissue and to metastatic
dissemination of tumor cells.

5. TUMOR MODELS

5.1. Molecular Pathways
5.1.1. PTEN

Loss of heterozygosity at chromosome 10q23 is frequently found in a number of dif-
ferent human tumors, including glioblastoma, melanoma, small-cell lung carcinoma,
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meningioma, and cancers of the kidney, breast, endometrium, and prostate. The
recently identified candidate tumor supressor gene in this region is termed PTEN for
“phosphate and tensin homologue deleted on chromosome ten” (128). Both alleles of
PTEN are inactivated in advanced stages of glioblastomas and prostate carcinoma, but
also in early stages of endometrial tumors. Moreover, germ line mutations in PTEN
cause several autosomal dominant inherited cancer syndromes, such as Cowden dis-
ease, and predispose individuals to multiple benign tumors and malignancies of the
breast and thyroid. PTEN is a dual specificity phosphatase, it can dephosphorylate both
phosphoproteins and phospholipids, in particular the product of PI3K, phosphoinosi-
tol-3 phosphates. PTEN has been shown to exert an important function in cell cycle
arrest and programmed cell death. Overexpression of PTEN in glioma and breast can-
cer cells induces apoptosis via inhibition of protein kinase B/Akt. Deregulation of the
Akt/PI3K survival pathway upon loss of PTEN may explain its tumor suppressive role
and association with late-stage more aggressive and metastatic tumors (129).

Loss of function mutation in mice by targeting the catalytic domain of PTEN causes
early embryonic lethality (130–132). Heterozygous animals develop a variety of differ-
ent tumors, including lymphoma, dysplastic intestinal polyps, endometrial atypical com-
plex hyperplasia, prostatic neoplasia, and thyroid follicular carcinoma. In all cases,
carcinomas arising in PTEN heterozygous animals were well differentiated and did not
show signs of invasion or metastasis, indicating that additional genetic alterations may
be necessary for malignant conversion. Consistent with the tumor suppressive function
of PTEN, loss of heterozygosity was frequently observed in mouse lymphomas. In con-
trast, using a different strategy to inactivate PTEN, a different tumor spectrum, including
tumors of the skin and testes, and a remaining wild-type allele of PTEN in hyperplastic
colon mucosa and intestinal polyps of PTEN heterozygotes mice has been observed
(133). Biallelic inactivation of PTEN and down-regulation of the CDK inhibitor p27 are
frequent events in human metastatic prostate cancer, and a similar cooperativity between
these two tumor suppressors has also been observed in prostate tumors of PTEN +/–

p27–/– mice, thus recapitulating the etiology of human cancer (133).
Loss of PTEN cooperates also with other oncogenic events. For example, MMTV-

Wnt-1 transgenic mice develop ductal carcinoma in the mammary gland, however,
upon mutation of one allele of PTEN, tumors appear significantly earlier than in mice
carrying either alteration alone (134). The majority of these tumors exhibit loss of the
wild type allele of PTEN indicating a growth advantage for tumors upon complete
inactivation of PTEN.

5.1.2. TGF-Β SIGNALING

TGF-β is a potent inhibitor of epithelial cell growth and modulator of cellular phe-
notype. TGF-β transduces its signal via Smad proteins, a family of intracellular pro-
teins that become phosphorylated upon TGF-β receptor activation and subsequently
translocate into the nucleus, where in combination with cofactors they act as transcrip-
tional regulators (135).

Mutations within the TGF-β pathway have been found in various human tumors, includ-
ing pancreatic and colorectal cancer. The role of TGF-β1 in skin carcinogenesis has been
addressed in transgenic mice expressing TGF-β1 specifically in keratinocytes (136). Induc-
tion of skin tumors by the tumor initiator/promoter protocol DMBA/TPA has revealed that
keratinocyte-derived TGF-β1 acts as inhibitor of keratinocyte growth, thus reducing out-
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growth of benign tumors. In contrast, TGF-β1 seemed to promote tumorigenesis in late
stages as judged by the appearance of early carcinoma and an increase in absolute numbers
of malignant spindle cell carcinoma. These studies indicate distinct roles for TGF-β1 in
early and late stage tumorigenesis: it acts as tumor suppressor of benign tumor outgrowth,
but as a tumor promoter in the progression to invasive carcinoma.

However, mice heterozygous for deletions of TGF-βs, TGF-β type II receptor,
Smad2, or Smad4 do not develop colorectal cancer (137,138). In a homozygous state,
these mice are embryonic or postnatal lethal, thus precluding tumor formation. For one
of the TGFs, TGF-β1, a tumor suppressive function has been documented upon treat-
ment of TGF-β1 heterozygous animals with carcinogens; tumors in TGF-β1 mutant
mice occurred at higher multiplicity and were more malignant than in wild-type ani-
mals (139). In contrast, another component of the TGF-β signaling, Smad3, has been
found to play a critical role in the formation of colorectal adenocarcinomas, since
100% of mice with homozygous deletion of Smad3 develop highly invasive, metasta-
sizing colorectal cancer, with great similarity to the human disease (140). APC func-
tion is not lost in these tumors, rather it appears that inactivation of the TGF-β
signaling pathway in these mice blocks the differentiation of epithelial cells and keeps
them in their proliferative state. Consistent with this notion, overexpression of Smad3
inhibits proliferation of epithelial cells (138).

5.1.3. WNT SIGNALING: FAMILIAL ADENOMATOUS POLYPOSIS

The proto-oncogene Wnt-1 has been identified by its oncogenic properties activated
through insertion of MMTV (Int-1) (141,142). Since then, the number of Wnt family
members is ever increasing. Most of the members of the family activate Wnt signaling
by binding to their receptor Frizzled, which results via the adaptor protein Dishevelled
and casein kinase II in the inhibition of glycogen synthetase kinase 3β (GSK-3β). One
of the substrates of GSK-3β is β-catenin. β-catenin is usually sequestered in the E-cad-
herin adherens junction or in tight-junction complexes. Nonsequestered free β-catenin
is rapidly phosphorylated by GSK-3β in a complex that comprises, in addition to GSK-
3β and β-catenin, the scaffolding proteins axin or conductin and the tumor suppressor
protein APC. Phosphorylated β-catenin is subsequently degraded by the ubiquitin-pro-
teasome pathway. If APC is nonfunctional or GSK-3β activity is blocked by the acti-
vated Wnt signaling pathway, β-catenin accumulates at high levels in the cytoplasm.
Subsequently, it translocates to the nucleus, where it binds to a member of the Tcf/Lef-
1 family of transcription factors and possibly activates the expression of Tcf/Lef-1-tar-
get genes, such as c-Myc and cyclin D1 (141,142). Hence, up-regulated Wnt signaling
plays an important role in the induction of cellular proliferation.

The tumor supressor gene APC has been initially identified by genetic analysis of
familial adenomatous polyposis (FAP) characterized by thousands of benign colorectal
polyps, some of which will progress to a malignant state if not removed. APC has also
been found to be mutated in a large fraction of sporadic colon cancers, mainly truncat-
ing mutations (143,144). The convergence of the Wnt signaling pathway and APC
function has been a very exciting issue in the past few years, and the functional roles of
APC and β-catenin have been investigated in great detail, mainly in the etiology of
colon carcinoma and melanoma.

A mouse model of FAP has been generated by random mutation, resulting in a
mouse line called the Min mice for multiple intestinal neoplasia (APCMin). These mice
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carry a nonsense mutation at the region corresponding to codon 850 of the human APC
gene. Heterozygous APCMin mice mimic FAP remarkably well, but develop polyps of
the small intestine rather than in the colon (145). Unlike human colorectal cancer,
intestinal polyps in the APCMin mice rarely progress to malignancy. Still, these mice
have been frequently used for genetic complementation experiments to study the func-
tion of genes of interest during tumorigenesis. For example, crossing APCMin mice
with DNA methylase knock-out mice has resulted in a reduction of tumor load (106),
and combinaton of p53 knock-out mice with APCMin mice resulted in pancreatic neo-
plasia (146).

Similar to the phenotype of the APCMin mouse, truncation of APC at amino acid 716
causes early embryonic lethality in the homozygous state and formation of multiple
intestinal polyps in heterozygous animals (147). Conditional APC knock-out mice have
refined this model, for example, recombinant adenovirus expressing Cre recombinase
is used to specifically generate alleles of APC, which are truncated at aa 580 in colonic
crypt cells and, consequently, induce the development of numerous polyps that eventu-
ally progressed to malignancy (148). While loss of the wild-type allele of APC is
observed in the polyps of these mice, unlike human colorectal cancer, mutations of K-
Ras or loss of p53 have not been found (149,150).

Mice carrying a truncation of APC at aa 1638 are viable and tumor-free and, impor-
tantly, regulation of β-catenin appears unaffected (151). APC∆1638 proteins lack the car-
boxy-terminal binding sites for tubulin, DLG, EB1, and possibly p34cdc2, but retain the
β-catenin and conductin/axin binding motifs. These data provide strong evidence for
the importance of β-catenin in tumor formation. Mutations in β-catenin are also
described in desmoid tumors, gastric cancers, thyroid cancers, hepatoblastoma, and
tumors of the hair follicle (141). These mutations affect mainly the N-terminal phos-
phorylation sites of β-catenin, resulting in stabilization of the protein and constitutive
activation of downstream signals. Such constitutive-active β-catenin mutants have been
expressed in a number of tissue types, however, thus far, only the expression in the skin
of transgenic mice has resulted in tumor formation, namely epitheloid cysts and differ-
entiated hair tumors morphological similar to human trichofolliculomas and pilomatri-
comas (152). In contrast, overexpression of the transcription factor Lef-1 in the
epidermis does not induce tumor formation, but leads to misorientation of hair follicles
(153). However, not all Tcf/Lef-1 transcription factors seem to cooperate with β-
catenin in its oncogenic action. For example, mice deficient for the transcription factor
Tcf-1 develop spontaneous mammary and colon carcinoma and, when crossed to
APCMin mice, these animals display 10× more intestinal polyps as compared to Tcf-
1+/+ littermates, raising the possibility that Tcf-1 is a repressor of the Wnt signaling
pathway (154).

5.1.4. HEDGEHOG PATHWAY: BASAL CELL CARCINOMA

Deregulation of the developmental signaling pathway involving mammalian homo-
logues of the Drosophila segment polarity genes Hedgehog (Hh) and Patched (Ptc)
contributes to tumor formation in various tissues (155). The importance of the Hh path-
way in the development of basal cell carcinoma (BCC) is supported by the identifica-
tion of the Ptc receptor as defective gene in an autosomal dominant disease, called
basal cell nevus syndrome (BCNS). BCNS or Gorlic’s syndrome are characterized by
developmental defects, skeletal abnormalities, and predisposition to certain tumors,
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including BCC, medulloblastoma, and meningiomas. The Hh signal transduction path-
way constitutes an important developmental pathway as first delineated for Drosophila
Hh and later for the mammalian homologues Sonic Hh, Indian Hh, and Desert hedge-
hog Hh (Shh, Ihh, and Dhh, respectively). Inactivation of the Ptc receptor or constitu-
tive activation of the Hh pathway results in transcriptional activation of the
proto-oncogene Gli and, subsequently, in the activation of the TGF-β and Wnt signal-
ing pathways thereby influencing embryonic patterning and cell polarity. While rare
cases of human BCC, medulloblastoma, and breast cancer samples exhibit Shh muta-
tions, the majority of cancers analyzed contains inactivating mutations of Ptc or onco-
genic activating mutations of Smoothened (Smo), which are the two antagonistic
receptors regulating Shh signaling (155).

Transgenic expression of Shh in skin leads to epidermal proliferation, loss of differ-
entiation and epidermal lesions that detach from the basal membrane due to lack of cer-
tain cell adhesion molecules, altogether characteristics of human BCC (156).
Moreover, expression of a mutant variant of Smo provokes a similar skin phenotpe in
late embryonic skin (157). All components of the Hh pathway seem to contribute to the
formation of BCC. For example, transgenic expression of Gli2 in cutaneous ker-
atinocytes results in a practical model of spontaneous BCC in adult mice (158). Simi-
larly, expression of human Gli1 induces formation of several types of spontaneous skin
tumors, including BCC, cylindroma, and trichoblastoma (159). The Gli1 cDNA used in
this study has been originally identified as an amplified oncogene in human glioma
(160). However, in contrast to human epithelial malignancies, where mutations in the
p53 and Ha-Ras genes are frequently found, neither of them has been affected during
Gli-induced tumorigenesis.

Targeted deletion of the Ptc receptor leads to skin tumors in heterozygous animals
only upon irradiation (161), although inactivation of Ptc1 is a major event in sporadic
and familial basal cell carcinoma in patients. However, animals heterzygous for Ptc
resemble some features of BCNS, in that they exhibit larger body size, skeletal abnor-
malities, and cerebellar tumors (162). Somatic mutations in the Ptc gene are frequently
found in medulloblastoma and germline mutations in the Ptc gene in BCNS predispose
individuals to a number of different tumors, including medulloblastoma. Consistent
with these observations, heterozygous Ptc knock-out mice exhibit several characteris-
tics of the human disease and about 15% of animals develop cerebellar tumors. More-
over, high levels of Gli1 observed in the mouse medulloblastoma indicate activation of
the Hh pathway or reduced Ptc activity in the tumor cells. Interestingly, tumors retain
one wild-type Ptc allele and also express the protein, thus arguing that haploinsuffi-
ciency of Ptc+/– is sufficient to promote tumor formation. Interestingly, lack of p53 in
the Ptc+/– animals dramatically accelerates tumor development and increases the inci-
dence of tumors form 15% in p53 wild-type mice to more than 95% in mice lacking
p53 (163). Finally, a small subset of Ptc+/– mice develop neoplasms resembling human
rhabdomyosarcomas with an up-regulation of IGF-II expression (164).

5.2. Some More Tumor Type-Specific Models
5.2.1. MELANOMA

Melanoma involves multiple genetic and epigenetic events; it affects a younger pop-
ulation and it is notorious for its propensity to metastasize early in the course of the
disease. The discovery of genes that are almost exclusively expressed in melanocytes,
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such as tyrosinase and tyrosinase-related protein-1 and -2 (TRP-1 and -2), and the sub-
sequent cloning and characterization of their promoter regions allowed specific expres-
sion of oncogenes in melanocytes. However, early expression of these
melanocyte-specific genes in the presumptive retinal pigmental epithelium (RPE) has
resulted in the formation of RPE tumors (165). The resulting death of the animals pre-
vents analysis of melanoma development which is only possible by transplantation to
syngeneic hosts (166,167). Such ocular melanoma and melanocytic lesions have been
obtained by expression of SV40 T antigen, viral Ha-Ras, or the Ret oncogene
(13,168–170). In contrast, expression of hepatocyte growth factor/scatterfactor
(HGF/SF) has resulted in an autocrine activation of the c-Met receptor in melanocytes
leading to full blown melanoma development, including metastasis to the liver (8).

The search for genetic loci linked to melanoma predisposition has yielded some
prominent candidates, such as loss of the tumor supressors Ink4a (Mts-1) and PTEN as
well as amplification of the EGF receptor. As described above, the Ink4a locus encodes
the two unrelated proteins, the cell cycle inhibitor p16 and the p53 stabilizer p19/ARF.
In mice, deletion of the entire Ink4a locus or the exclusive inactivation of p19/ARF
generates a strong cancer prone condition (33,34). When crossed to transgenic mice
that express v-Ha-Ras under the control of tyrosinase promoter, these mice develop
amelanotic, invasive, and highly vascular tumors (13). Notably, when v-Ha-Ras is
expressed under the control of the tetracycline-inducible system, restraining of trans-
gene expression results in the complete regression of melanoma, indicating that onco-
genic Ras is not only required for tumor initiation but also for tumor maintenance (14).

5.2.2. SQUAMOUS CELL CARCINOMA

For many decades, chemical carcinogenesis in mouse skin has been used as a model
for squamous cell cancer, and from these studies the definition of tumor initiation, pro-
motion, and malignant conversion has arisen. To mimic skin cancer, transgenic mice
have been generated predominantly by using keratin promoters to drive expression of
v-Ha-Ras, which is frequently mutated in epidermal hyperplasias and papillomas
(171). However, the rate and frequency of tumorigenesis is limited in these mice, and
additional events seem to be required for full blown tumorigenesis. One of these trans-
genic mouse lines, the TG.AC mice, expressing activated viral Ha-Ras under control of
the ζ-globin promoter in an FVB/N background (10) is routinely used in chemical skin
carcinogenesis experiments or in genetic complementation experiments. For example,
when crossed to transgenic mice that specifically express the angiogenic factor VEGF
in keratinocytes, TG.AC tumorigenesis is accelerated (172). Moreover, in a Fos knock-
out background, malignant progression upon tumor promoter treatment is prevented,
indicating that Fos is required for tumor progression (173). v-Ha-Ras expression in
TG.AC mice also cooperates with p53 deficiency or overexpression of Mdm2 (174).

Among many other transgenic mouse lines that develop skin cancer, expression of
E2F1 under the control of the keratin-5 promoter (K5-E2F1) nicely demonstrates the
oncogenic and tumor suppressor function of E2F: these mice are predisposed to spon-
taneous tumors in a variety of epithelia, however, they are resistant to chemical car-
cinogenesis at the initiation stage due to an induction of apoptosis (46).

Finally, multistage development of squamous cell carcinoma (SCC) is faithfully reca-
pitulated in a transgenic mouse line that carries the HPV 16 E6 and E7 genes under the
control of the keratin-14 promoter. Expression of the viral oncogenes in basal ker-
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atinocytes of the skin results in epidermal hyperplasia after 1 mo. dysplasia after 3–6 mo,
and, in an FVB/N background, invasive carcinoma by 8–12 mo (175). Reminiscent of
human cervical cancers, estrogen profoundly induces cervical and vaginal SCC (176).

5.2.3. BREAST CANCER

Already in the early days of mouse breeding spontaneous formation of breast tumors
has been observed in C3H/HeJ females after several cycles of pregancy and regression.
Subsequently, it has been found that this strain carries a latent infection of MMTV and
that the expression of genes which are located nearby the integration sites are activated
by the strong enhancer contained in the long terminal repeat (LTR) of the virus (177).
Molecular characterization of these genes has lead to the discovery of a number of proto-
oncogenes, the so-called Int-genes, comprising a number of now well-studied oncogenes
(see Section 5.3.). Subsequently, the hormone-dependent tissue-specific activity of the
MMTV promoter in mammary epithelial cell and in prostate epithelial cells has been
used for the generation of transgenic mouse models of mammary carcinogenesis.

In 20–30% of human breast cancers, the proto-oncogene Neu/ErbB-2, a member of
the EGFR gene family, has been found to be amplified and, hence, the wild-type and an
activated form of this tyrosine kinase receptor have been used to generate mouse model
of mammary carcinogenesis. In transgenic mouse lines that express activated Neu under
the control of the MMTV LTR (MMTV-Neu), female mice reproducibly develop poorly
differentiated adenocarcinomas of the epithelia of the mammary gland, whereas MMTV-
c-Myc or MMTV-v-Ha-Ras mice only stochastically develop tumors (178,179).

The role of the Neu oncogene has been recently confirmed by transgenic expression
of the wild-type or the activated from of Neu under the control of the endogeneous
Neu-promoter. In both cases, malignant foci form during multiple rounds of pregnancy
(180). Similarly, conditional expression of activated Neu under its own promoter leads
to focal malignancies after a long latency period (181). However, expression of acti-
vated Neu under normal transcriptional control does not seem to be sufficient for tumor
formation; amplification of the transgene and, with it, elevated levels of the Neu pro-
tein is observed in these tumors.

In many transgenic approaches undertaken to mimic mammary carcinogenesis, the
MMTV promoter, the whey acidic protein or the β-lactoglobulin promoter have been
used to drive transgenic expression of a number of potential oncogenes, including
SV40 T antigen, v-Ha-Ras, c-Myc, Bcl-2, cyclin E, and many others, all leading by
themselves or in combination with each other to the development of mammary adeno-
carcinomas (177,182). Consistent with the insertion/activation mechanism of MMTV-
induced carcinogenesis, MMTV-driven transgenic expression of Int-genes results into
oncogenesis by themselves, for example Int-3 (Notch) (183), or in cooperation with
other oncogenes, for example Int-1 (Wnt-1) with other integration events of MMTV
(184), or Int-1 with TGF-α or PTEN-deficiency (185).

The 5′ flanking region of the C3 (1) component of the rat prostate steroid binding
protein (PSBP) has also been used to target expression of SV40 T antigen to the epithe-
lium of the mammary gland (186) and the prostate (see Section 5.2.4.). However,
unlike most of the other models, these mice develop tumors already in virgin females
with a clear hormone independence during the formation of invasive carcinomas.

Some of these mouse models have been further employed to investigate subsequent
genetic aberrations that may be causally involved in breast carcinogenesis. Cooperative
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effects have been found with mutations in p53, with genomic instability or loss of het-
erozygosity (187,188). Notably, although p53-deficient mice predominantly develop
soft tissue sarcomas and lymphomas, when crossed to telomerase-deficient mice, they
develop epithelial cancers with high incidence by a process involving genomic instabil-
ity (65). The role of genomic instability in mouse breast carcinogenesis has also been
demonstrated by ablating BRCA1 specifically in the mammary gland, resulting in
tumor formation with very long latency and at low frequency. However, when com-
bined with p53-deficiency, tumors form with high incidence (189). Finally, transgenic
mice expressing a dominant-negative form of p53 (p53 172R-H) under the control of
the WAP promoter exhibit a significantly reduced resistance to chemically induced car-
cinogenesis of the mammary epithelium (182).

5.2.4. PROSTATE CARCINOMA

In human patients, two pathological situations are distinguished in the prostate:
prostate intraepithelial neoplasia (PIN) vs benign prostatic hyperplasia (BPH), with
PIN being most likely the precursor for cancer. Malignant prostate cancers are further
differentiated into androgen-dependent earlier lesions, which are amenable to andro-
gen-ablation therapy, and androgen-independent progressive disease. Many genes have
been implicated in the etiology of PIN, including MXII, PTEN, pRb, BRCA1, Bcl-2,
DCC, and DPC4, however, thus far no master regulator, such as APC in colorectal can-
cer, has been found for PIN.

Since the mouse prostate is anatomically not quite comparable to the human prostate,
xenograft transplantation experiments have been popular to study prostate carcinogene-
sis. More recently, with the discovery of prostate-specific promoters, several transgenic
mouse lines have been generated which develop prostate cancer. The probasin ligand
carrier family of proteins is specifically expressed in epithelial cell nuclei and the ducts
of the dorsolateral and ventral prostate (190). Their expression is dependent on andro-
gens and, to a lesser degree, on glucocorticoids. A short fragment of the probasin pro-
moter combined with chicken lysozyme MAR sequences has been used to target
expression of SV40 T antigen to the prostate epithelium. These mice, subsequently
called the TRAMP (transgenic adenocarcinoma mouse prostate) model, develop prostate
cancer in a multistep tumorigenesis pathway (191,192). Focal adenocarcinomas form
between 10 and 20 weeks of age with 100% incidence, and advanced stages recapitulate
metastasis to lymph nodes and lung and to bone in an FVB/N genetic background. This
model is now frequently used to study the molecular events involved in multistage
tumorigenesis, for example the IGF axis (193), and for therapeutic tests, such as for
androgen-ablation experiments or immunotherapy (194–196). In contrast to the expres-
sion of SV40 T antigen, probasin promoter-driven expression of Ha-Ras has only
resulted in epithelial and stromal hyperplasia, but not in neoplasia (192).

Other promoters have also been used to target prostate epithelial cells in transgenic
mice. For example, the C3(1) androgen-regulated promoter that usually drives expres-
sion of the ventral prostate secretory protein PSBP has been used to express SV40 T-
antigen; while females develop mammary adenocarcinomas, males develop prostate
cancer (197). Stepwise tumor progression from low grade to high grade PIN is nicely
recapitulated in these mice; similar to human PIN, tumors also show mutations of the
Ras gene (198). In contrast, expression of Bcl-2 under the control of the C3(1) pro-
moter has resulted in hypertrophy, but not in neoplasia (199).
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Neuroendocrine cells, the rarest cell type in the prostate have been targeted by the
expression of T antigen using the mouse cryptidin promoter. These mice rapidly devel-
oped progressive metastasizing cancer which is even androgen-independent, hence
providing a useful model for prostate cancer with neuroendocrine origin (200). Finally,
fetal globin-T antigen transgenic mice develop prostate tumors at high frequency and
short latency with neuroendocrine and epithelial features and, thus, are a model for late
stage metastazing cancer that is not androgen-dependent (201).

5.2.5. PANCREATIC CARCINOMA

Human pancreatic adenocarcinomas frequently exhibit activating mutations of K-
Ras and loss of function for p53, Ink4a, and Smad4. However, transgenic expression of
K-Ras in acinar cells of exocrine pancreas result in tumors with acinar characteristics
that do not resemble human ductal pancreatic adenocarcinoma (202).

Recently, a mouse model of ductal pancreatic cancer has been generated by overex-
pression of TGF-α under control of the rat elastase promoter (203). Persistent activa-
tion of the EGF receptor by TGF-α results in elevated levels of Ras activity as well as
other signaling pathways througout adulthood, eventually leading to premalignant
lesions of tubular structure. Furthermore, induction of p53 and its direct target p21 in
tubular complexes of TGF-α transgenic mice indicates that p53 acts as tumor suppres-
sor in pancreatic tumor progression. When crossed to p53 knock-out mice, the inci-
dence of pancreatic tumors increases significantly in p53+/– mice and reaches 100%
penetrance in p53–/– mice, suggesting that the loss of p53 is indeed a rate-limiting step
in pancreatic carcinogenesis. A critical role of p53 in pancreatic tumorigenesis has also
been confirmed by the surprising observation that APCMin mice, null for p53, are pre-
disposed to pancreatic acinar cell adenocarcinoma (146). Loss of heterozygosity analy-
ses have revealed additional genetic alterations, such as loss of the Ink4a and Smad4
locus in about 30% of cases. Hence, these TGF-α transgenic mice develop pancreatic
tumors similar to the human disease with regard to cellular differentiation, growth
characteristics, and genetic alterations.

5.2.6. HEPATOCELLULAR CARCINOMA

A number of genes are specifically expressed in hepatocytes, and their promoter
regions have been used to target expression of various oncogenes to the liver of trans-
gene mice. For example, expression of SV40 T antigen under the control of the albu-
min or the antithrombin III promoter leads to the development of multifocal
hepatocellular carcinoma (HCC) at remarkable synchrony (204,205). In contrast, vary-
ing results have been obtained with the use of the α-1-antitrypsin promoter to express
SV40 T antigen. Some lines develop liver tumors exclusively, while other lines exhibit
gastric neoplasias, pancreatic carcinoma or kidney hyperplasia (206). Similarly,
depending on the transgenic line, expression of v-Ha-Ras under control of the L-type
pyruvate kinase promoter results not only in HCC, but also in polycystic kidney disease
and epididymis hyperplasia (207). Surprisingly, HCC sporadically develops in mice
that express growth hormone under the control of the metallothionein promoter (208).
Some of these mouse models have been used to assess the involvement of cooperating
factors in liver carcinogenesis. For example, T antigen transgenic mice have been used
to demonstrate that tissue inhibitor of metalloproteinase-1 (TIMP-1) interferes with
tumor cell proliferation and with tumor vascularization (209).
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Cooperation between oncogenes in the induction of hepatocellular carcinogenesis
has also been nicely exemplified in transgenic mice that express c-Myc under the con-
trol of the albumin promoter and TGF-α under control of the metallothionein promoter.
Co-expression of the two transgenes dramatically accelerated the development of HCC
as compared to the neoplastic lesions caused by the transgenes alone (21). Moreover,
multistage tumorigenesis with a number of subsequent genetic and epigenetic changes
is observed in the doubletransgenic mice, thus resembling human HCC (210). Notably,
co-expression of HGF inhibits c-Myc-induced carcinogenesis (211). These mice have
been also instrumental in the molecular dissection of multistage tumorigenesis. For
example, they have been employed to demonstrate that the disruption of the pRB/E2F
pathway and inhibition of apoptosis are major oncogenic events during hepatocellular
carcinogenesis (212).

Mutational analysis of two different HCC mouse models suggests that deregulated
β-catenin might serve as a second hit in tumor progression cooperating with a distinct
tumor pathway. For example, c-Myc-induced liver tumors display a significant fraction
of β-catenin mutations (213). In contrast, T-antigen induced hepatocellular tumors do
not gain activating mutations of β-catenin (214). Since T-antigen itself disrupts the cell
cycle efficiently by sequestration of pRb, a T-antigen induced tumor may not require
additional mutations in β-catenin.

Chronic infection with hepatitus B virus (HBV) can cause liver cancer in humans, and
experimental approaches that employed the liver-specific expression of HBV genes in
transgenic mice have helped to shed some light into the etiology of HBV-dependent liver
carcinogenesis. Transgenic mice that express the major envelope protein of HBV, HBV
surface antigen, represent an experimental model for chronic infection with HBV, mani-
fested by prolonged hepatocelluar injury, necrosis, hyperplasia, and elavated incidence
of liver cancer after some latency (215). Intercrossing these mice with TGF-α transgenic
mice has resulted in accelerated liver carcinogenesis in males but not in females (216).
Expression of the HBV regulatory protein HBx under its own regulatory element has
resulted in the stepwise development of HCC, thereby nicely resembling HBV-induced
liver carcinogenesis, again with faster kinetic in males than in females (217).

5.2.7. LUNG CANCER

Mutations in oncogenes and loss of tumor suppressor genes are also found in the dif-
ferent types of lung cancer in patients; most frequently are mutations in K-Ras and
p53, overexpression of cyclin D1, Bcl-2, or ErbB2/Neu, and loss of Ink4a or pRb. With
the cloning of genes that are specifically expressed in lung epithelia, such as the human
surfactant protein C (SPC) in alveolar type II pneumocytes and the Clara cell reactive
10 kDa protein (CC10) gene in Clara cells, it is possible to target expression of coco-
genes to pulmonary epithelium and to generate transgenic mouse models of lung car-
cinogenesis. Examples are expression of SV40 T antigen (218) or c-Raf-1 kinase (219)
under control of the SPC promoter. Moreover, expression of T antigen under the con-
trol of the keratin-19 promoter develop bronchiolar papillary tumors with progression
to lung adenocarcinomas (220). Cooperative effects between different oncogenes in
lung carcinogenesis have also been demonstrated, for example in SPC-c-Myc and
SPC-EGF bitransgenic mice (221). However, specific transgenic mouse models that
attempt to mimic the molecular changes observed during human lung carcinogenesis,
in particular mutations in K-Ras and overexpression of cyclin D1 in a p53-, Ink4a-, or
pRb-deficient background, have yet to be generated.
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5.2.8. NEUROFIBROMATOSIS TYPE 1
Neurofibromatosis type 1 (NF1) is an autosomal dominant disorder characterized by

tumors of the neural crest, including benign neurofibromas and malignant neurosarco-
mas. Loss of NF1 activates Ras signaling and cooperates with inactivating mutations of
p53 during tumorigenesis. The NF1 gene neurofibromin encodes a guanosine triphos-
phate activating protein (GAP) that negatively regulates signaling by the GTPase Ras.
Mice carrying a targeted disruption in one allele of the NF1 gene are tumor prone and
develop tumors associated with NF1: pheochromocytomas and myeolid leukemias,
thereby confirming the tumor suppressive function of NF1 (222). In both tumor types,
loss of the wild-type allele is found with high frequency. Additional genetic alterations,
however, are difficult to detect due to the heterogeneity of the cell types within the
tumor samples.

Although NF1+/– mice are cancer prone, they do not develop neurofibromas and,
therefore, do not recapitulate the etiology of neural crest tumors. Loss of the remaining
wild-type allele as a rate limiting step in the formation of neurofibromas in mice was
proven in chimeric animals composed in part of NF1–/– cells (223). In addition, muta-
tions of p53 predispose NF1 heterozygous animals to wider spectrum of tumors, includ-
ing soft tissue sarcomas and neural crest-derived malignanacies (223,224). Interestingly,
NF1 and p53 genes are linked in humans and mice and all tumor cell lines established
from these mice exhibited loss of heterozygosity at both the NF1 and the p53 locus.
Finally, combined loss of both tumor suppressors, NF1 and p53 induces a multistage
tumor progression pathway, ranging from low-form astrocytoma to glioblastoma multi-
forme, thereby accurately recapitulating human glioma formation (225).

5.2.9. NEUROFIBROMATOSIS TYPE 2
NF2 is a rare dominantly inherited disorder associated with tumors of the nervous

systems, including schwannomas, meningiomas, and ependymomas. NF2 is a classic
tumor suppressor gene; NF2 patients carry one defective NF2 allele in their germline
and lose the second allele during tumor progression. Moreover, somatic inactivation of
both NF2 alleles is found in the majority of sporadic schwannomas and meningiomas.
The NF2 locus encodes for a protein of the ERM family of cytoskeleton-membrane
linker proteins, called merlin. Reorganization of the actin-cytoskeleton is dependent on
functional ERM proteins, and connected with adhesion and migration of cells, merlin
activity is often altered during tumor progression.

Targeted mutation of the NF2 locus leads to the development of a wide spectrum of
metastatic tumors in heterozygous animals, with loss of the second allele is tumor cells
(226). In contrast to human NF2 patients that develop benign tumors of the nervous
system, heterozygous NF2 mice develop osteosarcomas, fibrosarcomas, and HCC after
a long latency period. The metastasizing potential of these tumors is striking, since
most other mouse models fail to establish secondary tumors at distant sites, and since
human schwannomas and meningiomas of NF2 patients are relatively benign. Consid-
ering the cellular function of the cytoskeletal linker protein merlin, however, a loss of
function mutation might promote tumor cell migration and the subsequent formation of
metastasis.

Transgenic mice expressing a mutated from of merlin under a Schwann cell-specific
promoter have been generated (227). The mutation used in these transgenic mice is
found in NF2 patients and may function as a dominant-negative version of merlin, thus
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interfering with the function of the endogenous protein. Indeed, many of these mice
develop Schwann cell hyperplasia and schwannomas and prove a causal role for merlin
in tumorigenesis of the nervous system. Finally, specific ablation of merlin function by
conditional knock-out technique in Schwann cells results in characteristics of human
NF2, including schwannomas, Schwann cell hyperplasia, cataract, and osseous meta-
plasia. Hence, the tumor suppressor function of NF2 in context of murine schwanno-
mas has been established, and failure of the heterozygous NF2 mice to form
schwannomas can be explained by an insufficient loss of the second allele.

5.2.10. ACUTE PROMYELOCYTIC LEUKEMIA

Acute promyelocytic leukemia (APL) is a subtype of acute nonlymphocytic
leukemia (ANLL), characterized by uncontrolled expansion of cells at the promyelo-
cytic stage of neutrophilic differentiation. A receprocal translocation of chromosomes
15 and 17, t(15;17)(q22;q21), has been identified to tightly correlate with APL (286).
The gene encoding retinoic acid receptor (RARα) has been found within the breakpoint
region of chromosome 17 and to be fused to a gene within the breakpoint of chromo-
some 15, named PML. The translocation creates two fusion proteins, RARα-PML and
PML-RARα. RARs are members of the superfamily of nuclear hormone receptors,
which act in heterodimers with retinoid-X-receptors (RXR). In the absence of retinoic
acid (RA), by binding to co-repressors, RARs act as transcriptional repressors. RA
causes the dissociation of the co-repressors and the recruitment of co-activators, result-
ing into activation of gene expression. PML is a member of the RING finger family of
protein, localized to nuclear bodies, but with unknown function. In more rare cases of
APL, RARα has been found to be fused by reciprocal translocations to other partners,
including the zinc finger protein (PLZF) gene, the nucleophosmin (NPM) gene, and the
nuclear mitotic apparatus (NuMA) gene located on chromosomes 11, 5, or 11
(228,229). Most notably, RA induces remission of the disease by stimulating the differ-
entiation of tumor cells (230), and APL has become a paradigm for therapeutic
approaches utilizing differentiation agents (differentiation therapy). Such defined
genetic aberrations have been a opportunity to mimic the disease in transgenic mouse
models (228,229).

Using either the human cathepsin-G promoter or the human MRP8 promoter and
human PML-RARα cDNA as a transgene, mice developed leukemia with high fre-
quency, demonstrating the causal role of the fusion protein in the etiology of APL.
However, there are still significant differences in the pathology of the disease between
the different transgenic mouse lines and human disease. Moreover, full-blown
leukemia does not develop at birth and is preceded by a preleukemic period of variable
length, suggesting that other events are required for leukemogenesis.

Detailed mutational analysis of the fusion proteins by transgene expression also
revealed major insights into the mode of action of the deregulated activity of RARα.
These experiments also revealed that the PML moiety of the fusion protein plays an
important role. PML is a component of nuclear bodies that are composed of multiple
proteins and associate with the nuclear matrix. While the function of PML in the
nuclear bodies remains to be elucidated, it may affect the regulation of cell prolifera-
tion and survival by suppressing cell growth. Notably, targeted inactivation of PML in
mice results in the formation of a variety of tumors (231).

Recently, transgenic mice expressing all four fusion proteins have been generated to
compare the contribution of the different fusion partners. By comparison, there are
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slight differences in the timing of leukemia development and in the actual phenotype.
For example, the PLZF-RARα fusion gene is not sufficient to provide the block of neu-
trophil development at the promelocytic stage, a hallmark of APL. The reverse fusion
partner, RARα-PLZF, may be required as well, and the X-RARα fusion proteins,
despite their identity in the RARα protion, do not seem to be identical in their function.

Transgenic expression of the reciprocal fusion partners by themselves, for example
the transactivation domain of RARα fused to the C terminus of PML, alone does not
cause leukemia. However, when crossed to PML-RARα transgenic mice, an increase
in penetrance and earlier onset of leukemia development is observed. RARα-PLZF by
itself is also not sufficient to, induce leuemogenesis but can impair myelopoiesis (232).

Of course, the translocation in human cancers also results in a heterozygous situa-
tion for the nonaffected alleles of PML and RARα, and the contribution of the fusion
protein itself and/or the potential haploinsufficient effect of the translocation have to be
distinguished. Simple overexpression of the fusion proteins, hence, can not completely
recapitulate APL of human patients. Research is underway, mainly pioneered by the
laboratory of Pier-Paolo Pandolfi (Memorial Sloan Kettering Cancer Center), to accu-
rately recapitulate APL by combining mice that express various fusion proteins, knock-
out mice to modulate gene dosage of the remaining alleles, knock-in mice to mimic
expression patterns, and the Cre/LoxP inducible recombination system to generate
APL-specific chromosomal aberrations. These complex approaches will certainly help
to understand the detailed molecular mechanisms involved in APL and will offer a bet-
ter chance in developing efficacious treatment for this neoplastic disease.

5.2.11. LYMPHOMA

Lymphoid neoplasias often involve translocation of cellular protooncogene, such as
c-Myc, Bcl-2, and cyclin D1, to an immunoglobulin locus resulting in deregualted
expression of the oncogene. A number of transgenic mice have been generated that
utililize enhancers from the immunoglobulin heavy chain locus to drive expression of
these or other oncogenes. The availablity of promoters that specifically target expres-
sion to lymphocytes together with the accessibility of the cells for phenotypic and mol-
ecular analyses have made these transgenic mice a valuable tool not only for studying
lymphomagenesis, but also for investigating cooperative effects between genes of vari-
ous oncogenic potential.

Mice bearing c-Myc, Bcl-2, cyclin D1, c-Abl, Ras, and Bmi oncogenes have been gen-
erated. The main promoter used is the Eµ heavy chain enhancer which drives expression
of the transgene throughout the B-lymphoid lineage including very early stages, some-
times also the T-cell lineage and myeloid cells (233). Expression of c-Myc under control
of the Eµ enhancer results in aggressive pre-B- or B-cell lymphoma and lymphoblastic
leukemia that randomly arise as clonal tumors. Moreover, the lack of transplantability of
these tumors and additional mutations in the genes for N-Ras or K-Ras suggests that c-
Myc itself is not sufficient for full-blown lymphomagenesis (233,234).

Chronic myeloid leukemia and some cases of acute lymphoblastic leukemia show
translocations between chromosomes 9 and 22, where the 5′ portion of c-Abl is fused to
the Bcr gene. Similarly, a gag-abl fusion carried by the Abelson murine leukemia virus
generates pre-B and T lymphomas and potentiates the development of plasmacyotmas
in pristane treated Balb/C mice. Transgenic expression of v-Abl under control of the
Eµ enhancer provokes the formation of higly tumorigenic pre-B cell lymphomas and
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plasmacytomas. Eighty percent of the plasmacytomas evidence translocations of c-
Myc, and consistent with an involvement of c-Myc in lymphomagenesis, bitransgenic
c-Myc/Abl mice develop plasmacytomas very rapidly (234). N-Ras is mutated in cer-
tain forms of leukemia, particularly in acute myeloid leukemia. Eµ-N-Ras transgenic
mice by themselves develop thymic T cell lymphomas and histiocytic sarcomas, how-
ever, when crossed to Eµ-Myc transgenic mice, they develop B cell lymphomas (234).

In follicular B-cell lymphoma and in some chronic lymphocytic leukemias, the Bcl-
2 gene is translocated to the immunoglobulin locus, t(14;18). Consistent with its role in
anti-apoptosis, Bcl-2 transgenic mice exhibit elevated B cell numbers, and the progres-
sive increase in plasma cells results in autommiune disease (234). These cells are
arrested in the G0 phase of the cell cycle and, hence, do not proliferate, but are resistant
to apoptosis. In direct comparison to c-Myc, the Bcl-2 transgene is much less onco-
genic; only few pre-B-cell lymphomas and plasmacytomas form that contain a
rearranged c-Myc allele, indicating a cooperative effect between the two oncogenes.
Myc induces proliferation with a high incidence of apoptosis, whereas Bcl-2 prevents
the execution of apoptosis resulting in a high incidence of malignant disease (234).
Other proteins that regulate apoptosis have been modulated in transgenic mouse mod-
els to study their role in tumorigenesis, such as the use of caspase-8 or -9 knock-out
mice, Fas receptor-or Fas ligand-deficient mice, or transgenic expression of anti-apop-
totic proteins, such as the cowpox virus crmA gene. While Bcl-2 affects lymphomagen-
esis by inhibiting the apoptosis pathway that is induced by DNA damage or
physiological events (intrinsic pathway), changes in death receptor signaling also affect
tumorigenesis. For example, Lpr mice lacking Fas receptor develop plasmacytoma
with age and, when crossed to Eµ-Myc mice, exhibit an accelerated onset of lymphoma
development (234).

In mantle cell lymphomas cyclin D1 is frequently found to be translocated to the
immunoglobulin heavy chain locus, but Eµ-cyclin D1 transgenic mice do not develop
spontaneous tumors. However, in Eµ-c-Myc transgenic mice upregulated expression of
cyclin D1 is observed in tumor cells and a cooperative effect between c-Myc and
cycline D1 is found in bitransgenic mice (234).

5.3. Insertional Mutagenesis
One route to the identification of genes that cooperate with oncogenes and/or that

are able to modulate tumor phenotypes is their identification by retroviral insertional
mutagenesis. Certain retroviruses appear to integrate at preferential not spot in the
genome. Some of these integration events result in the upregulation of genes that lie
nearby. If such up-regulation can contribute to the transformed phenotype, that cell will
be selected and clonally expanded. For example, MMTV reproduceably integrates in
the vicinity of the genes encoding for Int-1/Wnt-1, Int-2/FGF-3, Int-3/Notch, Int-
4/Wnt-3, and hst/FGF-4, thereby up-regulating expression of these genes and enhanc-
ing mammary carcinogenesis (185). Cooperative effects between Int-1 and Int-2, or
between Int-1 and hst/FGF-4, have also been demonstrated by infecting transgenic
mice that express an Int-1 transgene in mammary epithelial cells with MMTV. Integra-
tion of the MMTV proviral DNA resulted in up-regulation of Int-2 or hst/FGF-4
expression and, consequently, in acceleration of tumor development.

A similar mechanism has been revealed for Moloney murine leukemia virus
(MuLV), which upon integration can up-regulate expression of c-Myc, Pim-1, or other
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genes in lymphocytes. This phenomenon has been used to identify a whole series of
genes involved in lymphomagenesis (235). For example, transgenic animals that
specifically express c-Myc in lymphocytes have been infected with MuLV. In the
resulting lymphomas, Pim-1 and Pim-2, which are Ser/Thr kinases, have been found at
elevated levels. Transgenic expression of Pim-1 has revealed again the cooperative
partners and in addition the zinc finger protein Bmi-1 (235). Overexpression of Bmi-1,
as a member of the polycomb group of homebox genes, causes homeotic transforma-
tions and promotes the immortalization of fibroblasts by down-regulating the p16/ARF
locus, which is normally induced by p53. Bim-1 may thus provide an escape route
from senescence. In the reverse case, infection of Pim-1 transgenic animals with MuLV
results in high levels of c-Myc or N-Myc expression and, consequently, in increased
lymphoma development. These cooperative effects have also been shown by the con-
struction of bitransgenic animals, for example with c-Myc and Pim-1 (235) or c-Myc
and Bmi-1 (236). Insertional mutagenesis with Eµ-N-Ras transgenic mice has revealed
c-Myc and N-Myc in T cell lymphomas (237), and experiments with Eµ v-Abl trans-
genic have recovered c-Myc, N-Myc, and Pim-1 genes (238).

5.4. Modifier Genes
In addition to environmental and epigenetic factors, phenotypic variation of tumors

is also due to the expression of genes that modify the cancerous phenotype, termed
modifier genes. Identification of relevant cancer modifier loci in humans is an
extremely difficult task and requires linkage studies of large and fully phenotyped pedi-
grees of individuals who carry specific mutations. However, evidence for the existence
of modifier loci has also been obtained in rodent models that have been characterized
for their genetic susceptibility to spontaneous or induced tumor formation. Crosses
between susceptible and resistant strains have lead to the conclusion that susceptibility
can be a dominant trait.

For example, in the A/J strain of mice, a polymorphism in the second intron of K-
Ras is responsible for the development of lung tumors with old age (239). Another
prominent example is the APCMin mouse carrying a mutation in the tumor suppressor
gene APC (see Section 5.1.3.). When heterozygous for the mutation, these mice
develop spontaneous intestinal tumors with high penetrance. Multiplicity and size of
the tumors, however, decreases upon inheritance of the Mom1 (modifier of Min) locus.
Linkage analysis suggested that the Mom1 gene may be Pla2g2a and encodes a secre-
tory phospholipase A2 that is involved in the synthesis of prostaglandins. Interestingly,
inhibition of prostaglandin synthesis reduces the rate of incidence and the size of col-
orectal tumors in mice and humans. In exploring the phoshpholipase hypothesis,
APCMin mice, which overexpress the Pla2g2a gene, show a significant decrease in
tumor load and tumor size (240).

In addition to single modifier genes, loci have been reported that genetically interact
with each other, thereby affecting tumor development. For example, in a mouse model
of lung carcinoma the tumor initiation is counteracted by the presence of several Par
resistance loci, impairing the initiation of lung tumors (241). Not only tumor initiation
but also tumor growth can be affected by modifier loci, as shown for the Hcr resistance
locus which prevents growth of liver tumors arising as consequence of the Hcs (hepato-
cacinogen sensitivity) locus (242). Interspecific crosses, for example between mus
spretus and mus musculus have revealed a number of loci that interact with each other
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in the modulation of skin tumorigenesis (243). Therefore, animal models represent a
useful tool to identify cancer modifier genes, however, these genes may be specific to
experimental models and may not necessarily play an important role in human tumor
development.

5.5. Rebuilding Cancer: the TVA System
Most mouse models, thus far, have employed only few genetic changes in an attempt

to mimic human cancer. As it is well-established that human cancer development
requires many genetic and epigenetic events, it seems necessary to find technical ways
to accurately recapitulate the etiology of cancers in man. One of the strategies to allow
many genetic manipulations in one mouse is based on a combination of classical trans-
gene/knock-out technology with viral gene delivery and has been pioneered mainly by
the laboratory of Harold Varmus (Sloan Kettering Cancer Institute) (244).

The cell surface receptor for the subgroup-A avian leukosis virus, TVA, is expressed
under the control of a cell-type (tumor-type)-specific promoter in transgenic mice.
Expression of this receptor on the surface of cells is then sufficient to mediate retroviral
infection by subgroup-A avian sarcoma leukosis virus (ASLV), other mouse cells will
not be infected. Modified retroviral vectors have been constructed by removing the v-
Src gene from Rous Sarcoma Virus (RSV) and replacing it with a multicloning site.
These recombinant retroviruses infect TVA expressing mammalian cells with high effi-
ciency, the viral genome integrates into the host genome, and no infectious particles
will be made to spread to other cells. TVA receptors are not blocked by the virus, so
multiple rounds of infection can be performed. These viruses are now used to deliver
genes of interest to be expressed. Such technology is currently used to mimic the mul-
tiple known genetic changes occuring during carcinogenesis in patients.

For example, to generate a mouse model of glioblastoma, TVA is expressed under
the control of the glial fibrillary acidic protein (GFAP) promoter or the nestin promoter
in astrocytes and glial precursor cells. Retroviral transduction of the bFGF gene has
revealed that bFGF, as suspected in human gliomas, induced proliferation and migra-
tion of of glial cells. Combinations with gain of function and loss of function mice, for
example retroviral overexpression of Cdk4 and a constitutive active from of EGFR in a
p53- or Ink4a-deficient background, theoretically reconstitutes at least part of the
genetic changes in human glioblastoma. Initial results show that activated EGFR does
not induce tumors, however, in an Ink4a knock-out background glioma-like lesions
develop. Moreover, in p53-deficient mice constitutive EGFR does not provoke neoplas-
tic lesions, unless Cdk4 is overexpressed as well (244).

Using a number of cell type-specific promoters to express TVA, similar experiments
have been initiated to rebuild breast cancer, lung cancer, melanoma, and others. One
major disadvantage of this approach is the fact that retroviral infection/integration
requires cell proliferation and, hence, attempts are underway to adapt this approach to
lentiviruses that can infect nonproliferating cells by engineering the ASLV envelope
protein into lentivirus vectors. These experimental approaches will be an important
tool to systematically study multicooperative effects between genes and are expected to
give major insights into the genetic interaction between genes during multistage
tumorigenesis. In particular, in times of major efforts to identify cancer susceptibil-
ity/modifier genes, this technology will be instrumental for functional studies.
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III ONCOGENES AS TARGETS

FOR ANTICANCER THERAPY IN VIVO





1. INTRODUCTION

The development of the first successful treatments for leukemia owed much more
to empiric observation than rational drug design in an era when the biology of
leukemia was poorly understood. While cytotoxic chemotherapeutic drugs have
played, and continue to play, an essential role in cancer management, their relative
lack of specificity and the frequency of resistance have been a limit to this approach.
This has prompted a search for targeted therapies, with the goal of maximizing
responses while minimizing toxicity. This first requires the identification of good tar-
gets, and it is only relatively recently that we have had the necessary tools to under-
take this process. To be considered a good target, an oncogene product should be
clearly responsible for the molecular pathogenesis of the disease. It should be a pro-
tein that is mutated or aberrantly expressed with that event being critical to the malig-
nant process. Advances in the fields of cytogenetics, molecular genetics, and
biochemistry over the past half century have greatly advanced our understanding of
leukemia pathogenesis and helped identify candidate targets. We now know that
oncogenic activation can result from several different mechanisms, including chro-
mosomal translocations, activating mutations, loss of function mutations, and dele-
tions. This chapter will show how the application of this knowledge has aided in the
development of molecularly based treatment approaches, in particular the Bcr-Abl
tyrosine kinase inhibitor STI571.
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2. IDENTIFYING THE TARGETS

2.1. Chromosomal Translocations

The identification of the Philadelphia (Ph) chromosome as the first consistent chro-
mosomal abnormality in a human malignancy and the subsequent discovery that many
types of leukemia and lymphoma were associated with recurrent chromosomal translo-
cations suggested that these chromosomal abnormalities could play a role in the patho-
genesis of these diseases (1). Numerous recurrent chromosomal translocations have
since been identified, and the molecular consequences of some of these are now well
characterized (2). Chromosomal translocations result in cellular transformation by one
of two principal mechanisms. In the first, juxtaposition to a transcriptionally active
region of the genome leads to increased expression of the target gene. This is more
commonly seen in lymphoid malignancies where target genes are translocated to the
immunoglobulin or T cell receptor loci in the case of B and T cell malignancies,
respectively. In the case of follicular lymphoma, the t(14;18) leads to increased expres-
sion of the anti-apoptotic protein Bcl-2 as a result of the juxtaposition of the bcl-2 gene
on chromosome 18 with the immunoglobulin heavy chain locus on chromosome 14
(3,4). A similar mechanism operates in both Burkitt’s lymphoma as a consequence of
t(8;14) and mantle cell lymphoma as a consequence of t(11;14), with overexpression of
the c-myc and cyclin D1 genes, respectively (5–7). The second mechanism, which is
more common in leukemia, results in the generation of chimeric oncogenes, which
alter the phenotype of the affected cell.

The production of chimeric oncogenes involving transcription factors can disrupt
the normal function of these factors leading to altered cellular differentiation. In acute
promyelocytic leukemia (APL) associated with the (15;17) translocation, the normal
response of the retinoic acid receptor-α (RAR-α) to its ligand, retinoic acid (RA), is
disrupted in the fusion protein, promyelocytic leukemia (PML)-RAR-α. RAR-α nor-
mally functions as a ligand inducible transcription factor. In the absence of RA, it
recruits the nuclear co-repressor complex (N-CoR), which in turn recruits Sin3 and his-
tone deacetylase, thus repressing transcription. Once RA binds to its receptor, the
repressor complex is released, co-activators with histone acetyltransferase activity are
recruited to the transcription complex, and transcription of RA response elements
ensues. PML-RAR-α, unlike normal RAR-α does not release the co-repressor complex
in response to physiologic levels of RA resulting in a blockade in myeloid differentia-
tion. However, pharmacologic doses of RA (1 µM) are capable of relieving this repres-
sion, restoring normal cellular differentiation (8–11). RA therapy may also lead to
degradation of PML-RAR-α by a proteolytic pathway, contributing to its ability to
restore normal differentiation (12).

The therapeutic efficacy of RA was first demonstrated in China with all-trans
retinoic acid (ATRA) producing differentiation and remission in patients with APL
with less toxicity than conventional chemotherapy (13). This was a major advance and
the first example of a small molecule successfully targeting the underlying molecular
lesion in a form of leukemia. However, this was an empiric discovery, as at that time,
the molecular basis of APL had not yet been elucidated. Further experience with ATRA
in APL showed that the vast majority of patients relapsed if treated with ATRA alone.
Subsequent clinical trials have now refined the treatment of this disease, and by utiliz-
ing a combination of chemotherapy and ATRA, high rates of durable remission are
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seen. In one recently reported study, a complete remission (CR) rate of 92% and
relapse-free survival rate of 86% were seen (14). For APL patients who fail therapy
with ATRA, arsenic trioxide can induce CR in approximately 80% of patients (15).
Therefore, with current therapy, the vast majority of APL patients should survive their
disease. Disruption of the transcription factor, known as core binding factor (CBF), is a
common theme in several different types of leukemia. CBF is a heterodimeric protein
consisting of AML1 (also known as CBFa2), the DNA-binding component, and CBFβ,
which binds to AML1 and stabilizes its binding to DNA (16). Approximately 12% of
cases of acute myeloid leukemia (AML) have a translocation between chromosomes 8
and 21, t(8;21) (17). This translocation generates a dominant negative AML1/ETO
fusion protein, which interferes with the normal transactivating function of AML1 (18).
The AML1 protein regulates the expression of genes crucial for normal hematopoietic
development, differentiation, and function, including the genes for myeloperoxidase,
neutrophil elastase, interleukin 3, and granulocyte macrophage colony-stimulating fac-
tor (GM-CSF). The ETO fusion partner binds to the N-CoR, which then recruits Sin3
and histone deacetylase. This complex inhibits the expression of normal AML1-
responsive genes, disrupting hematopoiesis (19). A related form of AML, associated
with inv (16), is also characterized by abnormal AML1/CBFβ-dependent transcrip-
tional regulation. In this case, the fusion protein CBFβ-MYH11 also functions as a
dominant repressor, again recruiting a co-repressor with histone deacetylase activity
(20). CBFβ-MYH11 transcripts have been detected in up to 10% of patients with
newly diagnosed AML (21). Finally, the most frequent chromosomal translocation
seen in childhood acute lymphoblastic leukemia (ALL), t(12;21), accounting for
approximately 25% of cases of ALL, results in the generation of a TEL-AML1
chimeric protein. It appears that TEL-AML1 contributes to leukemogenesis through
the recruitment of a nuclear co-repressor complex with histone deacetylase activity
(22). Therefore, a shared theme between t(8;21), inv(16), t(12;21), and APL is that of
transcriptional repression related to excessive histone deacetylase activity.

Another common consequence of translocation events is activation of a tyrosine
kinase. In those translocations involving genes encoding tyrosine kinases, the partner
gene usually encodes a dimerization motif, which leads to constitutive activation of the
tyrosine kinase. Chronic myelogenous leukemia (CML) is the classic example of this.
The Ph chromosome, a shortened chromosome 22, was the first consistent chromoso-
mal abnormality identified in a human malignancy (1). With the development of
improved chromosomal banding techniques in the early 1970s, it became apparent that
the Ph chromosome was the result of a reciprocal translocation between the long arms
of chromosomes 9 and 22, t(9;22)(q34;q11) (23). The molecular consequences of this
translocation were subsequently shown to be the juxtaposition of the c-Abl oncogene
from chromosome 9 with sequences from chromosome 22, the breakpoint cluster
region (Bcr), giving rise to a fusion bcr-abl gene (24). The size of the protein generated
by the fusion gene varies depending on where the breakpoint occurs in the Bcr region.
A210-kDa fusion protein (p210) is seen in approximately 95% of patients with CML
and up to 20% of adult patients with ALL. A 185-kDa fusion protein (p185) is seen in
10% of adults with ALL and is the predominant Bcr-Abl fusion protein in Ph positive
pediatric ALL patients, which accounts for approximately 5% of such cases. The prod-
uct of this fusion gene is a constitutively active tyrosine kinase with markedly
enhanced enzymatic activity compared to the Abl kinase. This enhanced tyrosine
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kinase activity is critical for its transforming potential (25). Other examples of translo-
cations involving genes encoding tyrosine kinases include t(5;12), producing a TEL-
platelet-derived growth factor receptor (PDGFR) fusion tyrosine kinase associated
with some cases of chronic myelomonocytic leukemia (CMML) and t(2;5), producing
a nucleophosmin–anaplastic lymphoma kinase (NPM-ALK) fusion tyrosine kinase
associated with T cell anaplastic large cell lymphoma (ALCL) (26,27).

2.2. Activating Mutations
Activating mutations in cytokine receptors, specifically receptor tyrosine kinases,

are being increasingly recognized as a means of cellular transformation in hematopoi-
etic malignancies. Activating mutations of two members of the class III receptor tyro-
sine kinases, c-kit and Flt3, have been documented in leukemic cells from patients with
AML. An internal tandem duplication (ITD) of the juxtamembrane coding region of
the Flt3 gene on chromosome 13 has been reported in up to 30% of adult AML patients
and up to 16.5% of pediatric AML patients (28–31). More recently, another 7% of
AML and 3% of myelodysplasia patients were found to have a point mutation in the
activation loop of the Flt3 kinase domain (32). Consequently, mutant Flt3 receptors
dimerize in the absence of ligand with constitutive tyrosine kinase activation, resulting
in growth factor independence. Clinically, the presence of Flt3-ITD is associated with
poor prognosis, and affected patients have lower rates of CR following induction
chemotherapy and higher relapse rates. Activating mutations in c-kit are less common
and appear to occur predominantly in patients with CBF-related AML (33,34). These
could be important “second-hits” in the development of these subtypes of leukemia
(see below).

3. VALIDATING THE TARGETS

3.1. Models of Leukemogenesis
To be considered a good target for directed therapy, an oncogene must be shown to be

clearly responsible for malignant transformation. Retroviral expression of the oncogene
in cell lines conferring growth factor independence is supportive, but the strongest evi-
dence comes from animal models where knock-in (translocations or activating muta-
tions) or knock-out (deletions or loss of function mutations) strategies can recapitulate
the human disease. In the case of CML, experiments in transgenic mice and murine
recipients of Bcr-Abl-transduced hematopoietic stem cells demonstrate that expression
of Bcr-Abl alone can induce leukemia (35,36). Similarly, retroviral insertion of the
NPM-ALK gene into murine hematopoietic cells followed by transplantation into lethally
irradiated recipients causes lymphoid malignancy in mice (37). Lastly, transfection of
the murine interleukin (IL) 3-dependent cell line, 32D, with a mutant Flt3 gene results in
growth factor independence and transplantation into syngeneic mice leads to the devel-
opment of leukemia within 5 wk (38). Whether hematopoietic progenitors expressing a
similar Flt3 mutant would rapidly develop leukemia, needs to be determined. The situa-
tion may be more complex for some other oncogenes. Transgenic mice expressing PML-
RAR-α develop APL, although with relatively long latency, but co-expression of the
reciprocal translocation partner, RAR-α-PML, leads to a murine disease resembling
APL with much shorter latency (39). Experiments in mice expressing chimeric CBF pro-
teins also indicate that these abnormalities alone may be insufficient to induce leukemia.
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When AML1 was replaced by AML1-ETO in mice using a knock-in strategy, a block in
hematopoiesis was seen, but mouse embryos died in mid-gestation due to development
of severe central nervous system hemorrhage (40). To overcome this embryonal lethality,
subsequent experiments employed a model in which the AML1-ETO expression was
inducible, under the control of a tetracycline-responsive element. Despite high expres-
sion of AML1-ETO in the bone marrow cells of these mice, no leukemia was seen during
24 mo of observation, though a partial block of myeloid differentiation was seen (41).
Although mice expressing AML1-ETO do not develop leukemia, they are at much higher
risk of developing leukemia when compared to control mice, following exposure to alky-
lating agents (42). Similarly, mice expressing CBFβ-MYH11 did not develop leukemia,
but, following exposure to low dose alkylating agents, had a high rate of leukemic trans-
formation, whereas no cases of leukemia were seen in similarly treated control mice (43).
This suggests that secondary mutations cooperate with AML1-ETO to induce leukemia
and that AML1-ETO induced leukemia may be a multistep process. In the case of
Burkitt’s lymphoma, transgenic mice overexpressing c-myc develop lymphomas (44).
However, it is likely that other abnormalities cooperate with c-myc to induce lymphoma.
Up to 80% of cases of Burkitt’s lymphoma exhibit mutations in the p53 tumor suppressor
gene, and when wild-type p53 is expressed in a Burkitt’s lymphoma cell expressing a
mutated form of p53, rapid cell death by apoptosis ensues (45). In fact, enforced expres-
sion of c-myc causes apoptosis in the absence of secondary abnormalities that circumvent
apoptosis, such as bcl-2 overexpression or p53 mutations (46,47).

4. HITTING THE TARGET

For maximal utility as a single agent, the identification of crucial, early events in
malignant progression is the first step in the successful development of a targeted ther-
apy. An equally important issue is the selection of patients for clinical trials based on
the presence of the appropriate target. Finally, to avoid toxicity, the ideal target should
be dispensable for normal cellular function.

4.1. Histone Deacetylase Inhibitors and Differentiating Agents
Histone deacetylase inhibitors may relieve the transcriptional repression associated

with certain types of leukemia, thus enhancing differentiation. By loosening the con-
tacts between DNA and histones, histone acetylation opens up chromatin making it
more accessible to transcription factors, leading to increased gene expression (48). Co-
repressor complexes with histone deacetylase activity, on the other hand, will inhibit
gene expression. Several years ago, Warrell et al. (49) reported the successful use of the
histone deacetylase inhibitor, sodium phenylbutyrate, in a patient with t(15,17) APL
resistant to ATRA. The addition of phenylbutyrate to ATRA resulted in a molecular
remission coinciding with an increase in histone acetylation in blood and marrow
mononuclear cells (49). Phenylbutyrate and another histone deacetylase inhibitor, tri-
chostatin A, have been shown to induce differentiation in AML cells expressing AML1-
ETO along with increased histone acetylation. Additive effects on differentiation were
seen with the combination of phenylbutyrate and G- or GM-CSF (50). This was postu-
lated to be due to the release of AML1-ETO inhibition of wild-type AML1 function,
allowing activation of myeloid cell-specific promoters, including those for cytokine
receptors. The addition of dexamethasone to phenylbutyrate increased induction of
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apoptosis (50). Based on these results, a clinical trial is currently in progress evaluating
the efficacy of the combination of phenylbutyrate, dexamethasone, and GM-CSF in
patients with relapsed or refractory t(8;21) AML. AML cells (ranging from French-
American-British class M0 to M7) not expressing AML1-ETO or PML-RAR-α have
also been shown to undergo differentiation when exposed to trichostatin A alone or in
combination with other differentiating agents such as ATRA (51). ATRA appears to
augment the cytostatic and differentiating activity of phenylbutyrate permitting admin-
istration of lower doses of the histone deacetylase inhibitors (52). This is important, as
the levels of phenylbutyrate necessary for single agent in vitro activity (1 to 2 µM) may
be difficult to achieve in vivo due to toxicity. Finally, a recent report showed that his-
tone deacetylase inhibitor treatment of AML cells had immunomodulatory effects, with
up-regulation of the co-stimulatory molecule CD86 and the adhesion molecule ICAM-
1 (53). AML cells induced to up-regulate co-stimulatory/adhesion molecules were
shown to provoke a more vigorous allogeneic mixed leukocyte reaction. Potentially,
histone deacetylase inhibitors could have a dual therapeutic benefit of inducing differ-
entiation and increasing the immunogenicity of leukemia cells.

4.2. Signal Transduction Inhibitors
The final approach to be discussed is that of signal transduction inhibition. This

approach utilizes small molecular weight inhibitors of enzymes, such as tyrosine
kinases, which are critical to the oncogenic process. Since deregulated tyrosine kinase
activity is involved in the pathogenesis and disease progression of CML, CMML asso-
ciated with t(15;12), ALCL associated with t(2;5) and AML associated with ITD’s of
Flt3, these diseases are obvious choices for the development of specific signal trans-
duction inhibitors. The following discussion will focus on the development of STI571
for the treatment of CML, as this serves as a paradigm for the development of similar
therapies.

4.2.1. CML
CML accounts for 20% of all cases of leukemia with an annual incidence of 1 to 1.5

cases per 100,000. The median age of onset is approx 60 yr, but all age groups are
affected (54). Three clinical phases are recognized: a chronic phase lasting 4–6 yr, an
accelerated phase lasting 6–18 mo, and a blast phase lasting 3–6 mo. The chronic phase
is characterized by a massive proliferation of maturing myeloid cells, white cells, and
frequently platelets. As the disease progresses, the malignant clones loses the capacity
to differentiate until eventually the disease terminates in an acute leukemia, termed
blast crisis. The accelerated phase is an intermediate phase characterized by increasing
myeloid immaturity, systemic symptoms, and refractoriness to therapy. The only ther-
apy known to cure CML is allogeneic stem cell transplantation, but since most patients
are too old or lack suitable donors, this option is available to less than a third of
patients. The 5–10 yr survival following allogeneic stem cell transplantation is 65%,
with significant procedural related morbidity and mortality. Oral chemotherapy agents,
such as hydroxyurea or busulfan, can control blood counts in most chronic phase
patients, but do not delay the onset of blast crisis (55). The use of interferon-α is asso-
ciated with a definite survival advantage when compared to chemotherapy with
patients living on average 2 yr longer (56). The best survival advantage is seen in those
patients who achieve a major cytogenetic response (a reduction in the percentage of
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marrow metaphases containing the Ph chromosome to less than 35%), although this
occurs in less than one third of patients. Moreover, as many as 20% of patients discon-
tinue interferon-α therapy due to intolerable toxicity. The addition of subcutaneous
ara-C has been shown to increase response rates but at the cost of increased toxicity
(57). These shortcomings provided the impetus for the development of a more effective
less toxic therapy for CML.

4.2.2. BCR-ABL: THE IDEAL TARGET

Bcr-Abl impacts on numerous downstream signaling pathways in the CML cell
affecting cell growth, adhesion, and survival (58). However, since all of these events
are dependent on the tyrosine kinase activity of the fusion protein, it is clear that inhi-
bition of the enzymatic activity of Bcr-Abl should be an effective treatment of CML,
since Bcr-Abl is present in the majority of patients with CML and is the causative
abnormality of the disease, with its kinase activity being essential for transformation.
Moreover, since Abl knock-out mice are viable, it is likely that Abl kinase activity
would be dispensable for normal cellular function suggesting that targeting of Abl
kinases would have a relatively selective effect on Bcr-Abl expressing cells (59).

4.2.3. DEVELOPING AN INHIBITOR OF THE BCR-ABL TYROSINE KINASE

Tyrosine kinases, such as Bcr-Abl, catalyze the transfer of phosphate from adenosine
triphosphate (ATP) to selected tyrosine residues on substrate proteins. With their tyro-
sine residues in the phosphorylated form, substrate proteins assume conformational
changes leading to association with other downstream effectors, propagating signal
transduction. Tyrosine kinases thus play a vital role in cell growth, differentiation, and
survival. Since all protein kinases use ATP as a phosphate donor, and as there is a high
degree of conservation among kinase domains, particularly in the ATP binding sites, it
was thought that inhibitors of ATP binding would lack sufficient target specificity to be
clinically useful. This was the case with the first tyrosine kinase inhibitors identified,
such as herbimycin-A, which were all natural plant derivatives. However, in 1988, Yaish
et al. published a series of compounds, known as tyrphostins, that demonstrated that spe-
cific tyrosine kinase inhibitors could be developed (60). Around the same time, scientists
at Ciba Geigy (now Novartis) were performing high-throughput screens of chemical
libraries searching for compounds with kinase inhibitory activity. They eventually identi-
fied a lead compound with kinase inhibitory activity of the 2-phenylaminopyrimidine
class. Though of low potency and poor specificity, this served as a base compound from
which a series of related compounds were synthesized. By analyzing the relationship
between structure and activity, this series of compounds were optimized to inhibit a
variety of targets (61). One series of compounds, optimized against the PDGFR, proved
to be equally active against the Abl tyrosine kinase. STI571 (formerly CGP57148, now
Gleevec, imatinib mesylate) emerged as the lead compound for clinical development
based on its superior in vitro selectivity against CML cells and its drug-like properties,
including pharmacokinetics and formulation properties (61).

4.2.3.1. Preclinical Studies. Experiments in our laboratory showed that STI571 was
a potent and selective inhibitor of the Abl tyrosine kinases, including Bcr-Abl (62). The
concentration (IC50) of STI571 that resulted in a 50% reduction in substrate phospho-
rylation and cellular tyrosine phosphorylation induced by Bcr-Abl was 0.025 and 0.25
µM, respectively. The only other tyrosine kinase we found to be inhibited by STI571,
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besides Abl and the PDGFR, was c-kit. STI571 specifically inhibited the proliferation
of myeloid cell lines containing Bcr-Abl. Colony-forming assays from CML patients
showed a marked decrease (92–98%) in the number of Bcr-Abl colonies with no inhi-
bition of normal colony formation when grown in the presence of 1µM STI571. Simi-
lar results were reported elsewhere (63). Long-term marrow culture experiments
showed that prolonged exposure to STI571 exerted a sustained inhibitory effect on
CML progenitors with little toxicity to normal progenitors, again demonstrating its
selective nature (64). Subsequent experiments showed that p185 and p210 expressing
cells were sensitive to the STI571 (65,66). Dose-dependent inhibition of tumor growth
was seen in Bcr-Abl-innoculated mice treated with STI571, but a once daily dosing
schedule failed to eradicate the tumors (62). Gambacorti and colleagues subsequently
showed a 3×/day dosing schedule with oral administration of STI571 effectively eradi-
cated Bcr-Abl containing tumors in nude mice (67). Since the half-life of STI571 in
mice is approx 4 h, it seemed likely that continuous exposure to STI571 would be
required for optimal antileukemic effects.

4.2.3.2. Clinical Trials of STI571 in CML. Based on the efficacy of STI571 in a
variety of preclinical models and an acceptable animal toxicology profile, a phase I
clinical trial with STI571 started in June 1998 (68). This was a dose escalation study,
designed to establish the maximum tolerated dose (MTD), with clinical efficacy as a
secondary endpoint. Patients were enrolled in 14 successive dose cohorts ranging from
25–1000 mg of STI571. Patients were eligible if they were in the chronic phase of
CML and had failed therapy with interferon-α. STI571 was administered as a once
daily oral therapy, and no other cytoreductive agents were allowed. Once doses of 300
mg or greater were reached, 53 out of 54 patients had a complete hematologic
response. Responses were typically seen within the first 3 wk of therapy and have been
maintained in 96% of patients with a median duration of follow up of 310 d. At this
dose level (>300 mg), major cytogenetic responses were seen in 31% of patients, with
13% achieving a complete cytogenetic response. Side-effects have been minimal, with
no dose-limiting toxicities encountered. Grade 2 and 3 myelosuppression were
observed at a dose > 300 mg in 21 and 8% of patients, respectively. Myelosuppression
is likely consistent with a therapeutic effect as the Ph-positive clone contributes the
majority of hematopoiesis in these patients. Pharmacokinetic studies showed that the
half-life of STI571 is 13–16 h, which is sufficiently long to permit once daily dosing.
Although the follow-up on this group of patients is relatively short (median 1 yr), these
data indicate that an Abl-specific tyrosine kinase inhibitor has significant activity in
CML, even in interferon refractory patients.

Given the effectiveness of STI571 in chronic phase patients who had failed inter-
feron, the Phase I studies were expanded to include CML patients in myeloid and lym-
phoid blast crisis and patients with relapsed or refractory Ph chromosome positive ALL
(69). Patients have been treated with daily doses of 300–1000 mg of STI571. Twenty-
one out of thirty-eight patients (55%) in myeloid blast crisis responded to therapy,
which was defined by a decrease in percentage of marrow blasts to less than 15%.
Eight out of 38 patients (21%) had marrow blasts cleared to <5%. Seven out of thirty-
eight of the myeloid blast crisis patients (18%) have remained in remission on STI571
with follow-up ranging from 101–349 d. Fourteen out of twenty patients with lym-
phoid phenotype disease (70%), CML in lymphoid blast crisis, or Ph-positive ALL
responded with 11 out of 20 patients (55%) clearing their marrows to <5% blasts.
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Unfortunately, all but one of the lymphoid phenotype patients have relapsed between d
42 and 123. Thus, STI571 has remarkable single-agent activity in CML blast crisis and
Ph positive ALL, but responses tend not to be durable. However, these studies demon-
strate that in the majority of cases, the leukemic clone in Bcr-Abl positive acute
leukemias, including CML blast crisis, remains at least partially dependent on Bcr-Abl
kinase activity for survival.

To confirm the positive results seen in the phase I studies, phase II studies with
STI571 were initiated towards the end of 1999, encompassing all phases of CML.
These studies were designed to evaluate the safety and efficacy of STI571 in larger
cohorts of patients. Chronic phase (having failed interferon), accelerated, and blast cri-
sis patients were enrolled in these studies at 27 institutions in 6 countries. Evaluation of
response and pharmacokinetic data from the Phase I study indicated that doses of
400–600 mg should be optimal for phase II testing (70). Between December 1999 and
May 2000, 532 chronic phase patients who were refractory to or intolerant of inter-
feron-α were treated with STI571 at a dose of 400 mg daily (71). After a median expo-
sure of 8.5 mo, 47 and 28% of patients achieved major and complete cytogenetic
responses, respectively. Only 3% of patients discontinued treatment due to disease pro-
gression, with only 2% of all patients stopping therapy due to adverse events. Of 233
accelerated phase patients treated, 63% of patients achieved a complete hematologic
response (CHR) with or without peripheral blood recovery (neutrophils >1.0 × 109L
and platelets > 100 × 109/L). Fourteen percent achieved a complete cytogenetic
response (72). Again, these results were achieved without substantial toxicity, though,
not surprisingly, up to 20% of patients experienced grade 3 to 4 myelosuppression in
this study. Nevertheless, only 2% of patients developed febrile neutropenia. Of 260
myeloid blast crisis patients treated, 64% had some form of response, with 26% clear-
ing their marrows to less than 5% blasts (73). Major and complete cytogenetic
responses were seen in 15 and 6% of patients, respectively. Median survival was 6.8
months (8.6 months in patients with no prior therapy for blast crisis), and 30% of
patients are projected to be still alive at 14 mo. Historically, patients treated with
chemotherapy for myeloid blast crisis have had a median survival of approx. 3 mo.
Toxicity was comparable to that seen in the accelerated phase study.

4.2.3.3. Dose Selection. From the Phase I study, complete hematologic responses
occurred in almost all patients treated at doses of 300 mg and above, and cytogenetic
responses were seen once this dose level was reached. In addition, pharmacokinetic
data showed that this dose level achieved in vivo concentrations approaching the pre-
dicted in vitro IC50 for cellular proliferation of 1 µM (70). Finally, an analysis of
responses in white blood counts and platelets over time suggested that doses of 400 to
600 mg were on the plateau of a dose-response curve, indicating that this dose range
would be an efficacious dose for phase II testing. However, in the dose escalation study,
an MTD of STI571 was never reached (68). While traditional drug development has
involved dose escalation until an MTD is established, with molecularly targeted thera-
pies, this may not be an appropriate endpoint. A more appropriate endpoint may be the
optimal effective dose that achieves the desired pharmacologic effect of molecular tar-
get inhibition. Therefore, in the case of STI571 and CML, an optimal effective dose
should approximate that which achieves maximal Bcr-Abl kinase inhibition. An analy-
sis of Bcr-Abl kinase inhibition, assaying for decreases in phosphorylation of the Bcr-
Abl substrate, Crkl, has shown that a plateau in inhibition is seen above 250 mg (68).
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Additional experiments are being conducted to determine the percentage of kinase
activity that is being inhibited at these dose levels (74). CML lends itself to this kind of
molecular monitoring, in that tumor cells are easily accessible and that the kinase itself
or its substrates can be monitored for inhibition. These types of assays will clearly be
more problematic for solid tumors, but will be necessary to determine the penetration
of these types of agents into solid tumors. In the absence of specific assays, even infor-
mation about intracellular drug levels in tumor samples would be a useful surrogate.
This type of data, regarding maximal kinase inhibition, could be particularly useful in
explaining response variability and could also be useful in individualizing therapy.

4.2.3.4. Future Directions in Therapy of CML. The clinical data presented here
demonstrate that STI571 is employed to optimum effect when used early, prior to pro-
gression. An ongoing phase III randomized study is comparing STI571 with interferon-
α plus ara-C in newly diagnosed patients. The results of this study when combined
with more mature data from the phase II studies will help determine the place of
STI571 in future CML treatment algorithms. It is tempting to speculate that as Bcr-Abl
may be the sole oncogenic abnormality driving proliferation in early stage disease,
STI571 alone may be sufficient therapy in some patients with CML. However, as addi-
tional genetic abnormalities accumulate with disease progression, CML cells may no
longer be dependent on Bcr-Abl for survival. Thus, in blast crisis patients, therapy with
STI571 alone is clearly insufficient for most patients.

4.2.3.5.The Problem of Resistance and the Rationale for Combination Therapy.
Despite the high initial response rates in blast crisis patients, many patients relapse.
That resistance to STI571 can develop is obvious, and the reasons for this are under
intense scrutiny. Resistance may be multifactorial and can be divided into mechanisms
associated with persistent inhibition of Bcr-Abl kinase activity and mechanisms associ-
ated with reactivation of Bcr-Abl kinase activity at relapse. Patients with persistent
inhibition of Bcr-Abl kinase activity would be predicted to have additional oncogenic
abnormalities, allowing Bcr-Abl-independent proliferation. Patients with reactivation
of Bcr-Abl kinase activity would be expected to have resistance mechanisms that either
prevent STI571 from reaching the target or render the target insensitive to STI571. The
former includes protein binding of STI571 and drug efflux, while the latter includes
bcr-abl gene amplification or mutations involving the kinase domain of bcr-abl
(75–78). It is possible, using phosphotyrosine assays (as described above) to distin-
guish these two broad classes of resistance and monitor in vivo drug efficacy. In a
recent report, reactivation of Bcr-Abl kinase activity, as assessed by Crkl phosphoryla-
tion, was seen in 11 out of 11 blast crisis patients who developed resistance to STI571
(79). Ex vivo, these cells remained sensitive to STI571, though requiring much higher
doses of the inhibitor. In 3 out of 11 resistant cases, gene amplification of bcr-abl was
shown to have occurred. This confirms several reports of Bcr-Abl gene amplification as
a mechanism of resistance in CML cell lines (75–77). Interestingly, bcr-abl gene
amplification appears to reverse once the selective pressure, i.e., STI571, has been
removed, suggesting that following an interruption in therapy, patients could poten-
tially become sensitive once again to the drug. Other relapsed patients had point muta-
tions in the kinase domain of Bcr-Abl that rendered the kinase insensitive to STI571
(79). Interestingly, this point mutation occurred at a predicted contact point between
STI571 and the kinase domain, based on the crystal structure of the Abl kinase co-crys-
tallized with STI571 (80). However, evaluation of larger patient numbers will be required
to determine the frequency of Bcr-Abl amplification and mutation in patients resistant
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to STI571. Lastly, there has been a suggestion from animal studies that protein binding
of STI571 could be responsible for relapse (78). However, samples from relapsed
patients have decreased cellular sensitivity to STI571, suggesting that intrinsic cellular
resistance and not protein binding are responsible (79).

To circumvent resistance, the combination of STI571 with other active antileukemic
agents would seem desirable. We have shown that inhibition of Bcr-Abl by STI571 can
reverse the intrinsic drug resistance seen in CML cells and that combinations with
drugs such as daunorubicin, ara-C, and interferon-α are associated with additive or
even synergistic effects in vitro, providing a strong rationale for combination studies
(81). Similar studies have been performed with etoposide and ara-C (82). Combination
studies with low dose interferon and ara-C are currently underway for chronic phase
patients, while combinations of STI571 with high dose chemotherapy regimens (vin-
cristine, daunorubicin, and prednisone and high dose ara-C) are planned for lymphoid
and myeloid blast crisis patients, respectively. Potentially, other promising small mole-
cular weight signal transduction inhibitors, such as farnesyl transferase inhibitors, may
be useful either alone (in STI571 failures) or in combination with STI571 to prevent
the emergence of resistance in patients with advanced disease (83).

5. TRANSLATING THE SUCCESS OF STI571 
TO OTHER MOLECULAR TARGETS

The clinical trials with STI571 are a dramatic demonstration of the potential of tar-
geting molecular pathogenetic events in a malignancy. In applying this paradigm to
other malignancies, it is important to realize that Bcr-Abl and CML have several fea-
tures that were critical to the success of this agent. As previously noted, Bcr-Abl tyro-
sine kinase activity has clearly been demonstrated to be critical to the pathogenesis of
CML. Thus, not only was the target of STI571 known, but is was directed against a
critical event in the development of CML. Another important feature is that the results
demonstrate, as with most malignancies, treatment of early stage disease yields better
results. Specifically, the rate and durability of responses has been notably superior in
chronic phase as opposed to blast phase patients. Therefore, to reproduce the success of
STI571 in other malignancies, it is imperative to identify the critical early events in
malignant progression. It is equally important that selection for clinical trials is limited
to those patients whose malignancies express the appropriate target. In clinical trials
using STI571, this was clearly feasible, as patients with activation of Bcr-Abl were eas-
ily identifiable by the presence of the Ph chromosome. In this regard, as reagents to
analyze molecular endpoints are developed, these same reagents should be useful in
identifying appropriate candidates for treatment with a specific agent. With the combi-
nation of a critical pathogenetic target that is easily identifiable early in the course of
the disease and an agent that targets this abnormality, remarkable results can be
achieved. The obvious goal is to identify these early pathogenetic events in each malig-
nancy and to develop agents that specifically target these abnormalities.
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1. INTRODUCTION

Proteins encoded by oncogenes and tumor-suppressor genes are the essential signal-
ing components of the complex cellular signaling networks (1–3). Cancer arises from a
multistep process promoted by the imbalanced growth signals as a consequence of gain
of oncogene and/or loss of tumor suppressor genes (4). The six essential cancer hall-
marks include persistent cell growth signals, insensitivity to antigrowth signals, eva-
sion of apoptosis, persistent angiogenesis, gain of cell immortality, and tumor invasion
and metastasis (5). As an oncogene, gain of epidermal growth factor receptor (EGFR)
function is achieved through EGFR overexpression and has been shown to be associ-
ated with almost all the six essential hallmarks of cancer except the gain of cell immor-
tality (6,7). In various experimental models, EGFR inhibition leads to regression of
tumor cell growth, inhibition of angiogenesis, induction of apoptosis, and inhibition of
tumor invasion and metastasis (7,8). Furthermore, overexpression of EGFR, frequently
observed in a number of human cancers, is associated with poor overall prognosis,
increased tumor recurrence, and decreased patient survival (8). The hypothesis that
EGFR might be a cancer therapeutic target was proposed by Mendelsohn (6,7) in the
early 1980s; emerging only recently are the promising clinical trial results from a num-
ber of EGFR antagonists in different human cancers. This chapter will discuss the clin-
ical developments and future directions of EGFR antagonists in cancer treatment.
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2. EGFR AND CANCER

Cell surface receptors are critical for a multicellular organism to transmit growth
and differentiation signals as well as to mediate stress responses to external stimuli (9).
Evolved from a 20-member tyrosine kinase receptor superfamily, EGFR, a 170-kDa
receptor tyrosine kinase glycoprotein, belongs to a 4-member HER receptor subfamily,
which forms receptor heterodimers (9). EGFR bears an extracellular ligand binding
domain, a transmembrane lipophilic domain, a tyrosine kinase domain, and a tyrosine
residues tail (9,10). Naturally occurring ligands that bind to the EGFR include EGF,
transforming growth factor (TGF)α, neuregulin, and amphiregulin. Upon ligand bind-
ing, EGFR undergoes receptor dimerization and autophosphorylation of the tyrosine
residues tail by its intrinsic tyrosine kinase domain (10). The phosphorylated EGFR
activates the ras-dependent pathway via ras-raf-MEK mitogen-activated protein kinase
(MAPK) and ras-rac-rho signaling cascades, respectively, and the ras-independent
pathway via the src-shc signaling cascade (9,10). These signaling cascades amplify the
EGFR activation signals through a series of protein–protein interactions, leading to
activation of nuclear transcription factors and expression of downstream effector genes
(5,10). The EGFR activation signals are fine-tuned by many positive and negative regu-
latory proteins (11). The multitude of downstream effects of EGFR activation and com-
plex receptor partnering with other cellular receptors such as integrin, bombesin
receptor, etc., explain the versatile functions of EGFR as a cellular receptor and as an
oncogene receptor when perturbed (5,12-14) (Fig. 1).

Persistent tumor growth is achieved through both EGFR overexpression and/or co-
expression of TGFα, forming an autocrine loop shown to confer increased tumor
growth and poor prognosis in a variety of human malignancies (8,15). TGFα is a
potent tumor growth signal as opposed to EGF. Upon TGFα binding, EGFR undergoes
receptor activation, internalization, and receptor recycling without degradation, provid-
ing persistent tumor growth signals. In contrast, EGF-mediated EGFR activation
results in receptor activation, internalization, and degradation, thus down-regulating
the tumor growth signals (8,15). Ras, a major effector of the EGFR signaling pathways,
is frequently mutated in a wide variety of cancers and locks the EGFR signaling path-
way in constitutive “on” state (16). Ras also stimulates secretion of TGFα, further
facilitating the tumor cell growth via the autocrine loop (16). Mutations in TGFβ RII-
SMAD4 pathways, a negative regulatory pathway counter balancing EGFR signaling,
also contribute to uncontrolled tumor growth (17).

PI3K-AKT, a key pathway of cellular apoptosis, interacts with EGFR pathway
through insulin growth factor receptor (IGFR) and promotes evasion of apoptosis and
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Fig. 1. Upon TGFα binding, EGFR undergoes receptor dimerization and autophosphorylation, and
the phosphorylated EGFR activates the ras-dependent pathway via ras-raf-MEK-MAPK and ras-rac-
rho signaling cascades through mediator proteins like Grb, SOS, and CdC42. The ras-independent
pathway is mediated via the src-shc signaling cascade. Please note complex receptor partnering with
integrin and protein kinase A (PKA) and bombesins and interconnectivity with other receptor path-
ways such as IGF-PI3K-PTEN and TGFβ/SMAD. EGFR activation signals are amplified through
these signaling cascade, leading to activation of nuclear transcription factors and expression of down-
stream effector genes mediating tumor cell growth, insensitivity to antigrowth signals, evasion of
apoptosis, cell motility and metastasis, and tumor angiogenesis. TGFα-EGFR autocrine loop is facil-
itated by EGFR recycling (not shown) and ras-mediated TGFα production.





multidrug resistance phenotypes in cell line models (18,19). PTEN, a tyrosine phos-
phatase that normally attenuates AKT, is lost in a number of epithelial cancers such as
malignant glioma (20). Liu and Karnes et al. showed that the inhibition of the EGFR
with anti-EGFR monoclonal antibody C225 induced apoptosis in colon cancer cell
lines through activation of caspase 3,9 and 10 (21,22).

EGFR activation induces cyclin D1 expression required for progression through G1
phase. Conversely, EGFR inhibition with C225 leads to G1 arrest with reciprocal up-regu-
lation of p27(kipi) and down-regulation of p21(cipi) in a colon cancer cell line mode (23,24).

In addition to its roles in tumor cell growth and apoptosis, EGFR was also implicated
in tumor cell motility, an important component of tumor invasion and metastasis
(13,25–28). Chen and Xie et al. reported that tumor cell motility and invasiveness are
mediated by other mechanisms different from the mitogenic activity of EGFR (25,26).
Diel et al. studied the Panc-1 cell line and suggested that the Ras-raf-mek-MAPK path-
way is required for EGFR directed cell proliferation, as well as cell migration (27). The
controversy pointed out an important issue, namely that assigning a particular pathway
to a specific cancer phenotype represents gross oversimplification of the complex diver-
gent EGFR signaling pathways and fails to underscore the importance of the dynamic
receptor partnering and signaling cross-talk (11–13). Transfection of full-length EGFR
and a truncated EGFR into the DU145, a colon cell line, formed, respectively, invasive
and noninvasive tumor phenotypes in vivo (28). EGF and amphiregulin activation of
EGFR preferentially mediates tumor cell motility and invasiveness as measured by cell
motility and matrix degradation assays (29–31). The increased tumor cell motility and
invasiveness was due to the EGFR-mediated transcriptional activation of downstream
effector genes such as metalloproteinase (31), urokinase, and collagenase (32).

Tumor angiogenesis is one of the most critical aspects of the host–tumor interaction,
facilitating in vivo tumor cell growth, invasion, and metastasis (33–35). Tumor angio-
genesis occurs as a result of the abundance of angiogenic stimulators and/or shortage of
angiogenic inhibitors (33–35). Interestingly, TGFα acts as a more potent growth and
more angiogenic ligand than EGF (36). Neuregulin directly promotes angiogenesis
through its binding to EGFR expressed on endothelial cells (37). Angiogenic effects of
TGFα may be due, in part, to its activation of AP-2, a transcription factor, to produce
potent angiogenic factors such as interleukin (IL)-8 and vascular endothelial growth fac-
tor (VEGF) (38). Furthermore, overexpression of EGFR and TGFα correlates with
microvessel density, which is an independent prognostic factor in breast cancer (39,40),
lung cancer (41,42), and prostate cancer (43), etc. Although inhibition of EGFR alone
or in combination with chemotherapy exerted only modest in vitro antitumor effects
(6), dramatic antitumor synergy was seen when EGFR inhibition was combined with
chemotherapy or radiation in vivo (7,44–48). This discrepancy in tumor response was
explained, in part, by the anti-angiogenic properties of the EGFR antagonists (44–48).
Using a xenograft transitional cell bladder carcinoma mouse model, Perrotte et al. first
showed that C225, a humanized monoclonal antibody against EGFR, inhibited in vivo
tumor growth and metastasis by down-regulating VEGF, IL-8, and fibroblast growth
factor (FGF), followed by induction of endothelial cell apoptosis and reduction of
tumor microvessel density (44). C225 in combination with radiation also dramatically
improved the efficacy of radiation on local tumor control by a factor of 1.59 with a sin-
gle dose of C225 and by a factor of 3.62 with three doses of C225, as compared with
radiation alone (45). Significant tumor necrosis and tumor vessel thrombosis were
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noted in tumors treated with C225 plus radiation compared with radiation alone (45).
Additional evidence of enhanced antitumor synergy through inhibition of tumor angio-
genesis was provided through a xenograft pancreatic cancer mouse model using Lp26.1
pancreatic cell line exploring C225 (46) or protein kinase inhibitor (PKI)-166 (47)
plus/minus gemcitabine. Induction of endothelial cell apoptosis was noted with either
C225 or PKI-166 alone or with gemcitabine, but not placebo or gemcitabine alone
(46,47). Almost identical finding of endothelial apoptosis was seen with ZD1839,
another EGFR-tyrosine kinase inhibitors (TKI), in a xenograft colon cancer model using
the GEO cell line (48).

EGFR overexpression is uniformly noted in a wide variety of human epithelial malig-
nancies; however, a great deal of heterogeneity of EGFR exists even among malignan-
cies derived from same organ site (8). Head and neck cancer (49,50) and meningioma
(51) are among the highest EGFR-expressing tumors, followed by cancers of the pan-
creas (52,53), lung (54–57), colon (58,59), esophagus (60), kidney (61), and papillary
thyroid gland (62). Liver cancer is considered an EGFR-negative tumor (63–65), while
cancers of the breast (66,67), ovary (68–71), endometrium (72–75), cervix (76,77),
prostate (78,79), bladder (80,81), biliary tract (82), stomach (83), and malignant gliomas
(84) are considered low to moderate EGFR expressing tumors. The variations in EGFR
overexpression across different tumor types or even within the same tumor specimens
are largely due to the inherent biological heterogeneity in EGFR and its ligands, plus dif-
ferences in tumor grade, histology types, study design and detection techniques, sample
size, sources, and quality of tumor specimens (8). EGFR overexpression is associated
with poor patient prognosis, decreased overall survival, and increased tumor stage and
metastasis in cancers of the head and neck (49,50), pancreas (52,53), lung (54–57), col-
orectum (58,59), esophagus (60), papillary thyroid (62), breast (66,67), ovary (68–70),
and bladder (80,81) and malignant gliomas (85). The association of EGFR overexpres-
sion with poor prognosis is controversial in cancers of the cervix and endometrium. In
prostate cancer, an association of EGFR overexpression with hormonal refractory status
was suggested only in one study (78,79). No associations of EGFR overexpression with
poor prognosis or decreased survival were shown in meningioma (51), and in cancers of
the kidney (63), liver (63–65), prostate (78,79), thyroid follicular type (83), and stomach
(84,86). However, studies continued to evolve in this arena, and a recent study showed
that MAPK was strongly associated with EGFR activation in intestinal-type gastric can-
cer (86) (Table 1).

3. CLINICAL EVALUATION OF EGFR ANTAGONISTS

To develop potent EGFR antagonists, pharmaceutical companies had utilized two
major methods, with the first one involving the use of humanized monoclonal antibody
technology targeting the ligand-binding domain of the EGFR. C225 (Cetuximab™;
Imclone, Somerville, NJ, USA) (6,7), ABX-EGF (Abgenix, Fremont, CA, USA) (88),
and h-R3 (Center of Molecular Immunology, Havana, Cuba) (89) are monoclonal anti-
body-based EGFR antagonists. The second method utilizes sophisticated conventional
drug design technology to develop small molecules that can inhibit the phosphoryla-
tion of EGFR through reversible competition with ATP, the substrate of the tyrosine
kinase domain of the EGFR. ZD1839 (Iressa™; AstraZeneca), OSI-774 (Tarceva™;
OSI Pharmaceuticals, previously also known as CP-358,774; Pfizer), CI-1033 (pan erb
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TKI; Pfizer), and PKI166 (Norvartis, Basel, Switzerland) are quinazoline class com-
pounds that act as reversible EGFR-TKIs active against a variety of EGFR-positive
tumor cell lines in vitro and in xenograft tumor models either alone (90-91) or with
chemotherapy such as cisplatin (92) and irinotecan (93). C225, ZD1839, and OSI-774
are leading the development and have entered phase III clinical trials. The active EGFR
antagonists have a narrow IC50 ranging from 0.2 to 2 nM explaining why these agents
have similar target potencies in vitro and in vivo (Table 2). Second generation irre-
versible EGFR-TKIs are being developed using high-throughput drug development
technology (94,95).

3.1. C225
Baselga et al. reported a phase I multicenter safety study of C225 given as a single

intravenous dose, weekly for 4 wk, and weekly with intravenous cisplatin in 53 patients
with refractory cancer (96). The most frequent side effects of C225 were grade 1 and 2
skin rash, nausea, asthenia, flu-like syndromes, and transient liver transaminase eleva-
tions. Seven skin toxicities were relatively uncommon, including four cases of skin
flushing, one case of seborrheic dermatitis, and one case of acneiform eruptions. Grade 3
or 4 toxicities were extremely rare at 1.6% (5 of 317 treatment courses) and included one
case each for aseptic meningitis, diarrhea, epiglottis, dyspnea, and anaphylactoid reac-
tions, respectively. Three of these five serious reactions occurred when C225 was com-
bined with intravenous cisplatin (96). Weekly C225 showed nonlinear pharmacokinetics
in the dose range of 200–400 mg/m2, associated with complete saturation of the sys-
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Table 1
Percentage of EGFR Expression by Tumor Site and Its Prognostic Significance

% of Tumor Overall Overall Tumor stage 
Tumor organ sites EGFR (+) prognosis survival (OS) and metastasis References

Colorectal 25–77 Poor Decreased Increased 58,59
Esophageal 35–88 Poor Decreased Increased 8,60
Gastric 8–40 — — — 85,86
Pancreas 43–80 Poor Decreased Increased 52,53
Hepatocellular 0–10 — — — 63–65
Biliary tract 67–86 NA NA NA 82
Head and neck 85–100 Poor Decreased Increased 49,50
Lung 40–80 Poor Decreased Increased 54–57
Breast 14–91 Poor Decreased Increased 66,67
Endometrial 56 ? ? ? 72,75
Cervical 20–74 — No — 76,77
Ovarian 12–70 Poor Decreased Increased 68,70
Prostate 65 — No ? 78,79
Renal 50–90 — No — 62
Bladder 40–86 Poor Decreased Increased 80,81
Meningioma 68–100 — No — 51
Malignant gliomas 10–50 Poor Decreased Increased 87
Thyroid: papillary 78 Poor Decreased Increased 62
Thyroid: follicular 33 NA NA NA 83

NA, not available; —, no impact; ?, controversial results.



temic clearance (96). C225 clearance did not change with the repeated administration
or with the co-administration of the cisplatin (96). Despite the fact that this was a phase
I study, increased tumor stabilization rates were observed with a single dose of C225
(54%, 7 of 13 patients) and with repeated dosing (69%, 11 of 16 patients), with half of
the latter 16 patients experiencing durable disease stabilization. Two patients with head
and neck tumors treated at the dose level of 200 mg/m2 and 400 mg/m2 achieved partial
responses. Overall, 69% of the patients treated with C225 at a dose greater than 50
mg/m2 achieved stable disease and completed 12 wk, of therapy (96). Mendelsohn,
Shin and colleagues reported the results of a phase I pharmacodynamic study of C225
by assessing EGFR activation and receptor saturation via direct tumor sampling. No
detectable EGFR activation was observed in patients treated with C225 at the 100
mg/m2 dose level (100 mg/m2 bolus followed by weekly doses of 100 mg/m2). Greater
than 70% EGFR saturation was observed with C225 given at 400 mg/m2 bolus fol-
lowed by weekly at 250 mg/m2 (97). Given these pharmacokinetic and pharmcody-
namic findings, the optimal C225 schedule was felt to be 400 mg/m2 loading followed
by weekly doses of 250 mg/m2 given intravenously.

Given the encouraging results observed in preclinical models with C225 (45), a
phase I clinical trial exploring C225 in combination with radiation in locally advanced
squamous cell carcinoma of head and neck (SCCHN) was launched (N = 15 patients).
In this trial, 13 of the 15 (87%) patients experienced durable complete remissions (CR)
and compared favorably with the expected historical CR rates of 31–46% (98). In
another trial, Hong et al. selected patients with recurrent SCCHN with either progres-
sive or stable disease to receive C225 plus cisplatin after receiving two cycles of cis-
platin alone. The prior dose and schedule of cisplatin were maintained along with
standard weekly C225 dosing. Only the results from patients with stable disease fol-
lowing cisplatin induction were reported and among 38 patients, 1(2%), 7(18%), and
22 (58%) achieved complete remission, partial response, and stable disease respec-
tively (99). Commonly observed adverse reactions related to C225 were again folliculi-
tis/acne and allergic reaction.

With a similar study design, Saltz et al. (100) conducted a phase II trial exploring
C225 plus irinotecan in patients with metastatic colorectal cancer who failed first-line
irinotecan-based therapy. One hundred and twenty-one patients were enrolled into this
study after meeting the entry criteria, which required the presence of measurable dis-
ease, documented disease progression with irinotecan, EGFR expression (approx 70%
of the patients are EGFR positive), performance status, adequate organ function, and
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Table 2
EGFR Antagonists in Clinical Development

Drug no. Trade name Nature of compound IC50 Clinical phase

C225 Cetuximab Monoclonal Antibody 0.2 nM Phase III
ZD1839 Iressa Quinazoline-TKI 2 nM Phase III
OSI-774 Tarceva Quinazoline-TKI 2 nM Phase III
PKI166 NA Quinazoline-TKI 1.5 nM Phase I
CI-1033 NA Quinazoline-TKI — Phase I
ABX-EGF NA Monoclonal Antibody 0.5 nM Phase I
H-R3 NA Monoclonal antibody — Phase I



no intercurrent chemotherapy between irinotecan failure and protocol entry for at least
4 wk. Patients then received standard weekly C225 dosing plus the same prior irinote-
can dose and schedule. The treatment was well tolerated with only modest grade 3 tox-
icities, including diarrhea (17%), nausea (9%), neutropenia (8%), acneiform rash (8%),
fatigue (6%), and allergic reaction (3%). Grade 1 to 2 acneiform rash was very com-
mon and was seen in 53% of the patients. Of the 121 patients enrolled in the study, 27
patients (22.5%) achieved a partial response with 32 (26%) of the patients experiencing
stable disease (100).

Based on the findings with the pancreatic xenograft model (46), Abbruzzese et al.
conducted a phase II multicenter trial of C225 in combination with gemcitabine in
patients with advanced pancreatic cancer. Eighty-nine percent of the tumor specimens
screened, expressed EGFR(+), using an immunohistochemistry technique. Of the 41
patients enrolled in the study, 5 (12%) patients achieved partial response, and 16 (39%)
patients had stable disease or a minor response. Median time to tumor progression
(TTP) was 16 wk (with 12 patients ongoing at the time of the report), which compared
favorably to the historical median TTP of 9 wk achieved with gemcitabine alone. The
most reported adverse events were acneiform rash (38%), folliculitis (16%), fatigue
(41%), and grade 1 and 2 fever (38%) (101).

A preliminary study from a phase II single-agent C225 study in renal cell carcinoma
was also completed with observation of stable disease in this highly chemotherapy
refractory tumor (102).

3.2. ZD1839
Three phase I pharmacokinetics and pharmacodynamic studies of ZD1839 (Iressa)

established the maximal tolerated and biologically effective dose range of 500–800
mg/d taken orally continuously (103–106). About 12.5% (2 of 16) and 15% (4 of 25) of
patients with non-small cell lung cancer (NSCLC) experienced partial responses in
these two phase I studies (103,104). Escalating doses of ZD1839 from 50 to 700 mg
with 4–8 patients per dose cohort were given orally for 14 d, followed by 14 d of obser-
vation. Dose-limiting toxicity (DLT) was observed at the 700 mg dose level with grade
3 diarrheas occuring in two patients (103,104). The incidence of DLT such as diarrhea,
liver function abnormality, and skin rash was increased at the 1000 mg/d level
(103,104). Similar to the characteristic skin rash of C225, the skin rashes were follicu-
lar and acneiform, involving predominantly the face and trunk, occuring in a majority
of the treated patients. The skin rash was mild to moderate in severity and, more often,
was self-limiting without requiring discontinuation of therapy and gradually abated
over time with supportive treatment. Skin biopsies showed increased apoptosis of der-
mis associated with dermal edema and lymphocyte infiltration at all dose levels of
ZD1839 (105). Skin biopsies performed before and after ZD1839 demonstrated
decreased activated MAPK (p < 0.001) and decreased proliferative marker (Ki67) (p =
0.008), with a concomitant increase in the cyclin-dependent kinase (CDK) inhibitor
p27kipi and cytokeratin K6, a keratinocyte maturation marker (p = 0.0003), and phos-
phorylated STAT3 (p = 0.001) (105). Tumor biopsies performed in another phase I
study before and after 28 d with ZD1839 showed that the tyrosine kinase activity of the
EGFR was inhibited by ZD1839 and Ki67, and the percentage of apoptosis appeared to
correlate with the clinical outcome (106). The maximal tolerated dose (MTD) was not
reached in this study, since the ZD1839 was not escalated beyond 800 mg/d (106).
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A two-part phase I study exploring the combination of ZD1839 with the Mayo clinic
5FU and leucovorin regimen was conducted in patients with advanced colorectal can-
cer. Promising activity in colorectal cancer was observed without significant PK inter-
actions with 5FU (107). Miller et al. (107) recently reported the results of the pilot
study of ZD1839 (Iressa) in combination with carboplatin and paclitaxel in patients
with previously untreated advanced NSCLC. The study was conducted with either
intermittent or continuous ZD1839 with carboplatin at AUC 6.0 and paclitaxel at 200
mg/m2 every 3 wk. Of the 25 patients in this study, a partial response rate of 28% and a
stable disease response rate of 40% were observed and neither cumulative toxicity nor
significant drug–drug PK interactions were noted in this phase I study (108).

3.3. OSI-774
Siu et al. and Karp et al. reported two separate phase I studies on CP-358,774 (now

known as OSI-774) given on daily and weekly schedules respectively (109,110). Both
studies showed that CP-358, 774 was very well tolerated, with acneiform skin rash and
diarrhea as the major DLT similar to that of ZD1839 and C225. The daily dosing
schedule at 150 mg/d achieved target serum levels of 500 ng/mL correlating with the
drug level required for antitumor effects observed in the preclinical models (109).
Rowinsky et al. evaluated pre- and post-treatment (d 28) effects of OSI-774 on p27,
phosphorylated EGFR, and downstream effectors such as AKT and extracellular sig-
nal-regulated kinase (ERK) in malignant and normal tissue (skin) of the cancer patients
(n = 10). Paired analysis showed significant decrement of activated p-ERK (p = 0.01)
and increment of p27 (p = 0.004). One patient with rapidly progressive disease had an
80% increment in phosphorylated EGFR and phosphorylated AKT and a 30% incre-
ment in phosphorylated Erk (110,112).

Three phase II studies were completed in refractory SCCHN, NSCLC, and ovarian
cancer, respectively, with OSI-774 given at 150 mg daily. Senzer et al. reported the
final results of a phase II evaluation of OSI-774 in patients with platinum refractory
advanced squamous cell carcinoma of the head and neck (n = 125), which included
both EGFR-positive (>90% of cases) and EGFR-negative tumors. The final update
revealed that 11 of 125 (9%) and 13 of 125 (18%) of patients achieved partial response
and stable disease respectively (113,114). In the phase II trial in patients (n = 57) with
refractory (failed two to three prior regimens) EGFR positive NSCLC, 1 of 57 (1.7%),
8 of 57 (14%), and 15 of 57 (26%) of the OSI-774-treated patients achieved complete
response, partial response, and stable disease, respectively, with suggestion of benefits
in time to tumor progression and survival (115,116). In patients with platinum-refrac-
tory ovarian cancer (n = 34), 4 of 34 (12%) and 14 of 34 (41%) of the treated patients
achieved partial response and stable disease, respectively (117). Again, overall inci-
dence of acneiform skin rash caused by OSI-774 occurred in 72% of the patients with
mild, moderate, to severe skin rash occurring in 28%, 34%, and 8% of the patients,
respectively. Similar to the finding with C225 and ZD1839, skin biopsies of the skin
rash area revealed inflammatory neutrophilic infiltrations under the dermis. The diar-
rhea generally responded to dose reduction or treatment with loperamide (109–117).

3.4. Cl-1033
Shin et al, recently reported the results of a phase I trial on CI-1033, a pan erbB TKI

in patients with solid tumors (118). Nine dose levels of CI-1033 from 50–560 mg/d
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continuously were tested in 37 patients with chemotherapy refractory malignancies,
and the MTD of CI-1033 had not been reached. The most common grade 1 and 2 toxi-
cities beginning at the 50 mg/d dose level included acneiform rash, emesis, and diar-
rhea, consistent with the toxicity encountered with other EGFR antagonists. Three
patients experienced reversible grade 3 thrombocytopenia (1 each at 50, 70, and 250mg
levels), and 1 patient experienced reversible grade 3 hypersensitivity at 560mg dose
level. On d 8 through serial tumor biopsy, cellular proliferative index Ki-67 was consis-
tently down-regulated, and p27, a cell cycle inhibitory protein, was up-regulated (118).
Preliminary antitumor activity was observed in this phase I study (118). Garrison et al,
(119) studied CI-1033 given weekly and escalated through 100, 200, 400, 500, and 560
mg dose levels in 34 patients with solid tumors. Reversible DLT occurred in 2 of 3
patients at the 560 mg dose level. Similar side effects, such as diarrhea, emesis, and
skin rash, were noted in this phase I study (119). The results of these phase I and II
studies from C225, ZD1839, OSI-774, and CI-1033 are summarized in Table 3.

4. FUTURE DIRECTIONS

The above work represents at least two decades of concerted laboratory and clini-
cal effort in pursuit of EGFR as a cancer therapeutic target. This effort will likely add
the EGFR antagonists to the rapidly growing list of molecular-targeted anticancer
agents along with Herceptin, Rituximab, and Gleevec, approved for breast cancer
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Table 3
Clinical Evaluation of Agents Targeting EGFR in Solid Tumors

Clinical No. of 
% Response rate

phase patients Treatments Cancer types CR PR SD References

I 13 C225 single dose Solid tumors — — 54 96
I 16 C225 repeat doses Solid tumors — — 69 96
I 16 C225 plus CDDP Solid tumors — 12 69 96
I 15 C225 plus XRT SCCHN 87 13 — 98
II 38 C225 plus Cisplatin SCCHN 2 18 58 99
II 121 C225 plus Irinotecan Refractory colon — 16 39 100

Cancer
II 19 C225 plus Gemcitabine Pancreatic Cancer — 23 26 101
I 16 ZD1839 dose escalation Refractory NSCLC — 12 — 103
I 25 ZD1839 dose escalation Refractory NSCLC — 15 — 104
I 23 ZD1839+5FU/LV Colorectal Cancer 4 17 — 107
I 25 ZD1839+CP NSCLC — 28 40 108
I 40 CP-358,774 Single dose Healthy volunteer — — — NA
I 69 CP-358,774 escalation Solid tumors — — — 109
II 125 OSI-774 150 mg/d Refractory SCCHN — 9 18 114
II 57 OSI-774 150 mg/d Refractory NSCLC 1.7 14 26 116
II 34 OSI774 Refractory Ovarian — 12 41 117

Cancer
I 37 CI-1033 Solid tumors NA NA NA 118

XRT, radiation therapy; CP, carboplatin and paclitaxel; CDDP, cisplatin; NA, not available.



(120), Non-Hodgkin’s lymphoma (121), and chronic myelogenous leukemia (CMI)
(122,123), respectively.

Randomized phase III studies with C225 plus chemotherapy have been launched in
locally advanced SCCHN and metastatic NSCLC, with studies planned for metastatic
colorectal cancer and pancreatic cancer. Randomized phase III clinical trials have also
been launched, respectively, with ZD1839 and OSI-774 in combination with
chemotherapy vs chemotherapy in metastatic NSCLC, with plans to study other can-
cers as well (Table 4).

While these pivotal phase III randomized clinical studies are essential steps for
drug development, it is imperative that we expand both basic research endeavors in
EGFR and clinical research repertoires with these EGFR antagonists in cancer treat-
ment, as well as in cancer prevention. It is also essential to design and conduct future
“translational” studies of the EGFR antagonists, which integrate surrogate assays
such as skin biopsy, tumor biopsy, and novel imaging, as these translational studies
will ultimately serve as a two-way bridge for this widely recognized knowledge gap
between the bench and clinic and will provide critical clues for novel combination
treatment strategies.

We are transitioning from an era of cytotoxic chemotherapy to an era of rationally
designed molecular-targeted cancer therapy, which holds great future promise, as iden-
tification and testing of the critical anticancer targets has led to the successful develop-
ment of a number of molecular-targeted agents (120–123) and will likely add the
EGFR antagonists and many others in the future. Unlike conventional cytotoxic ther-
apy, the rationally designed molecular-targeted therapies enjoy the therapeutic advan-
tage of targeting the tumor cells, while potentially sparing nontarget normal tissues
based on the difference in target expression between normal tissue and tumor. Molecu-
lar-targeted therapy not only enables clinicians to design surrogate clinical endpoints
based on tumor targets (97,111,112), but also potentially permits profiling the tumor
for the appropriate target(s), thereby facilitating highly individualized cancer therapy.

To fulfill the great promise of molecular-targeted cancer therapies, many important
questions pertaining to the clinical development of the EGFR antagonists remain and
are also applicable to the whole class of molecular-targeted agents: What are the mole-
cular mechanisms of synergy when an EGFR antagonist is combined with chemother-
apy or radiotherapy? What would be the best way to combine the EGFR antagonist
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Table 4
Ongoing/Planned Pivotal Phase III Trials with EGFR Antagonists

C225 ZD1839 OSI-774

SCCHN XRT/C225 vs XRT —
CDDP/C225 vs CDDP

NSCLC CP/C225 vs CP CP plus ZD1839 vs CP CP plus OSI774 
vs CP

Colon Cancer planned — —
Pancreatic Cancer Gemcitabine+C225 — Gemcitabine+OSI774

vs Gemcitabine vs Gemcitabine

CDDP, cisplatin; CP, carboplatin and paclitaxel; XRT, radiation; IFL, irinotecan; 5FU, leucovorin.



with standard chemotherapy or radiation—concurrent (most commonly used design),
intermittent, or sequential? What are the effects of EGFR antagonist on tumor angio-
genesis in patients, and how to best assess in vivo angiogenesis in patients? What are
the impacts of EGFR antagonist on minimal residue disease or in the adjuvant setting
with or without chemotherapy? Most importantly, could we gradually phase out the
chemotherapy backbone in the treatment of cancer through the combination with other
molecular-targeted agents? Evidence of such combination-targeted therapy is begin-
ning to emerge in animal models when EGFR antagonist (either Iressa or C225) are
combined with interferon (IFN)α (124), Herceptin (125), and inhibitor of VEGFR
(126). This strategy may potentially further narrow the spectrum of systemic toxicity
without compromising overall antitumor efficacy. Cancer chemoprevention trials are
also adopting similar strategies of combining EGFR antagonist with molecular-tar-
geted agents such as Cox-2 inhibitors (127).

Given the heightened optimism surrounding molecular-targeted therapy, it is also
appropriate to acknowledge the limitations and many potential hurdles that molecular-
targeted therapy must overcome as redundancies of targets, signaling cross-talk, and
genomic instabilities that exist in practically all solid tumors and in leukemias. For
example, Gleevec is not as effective in CML-blast crisis as in early stage CML. This is
due at least in part, to the genomic instability and bcr-abl oncogene amplifications in
CML blast crisis (122,123). It should be emphasized that molecular-targeted therapy
can also produce unique toxicity, as opposed to the typical toxicity profile of cytotoxic
agents. In some cases, this is due the expression of target within the normal tissues.

Albeit rarely requiring stopping therapy, the commonly observed skin rash associ-
ated with EGFR antagonists can be quite distressing to a small number of patients, and
the management of this toxic effect may be further complicated by the concurrent use
of chemotherapy, such as cisplatin and gemcitabine (96,101). Even though it is feasible
to predict side effects based upon the target distribution (EGFR is expressed in the skin
and gut) and the target agent specificity, all clinical investigations of novel agents,
either alone or in combination, should draw from the lessons learned from the unex-
pected 19% congestive heart failure rate associated with the use of Herceptin plus dox-
orubicin in the treatment of metastatic breast cancer (120).

To validate the target response, clinical evaluations of molecular-targeted therapy are
increasingly relying on the development of surrogate markers through direct target tissue
sampling and functional imaging techniques (128). Functional and molecular imaging
techniques have added a new dimension to the conventional radiographic images based
on anatomic evaluation of tumor size in patients. Regardless of the technologies used to
assess tumor response, overall survival still remains the irreplaceable “ gold standard
endpoint” determined through phase III randomized clinical trials to receive drug regis-
tration and approval. Clinical response, TTP, and surrogate marker response should con-
tinue to serve as useful clinical endpoints in phase I and II clinical studies.

We have entered an era of a rationally designed molecular-targeted therapy. Recent
successful treatment of gastro intestinal stromal tumors (GIST) by Gleevec, a specific
TKI that targets c-kit, which is a critical oncogene in GIST, provides greater optimism
and impetus for molecular-targeted therapy (129,130). cDNA microarray (131) and pro-
teinomics chips (132,133) will be increasingly used to identify and analyze the critical
potential candidate anticancer targets among thousands of genes and proteins of the
complex cellular signaling networks (134,135). Despite these technological advances,
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many challenges lie ahead. However, highly individualized molecular-targeted therapy
will continue to evolve to benefit an increasing number of our cancer patients.
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1. INTRODUCTION

The HER-2/neu gene encodes a 185-kilodalton (kDa) transmembrane protein that is
a member of the type I receptor tyrosine kinase family, whose other members include
the epidermal growth factor receptor (EGFR), HER-3, and HER-4 (1). The HER-2/neu
receptor protein is expressed in a wide variety of tissues, including the breast, ovary,
endometrium, lung, liver, gastrointestinal tract, kidney, and central nervous system, and
HER-2/neu is believed to play an important signaling role in cellular proliferation and
differentiation in these tissues (2–7).
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A role for HER-2/neu as an oncogene was first recognized in rodent systems. The
activated form of the rodent homolog of the HER-2/neu gene, c-neu, was initially iden-
tified as an extremely potent transforming oncogene in DNA isolated from rats treated
with ethylnitrosourea (8). This form of the neu oncogene contains a point mutation in
the transmembrane domain that led to the neu protein existing in a constitutively acti-
vated state. Its normal cellular counterpart was subsequently isolated from rat and
human cDNA libraries (9–13).

The molecular alteration that occurs in human tumors is amplification of the normal
gene on chromosome 17q;21, resulting in overexpression of the normal gene product.
Soon after the human HER-2/neu gene was cloned (9), compelling clinical data were
generated demonstrating that HER-2/neu gene amplification occurs in 25–30% of
human breast, and in a lesser percentage of ovarian cancers (2,14,15). This molecular
alteration is an independent predictor of both relapse-free and overall survival in both
diseases (2,14–20). Initially, this finding was controversial, with many published stud-
ies failing to demonstrate an association between HER-2/neu amplification overexpres-
sion and clinical outcome. However, in retrospect, it is clear that most of these
contradicting studies failed to demonstrate an association between HER-2/neu status
and prognosis, due to methodological limitations, such as underpowered sample sizes,
clinical follow-ups that were too short, or insensitive methods for detection of the
HER-2/neu alteration, such as immunohistochemistry on formalin-fixed paraffin-
embedded tissue (21,22). It is now clear from large cohorts with long follow-up and
suitable reagents that HER-2/neu amplification overexpression is an independent prog-
nostic factor for both node-positive (16,17,20) and node-negative breast cancer (18,19).
In an attempt to differentiate between HER-2/neu overexpression simply being a prog-
nostic epiphenomenon associated with a poor prognosis and it having a direct causal
role in aggressive biological behavior, we engineered a series of human breast cancer
cell lines to overexpress the gene at levels similar to those seen in cancers with HER-
2/neu gene amplification and compared them to their nonoverexpressing parental con-
trols. Introduction of this alteration into HER-2/neu-nonoverexpressing breast cancer
cells resulted in marked increases of DNA synthesis, anchorage-dependent, and
anchorage-independent growth, tumorigenicity, and metastatic potential (23–26).
Other investigators have conducted similar experiments, in which HER-2/neu transfec-
tion resulted in transformation of both NIH3T3 and human breast cells, confirming that
this alteration plays a pathogenic role in tumorigenesis (27,28).

2. TARGETING HER-2/neu-OVEREXPRESSING CANCERS

Following the observation that HER-2/neu overexpression plays an active role in
pathogenesis of breast cancer, efforts were made to identify and characterize inhibitors
of HER-2/neu. One approach was to generate antibodies that inhibit the growth of cells
that possess activated HER-2/neu receptors (29). A murine monoclonal antibody, 4D5,
was found to have significant and dose-dependent antiproliferative activity specifically
against HER-2/neu-overexpressing cells, while having no effect on cells expressing
physiologic levels of HER-2/neu (30). This antibody recognizes an extracellular epitope
in the cysteine-rich II domain that resides very close to the transmembrane region of
p185HER-2. New breakthroughs in biotechnology have made it possible to humanize
murine monoclonal antibodies by identifying the minimum sequences of amino acid
residues in the complementary determining region (CDR) of the murine antibody
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required for antigen specificity and to substitute these regions for the CDRs of a consen-
sus human IgG molecule (31). This recombinant humanized monoclonal antibody
directed against HER-2/neu, now known as trastuzumab (Herceptin®), allows chronic
human administration without development of human anti-mouse antibodies (HAMAs),
which can otherwise rapidly neutralize therapeutic murine antibodies (32–34).

Preclinical studies conducted at UCLA demonstrated that the antiproliferative
effects of 4D5 and the dose-dependent antitumor efficacy against HER-2/neu-overex-
pressing xenografts in athymic mice were maintained following antibody humanization
(35). Furthermore, solution-phase binding studies determined that trastuzumab binds to
the HER-2/neu extracellular domain with an affinity (Kd) of 0.1 nmol/L, which is 3-
fold greater than that of 4D5 (31).

Trastuzumab is based on an IgG1 consensus sequence, thus allowing for the possi-
bility of antibody-dependent cellular cytotoxicity (ADCC) against tumor target cells by
immune effector cells expressing the Fcγ receptors (36,37). ADCC requires the pres-
ence of activation Fcγ receptors on effector cells such as natural killer (NK) cells,
monocytes and macrophages. NK cells express the activation Fcγ receptor, Fcγ RIII,
but do not express the inhibitory counterpart, Fcγ RIIB (37). Interestingly, monocytes
and macrophages express both activation FcγRIII and inhibitory FcγRIIB receptors.
The development of an orthotopic nude mouse model with effector cells lacking the
activation FcγRIII receptor has recently been described (37), which serves as a suitable
model to determine the contribution of ADCC to the in vivo activity of trastuzumab.
Knock-out mice deficient of the common Fcγ receptor, FcγRIII, were mated with
athymic nuce mice (nu/nu) to generate FCγRIII–/– (nu/nu) mice for use in xenograft
human tumor models (37). In FcγRIII+/+ athymic nude mice, trastuzumab treatment
resulted in nearly complete tumor inhibition (96%), with only a small fraction of mice
developing palpable tumors. However, in FcγRIII–/– mice, tumor mass was merely
reduced by 44%, and palpable tumors developed in nearly all of the animals (37). Sim-
ilar to these preclinical experiments, an additional orthotopic nude mouse model lack-
ing the inhibition FcγRII receptors in effector cells, such as monocytes or
macrophages, was developed using the same strategy. Trastuzumab was more effective
in FcγRIIB–/– at arresting tumor cell growth in this nude mouse model. Taken together,
these results clearly demonstrate the involvement of both an activation and inhibitory
Fcγ receptor pathway in effector cell-mediated cytotoxicity of trastuzumab in vivo.

To further validate these findings, a mutant 4D5 HER-2/neu antibody was con-
structed that contained alanine instead of aspartate at residue 265 of the 4D5 IgG1
heavy chain, a region critical for FCγ receptor binding. This mutation did not disrupt
antibody-antigen interactions, as it retained the wild-type characteristics of p185HER-
2/neu receptor blockage. However, the in vitro and in vivo ADCC capacity of the anti-
body was lost as a consequence of its reduced affinity for FcγRIII on effector cells.
Similarly, the mutated 4D5 antibody had less growth inhibitory activity compared to
wild-type 4D5 in the breast cancer xenograft model, confirming the contribution of
Fcγ receptor-mediated cellular cytotoxicity to the activity of trastuzumab or 4D5 in
vivo (37).

3. HER-2/neu SIGNAL TRANSDUCTION PATHWAYS

HER-2/neu forms hetero-oligomers with other members of the type I receptor tyro-
sine kinase family (such as EGFR, HER-3, and HER-4) in response to specific ligands
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called neuregulins/heregulins (38–41). Thus, HER-2/neu is an essential component of
these receptor complexes, although no ligand that interacts with HER-2/neu alone has
yet been characterized. However, when HER-2/neu is amplified and expressed at
abnormally high levels, the kinase activity becomes constitutively activated, possibly
due to autoactivation caused by crowding of adjacent HER-2/neu receptor molecules
within the cell membrane (42). This leads to ligand-independent activation of the
HER-2/neu protein, resulting in an increase in mitogenic signaling and increased cell
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proliferation (Fig. 1). Important downstream substrates of HER-2/neu include mem-
bers of the mitogen-activated protein (MAP) kinase cascade (43). Initially, HER-2/neu
tyrosine phosphorlyation creates a binding site for the adaptor proteins, Grb2 and Shc.
Association of Grb2 with activated HER-2/neu localizes Sos to the plasma membrane,
where it is able to interact with Ras proteins. These Ras proteins are anchored to the
inner leaflet of the plasma membrane. In its active GTP-bound form, Ras interacts with
effector proteins, including the Raf protein-serine/threonine kinase. Activated Raf ini-
tiates a protein kinase cascade (MAP kinase), leading to extracellular regulated kinase
(ERK) activation, which translocates to the nucleus, where it regulates transcription
factors by phosphorylation (44). Importantly, ligand-dependent activation of HER-
2/neu can also occur through formation of hetero-oligomer complexes with HER-3
receptors. HER-3, however, plays a distinct role, as it lacks a functional tyrosine
kinase domain and preferentially forms oligomeric complexes in the absence of lig-
ands (45). The HER-3 receptor itself can, therefore, only signal downstream by form-
ing hetero-oligomers consisting of HER-2/neu and HER-3 molecules (39,40,46).
Heregulins, which are natural ligands for the HER-3 and HER-4 receptors, can inter-
fere with the oligomeric HER-3 complexes, thus releasing vacant HER-3 molecules
from a preferred complex, allowing subsequent formation of new membrane receptor
complexes consisting of HER-3 and adjacent HER-2 molecules (40,45).

An important signaling molecule downstream of this HER-2/HER-3 complex is
phosphatidylinositol 3-kinase (PI3-kinase) (43). Although HER-2/neu has no PI3-
kinase binding site, it may associate with PI3-kinase through heterodimerization with
HER-3 (37,47,48). PI3-kinase plays a very important role in the cell signaling pathway.
Its functions include cell survival (49), differentiation (50,51) and cytoskeletal struc-
ture regulation (52). Stimulation of PI3-kinase activates the family of AKT serine and
threonine kinases (AKT1, AKT2, AKT3), which are cellular homologues of the viral
oncogene, v-akt (53). Active AKT proteins have been shown to phosphorylate and
inactivate members of the forkhead family (FH) of transcription factors (FKHR,
FKHR1, and AFX), thereby inhibiting apoptosis. They have also been shown to induce
cell survival by inactivation of BAD and caspase 9, which is consistent with the obser-
vation that growth factors in several systems can promote cell survival. AKT also
appears to be a signaling intermediate upstream of survival gene expression, which is
dependent on the transcription factor, NF-κB (54). Thus, the PI3-kinase/AKT pathway
is essential for inhibition of apoptosis in response to growth factor activation (55,56).
Furthermore, we were able to demonstrate that activation of AKT2, induced by hereg-
ulin through activation of P13-kinase, increased invasive capabilities of breast cancer
cells overexpressing the HER-2/neu receptor in vitro, while expression of dominant-
negative AKT2 blocked invasion of HER-2-overexpressing cells (57). Importantly,
trastuzumab was similarly able to block invasion of HER-2 cells via down-regulation
of AKTs in HER-2-overexpressing cells (58).

Consistent with these observations, it has also recently been demonstrated that
heregulin B1 can trigger a rapid stimulation of p21-activated kinase 1 (PAK) and its
redistribution into the leading edges of motile cells, thus promoting cell migration
(59,60). Recent studies also suggest that AKT regulates insulin-like growth factor I
receptor (IGF-IR) expression (61). Overexpression of AKT (AKT1 or AKT2) resulted
in elevated IGF-IR expression, and inhibition of AKT activity down-regulated IGF-IR
expression. Since IGF-IR is frequently overexpressed in several types of human
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malignancies, this study supports the hypothesis that active AKT promotes invasive-
ness of cancer cells, also through up-regulation of IGF-IR expression (61).

A recent study reports up-regulation of vascular endothelial growth factor (VEGF)
by heregulin in cancer cells (62). Cancer cells engineered to stably overexpress HER-
2/neu demonstrated induction of the basal level of VEGF, and exposure to heregulin
further enhanced VEGF secretion (62). These findings indicate a positive association
between HER-2/neu and VEGF expression and are consistent with recently published
data, using the mutated neu gene in NIH 3T3 cells (63), which similarly demonstrated
a correlation between HER-2/neu and VEGF expression in vitro. We were able to con-
firm up-regulation of VEGF by HER-2/neu at the RNA and protein levels in a number
of breast cancer cell lines that had been stably transfected with the HER-2/neu gene
(Epstein and Slamon, unpublished data). Other investigators were able to down-regu-
late VEGF expression and, thus, attenuate the angiogenic potential of HER-2/neu-over-
expressing cells by using inhibitory HER-2/neu antibodies (63).

In summary, the primary response to HER-2/neu activation is rapid transcriptional
induction of a large family of genes called immediate early genes. Many of these imme-
diate early genes themselves encode transcription factors, so their induction in response
to growth factor stimulation leads to altered expression of an even larger number of other
downstream genes, thereby establishing new patterns of gene expression associated with
increased cell proliferation, tumorigenicity, and invasiveness of tumor cells. Since these
changes are associated with aggressive biological behavior in tumor cells, HER-2/neu
represents a suitable target for therapeutic interventions by antibodies or other molecules
that can oppose the effects of the HER-2/neu kinase on cell signal transduction.

4. IN VITRO EFFECTS OF MONOCLONAL 
ANTI-HER-2/neu ANTIBODIES

Both the murine 4D5 and humanized antibody form, trastuzumab, reduce the per-
centage of HER-2/neu-positive cells undergoing S phase and increase the percentages
of cells in the G0/G1 phase in a dose-dependent manner (64,65). Treatment of HER-
2/neu-overexpressing cells with 4D5 resulted in a marked induction of the CDK2
kinase inhibitor, p27KIP1, which is consistent with the observation that treatment of
HER-2/neu-overexpressing cells with trastuzumab results in a cytostatic inhibition of
cell cycle progression (25,47,65). Treatment with 4D5 resulted in accumulation of
p27KIP1, but inactivation of the CDK2 complex can also occur without increasing
expression of p27KIP1, as redirection of p27KIP1 onto CDK2 is sufficient to inactivate
cyclin activity and block the cell cycle (65). Similar data have been reported for the
EGFR, in which inhibition of the EGFR kinase in receptor-overexpressing cells
resulted in up-regulation of p27KIP1. Tumor cells did not enter S phase when p27KIP1

levels were increased, resulting in G1 arrest and growth inhibition of the cells (66).
Early reports have suggested that binding of 4D5 to HER-2/neu results in activation

of the HER-2/neu receptor, as monitored by an increase in tyrosine autophosphorylation
(67,68). When SK-BR-3 cells, which overexpress HER-2/neu, are growth-inhibited by
trastuzumab treatment, a modest but reproducible increase in tyrosine phosphorylation
content is seen (47). Data derived from these experiments clearly show that while
trastuzumab may cause modest autophosphorylation of HER-2, the intensity of this sig-
nal is significantly lower compared to that of heregulin in experimental models with
HER-2/neu-overexpressing cells (47). A recent investigation suggests that HER-2/neu
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antibodies achieve inhibition of signal transduction through their ability to interfere with
receptor oligomer formation of HER-2/neu with other type I receptor tyrosine kinase
family members and that this effect was due to acceleration of ligand dissociation (69).

Furthermore, down-modulation of receptor-ligand complexes is thought to be a major
attentuation mechanism for receptor-induced signaling; however, it has recently been
shown that HER-2, HER-3, and HER-4 are impaired relative to EGFR with regards to
their ability to undergo ligand-mediated endocytosis (70). Nevertheless, although the
rate of down-modulation appears to be slower than that observed for EGFR, significant
removal of HER-2/neu receptors from cell membranes has been described (71,72).
Down-regulation of active ligand-bound growth factor receptors is caused by receptor-
mediated endocytosis. Following formation of clathrin coated pits and early endosomes,
a sorting process takes place, for which the molecular details are not yet precisely
known. This leads either to lysosomal degradation of the ligand–receptor complexes or
recycling of the receptor back to the cell membrane (73,74).

Adaptor proteins suggested to be involved in the ligand-induced down-regulation of
EGFR, resulting in lysosomal degradation, are members of the Cbl family. In support
of endosomal sorting, defective Cbl proteins enhance recycling of EGFR molecules
(75). In HER-2/neu-overexpressing cells, a mutant Cbl receptor displayed retarded
antibody-induced down-regulation and lysosomal degradation, suggesting that tumor
inhibitory antibodies utilize the Cbl pathway, at least in part, to degrade HER-2/neu
(76). Thus, the therapeutic potential of certain antibodies may be due to their ability to
direct HER-2/neu receptors to a Cbl-regulated proteolytic pathway.

In summary, both the effects of trastuzumab on HER-2/neu-mediated signaling
and/or its effect on down-regulation of HER-2/neu expression levels are complex, and
their exact contributions to the clinical activity of this therapeutic antibody remain to
be defined.

5. PHASE I CLINICAL TRIALS

Based on the demonstration of preclinical efficacy, both the murine monoclonal and
humanized forms of the HER-2/neu antibody were initially administered to human
subjects in a series of single- and multi-dose phase I clinical trials conducted at UCLA.
Toxicology and pharmacokinetics of single- and multi-dose antibody administered
intravenously to patients with HER-2/neu-positive refractory metastatic breast cancer
were studied. Trastuzumab demonstrated a favorable pharmacokinetic profile, achiev-
ing trough serum concentrations higher than those required for maximal antiprolifera-
tive effects in vitro. It also had a favorable toxicological profile, with the most
commonly reported side effects during phase I being occasional fever during the first
infusion and pain at the sites of metastasis. Importantly, these symptoms were
described as mild or moderate. Furthermore, there was no evidence of human anti-
humanized antibodies against trastuzumab. This was in contrast to a phase I trial con-
ducted with murine 4D5 antibody, in which HAMAs developed rapidly, as expected, in
treated patients (26).

6. COMBINING TRASTUZUMAB WITH CHEMOTHERAPY

Trastuzumab alone is not cytotoxic in vitro, at least during short-term exposure. One
popular method of rendering antibodies cytotoxic, envisioned by researchers in the
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anticancer antibody field, was to covalently link cytotoxic drugs to therapeutic mono-
clonal antibodies. In one such effort, antibodies against EGFR were coupled to cis-
platin and tested against EGFR-expressing xenografts in vivo (77). As controls for this
experiment, the investigators also tested uncoupled free anti-EGFR antibodies adminis-
tered concomitantly with free cisplatin. The results were surprising, in that this combi-
nation of uncoupled agents had more antitumor activity than the covalently linked
species, and much more than either drug alone.

Because of the close homology between EGFR and HER-2/neu, we and others have
conducted similar experiments with anti-HER-2/neu antibodies (Fig. 2) and have
observed cytotoxic effects that appear to be more than additive when combining anti-
HER-2/neu antibodies with cisplatin (24,78–80). A well-characterized mechanism of
the synergistic interaction between anti-receptor antibodies and platinum salts is that
antibody treatment inhibits repair of drug-induced DNA damage (24). This reversal of
DNA repair results in accumulation of platinum-DNA adducts in the nucleus and con-
comitant enhanced cytotoxicity of cisplatin (24). We have termed this effect “receptor-
enhanced chemosensitivity (REC)”. To more extensively study the nature of the
interaction(s) between trastuzumab and cisplatin, we employed the combination
index/isobologram method described by Chou and Talalay (81) to classify drug interac-
tions. We found the combination of trastuzumab and cisplatin to be highly synergistic.
We have now expanded upon our antibody/drug interaction studies to include combina-
tions of trastuzumab with alkylating agents, taxanes, topoisomerase II inhibitors, vinka
alkaloids, and anthracyclines. Of these, the platinum analogs, docetaxel, vinorelbine,
etoposide, thiotepa, cyclophosphamide, and ionizing radiation were found to have syn-
ergistic cytotoxicity when combined with trastuzumab (82,83).

7. PHASE II TRASTUZUMAB CLINICAL TRIALS

Four phase II clinical trials of single-agent trastuzumab, or trastuzumab in combination
with cisplatin, have been conducted. In a pilot phase II study of single-agent trastuzumab
for patients with HER-2/neu-overexpressing breast cancer who failed prior chemotherapy
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Fig. 2. Effect of therapy with cisplatin (a) or doxorubicin (b) and trastuzumab on growth of MCF-
7/HER-2 breast tumor xenografts in nude mice. Cells were cultivated in estrogen-primed female nude
mice for 7 d, then randomized to four treatment groups: 1) human IgG; 2) IgG and cisplatin (a) or dox-
orubicin (b); 3) trastuzumab; and 4) cisplatin (a) or doxorubicin (b) combined with trastuzumab (36).



for metastatic disease, an 11% response rate was observed (84). In an expanded phase II
study of trastuzumab as a single agent for patients who failed one or two prior chemother-
apeutic regimens for metastatic disease, a 14% response rate was noted (85). More
recently, results from single-agent trastuzumab given as first-line therapy for HER-2/neu-
positive metastatic breast cancer were reported (86). In this study, a higher response rate
of about 25% was observed, suggesting that single-agent trastuzumab may be more effec-
tive in patients less heavily pretreated with chemotherapy. In addition, this study random-
ized patients to two different dose levels of trastuzumab. The first dose level was the
standard 4 mg/kg loading dose, followed by 2 mg/kg/wk, and the second dose was double
the standard dose (8 mg/kg load plus 4 mg/kg/wk). No apparent difference in response
rates was seen at the higher dose level, and this dose appeared to cause more frequent side
effects (86). A significant contribution from all of these studies is a better understanding
of the toxicology of trastuzumab. For the most part, trastuzumab is very well tolerated
when administered as a single agent. Approximately 30–40% of patients experienced
mild fevers and/or chills during the initial loading dose (4 mg/kg). Other commonly
reported side effects included nausea/vomiting, pain at the site of tumor, asthenia,
diarrhea, and headaches. These reactions can usually be managed by administration of
acetaminophen (paracetamol), diphenhydramine hydrocloride, or meperidine hydro-
cloride, or even by slowing the rate of infusion.

The first trial of the combination of trastuzumab with chemotherapy in a clinical set-
ting was performed at UCLA in 1992 (80). A unique feature of this phase II trial was
that to gain entry into the study, all patients were required to have chemoresistant
breast cancer, as defined by objective evidence of disease progression during active
chemotherapy treatment. The study population consisted of extensively pretreated
advanced breast cancer patients with HER-2/neu overexpression. Patients were treated
with a loading dose of 250 mg intravenous trastuzumab, followed by weekly doses of
100 mg intravenously for 9 wk. Chemotherapy consisted of cisplatin (75 mg/m2) on d
1, 29, and 57. Clinical response data in this study were confirmed by an independent,
blinded response evaluation committee. Objective partial clinical responses were seen
in 24% of patients, and an additional 24% had either minor response or disease stabi-
lization. This compares extremely favorably with both single-agent cisplatin (a
reported response rate from five separate clinical trials of approx 7%, 95% confidence
limits 2–11%) and single-agent trastuzumab (a response rate of about 12% in pre-
treated patients with metastatic disease) (80,84).

8. FIRST-LINE CHEMOTHERAPY PLUS TRASTUZUMAB 
FOR HER-2/neu-OVEREXPRESSING METASTATIC BREAST CANCER

A large prospective randomized controlled trial of standard chemotherapy with
trastuzumab (Herceptin) has been completed (87). The trial was conducted in 469
patients with HER-2/neu-overexpressing metastatic breast cancer who had not previ-
ously been treated with chemotherapy for metastatic disease. Standard chemotherapy
consisted of doxorubicin (60 mg/m2) or epirubicin (75 mg/m2) plus cyclophosphamide
(600 mg/m2) intravenously every 21 d for anthracycline-naïve patients (281 patients),
or paclitaxel (175 mg/m2) intravenously over 3 h for those patients who had previously
been treated with an anthracycline in the adjuvant setting (188 patients). A feature of the
patient characteristics for this cohort was that the patients in the paclitaxel arm had
worse prognostic features at diagnosis, as might be anticipated, given their prior adjuvant
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Fig. 3. Kaplan-Meier estimates of progression-free survival of patients with metastatic breast cancer,
according to whether patients were randomly assigned to first-line chemotherapy (an anthracycline
and cyclophosphamide or paclitaxel) plus trastuzumab or chemotherapy alone. H, Herceptin; AC,
doxorubicin or epirubicin and cyclophosphamide; P, paclitaxel; C, chemotherapy. (Reproduced with
permission from Ref. 87). Copyright 2001, Massachusetts Medical Society; all rights reserved.
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Fig. 4. Kaplan-Meier estimates of overall survival of patients with metastatic breast cancer, accord-
ing to whether patients were randomly assigned to first-line chemotherapy (an anthracycline and
cyclophosphamide or paclitaxel) plus trastuzumab or chemotherapy alone. (Reproduced with permis-
sion from Ref. 87). Copyright 2001, Massachusetts Medical Society; all rights reserved.



treatment with an anthracycline. Patients on the paclitaxel arm were more likely to be
premenopausal, have estrogen/progesterone receptor-negative tumors, more positive
lymph nodes, and a higher incidence of prior radiation treatment. About 20% of these
patients had been treated with myeloablative chemotherapy, followed by peripheral
blood-derived or bone marrow-derived hematopoietic stem cells. These patients also
had a shorter time from diagnosis to relapse compared with patients treated on the dox-
orubicin/cyclophosphamide arm. Based on these pretreatment characteristics, one
might expect that the response to treatment in the paclitaxel group would be lower than
the response in the doxorubicin/cyclophosphamide-treated group in this study. How-
ever, even with this caveat, the response rate in the paclitaxel group was somewhat of a
surprise, in that the response rate for first-line single-agent paclitaxel was only 15%,
compared with 38% for the doxorubicin-containing arm. Patients randomized to
receive trastuzumab in combination with conventional chemotherapy had a higher
overall response rate, a longer median response duration, a significantly longer time to
disease progression, and an increased median survival (Figs 3 and 4) (Table 1) (87).
With a median follow-up of 35 mo, trastuzumab combined with either chemotherapy
regimen decreased the relative risk of death by 24% and increased the median survival
from 20.3 mo to 25.1 mo (87). This is particularly noteworthy, given the fact that two-
thirds of the women on the chemotherapy-alone arms subsequently received
trastuzumab at the time of disease progression on a companion study protocol, follow-
ing initial protocol treatment. It is also noteworthy that trastuzumab, the first biologic
agent to be approved by the FDA for breast cancer treatment, prolongs the survival of
metastatic breast cancer patients.

9. INCREASED RISK OF CARDIOTOXICITY

Along with the clinical success of trastuzumab came an unexpected toxicity;
namely, cardiac dysfunction, especially in those patients who received concomitant
trastuzumab and doxorubicin. Expression of HER-2/neu in adult myocardium had not
been previously well-characterized, although it was presumed to be very low, on the
basis of low-level HER-2/neu expression, as seen by immunohistochemical analysis or
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Table 1
Effect of Herceptin® on the Activity of an Anthracycline and Cyclophosphamide 

or Paclitaxel as First-Line Therapy for Patients with Metastatic Breast Cancer

CTX CTX + H AC AC + H P P + H

Number of patients 234 235 138 143 96 92
Progression-free 4.6 7.4 6.1 7.8 3.0 6.9

survival (months) p < 0.001 p < 0.001 p < 0.001
Response rates (%) 32 50 42 56 17 41

p < 0.001 p = 0.02 p < 0.001
Median duration of 6.1 9.1 6.7 9.1 4.5 10.5

response (months) p < 0.001 p = 0.005 p < 0.01
Median survival 20.3 25.1 21.4 26.8 18.4 22.1

(months) p = 0.046 p = 0.16 p = 0.17

CTX, chemotherapy; H, Herceptin; AC, doxorubicin (60 mg/m2) or epirubicin (75 mg/m2) and
cyclophosphamide (600 mg/m2) q3W; and P, paclitaxel (175 mg/m2) q3W.



low levels of transcript expression detectable by reverse transcription polymerase chain
reaction (RT-PCR). Cardiac dysfunction, as defined by the New York Heart Association
(NYHA) classes I through IV, occurred in 39 out of 143 (27%) patients receiving
trastuzumab plus doxorubicin/cyclophosphamide (AC) vs 8% receiving AC alone.
However, NYHA I–IV also occurred in 12 out of 91 (13%) patients receiving
trastuzumab plus paclitaxel vs 1% receiving paclitaxel alone. The incidence of severe
cardiac dysfunction (NYHA class III and IV) was highest among patients receiving
trastuzumab plus AC, with a 16% vs 3% incidence in those receiving AC alone and
was 2% in those treated with trastuzumab plus paclitaxel vs 1% receiving paclitaxel
alone (87).

Doxorubicin is known to selectively reduce the expression of genes important for
the structural integrity and enzymatic function of cardiac myocytes (88). It has recently
been reported that a transcriptional factor, STAT3, downstream of the transmembrane
cytokine receptor, gp130, can induce protective signals against doxorubicin-induced
cardiomyopathy that inhibit the doxorubicin-related reduction of cardioprotective
genes (89). Recent experimental data obtained in vitro, as well as in transgenic ani-
mals, suggest an important role for gp130-dependent signaling in cardiac myocyte sur-
vival (90,91). The recent discovery of HER-2/gp130 heterodimer formation (92)
suggests that HER-2/neu can directly promote cardiac myocyte survival via this het-
erodimer formation. Furthermore, heregulins can directly promote cardiac myocyte
survival in vitro via HER-2/HER-4 heterodimer formation (93). This heterodimer-acti-
vated pathway appears to be required to maintain cardiac myocyte viability under nor-
mal conditions and during cardiogenesis (91). However, the gp130-dependent pathway
appears to play an important role in the stress-induced survival pathway, which is not
required under normal physiologic conditions (91). It is likely that inhibition of HER-
2/neu by antibodies can reduce activation of gp130, thus abrogating the protective
function of this molecule, and thereby possibly making myocytes susceptible to dox-
orubicin-induced cardiomyopathy.

Further studies will, therefore, require careful design to avoid the cardiotoxicity
issues associated with the use of trastuzumab/anthracycline administration. With
recognition of the cardiotoxicity potential, we have proposed a non-anthracycline
trastuzumab/chemotherapy regimen consisting of a docetaxel/platinum combination,
which avoids the anthracycline-associated cardiotoxicity issues. More importantly, this
approach will take advantage of the observed synergy between trastuzumab and these
agents (82,83).

10. HER-2/neu DETECTION IN CLINICAL SAMPLES

The need for accurate detection of the HER-2/neu alteration has now become even
more important, because therapeutic decisions for patients are dependent upon this
information. Optimal use of trastuzumab therapy requires accurate determination of
HER-2/neu status, as this is presently the strongest predictor of response to
trastuzumab treatment.

Numerous different approaches have been used to detect HER-2/neu amplification at
the DNA level (slot blot or Southern blot, fluorescence in situ hybridization [FISH],
PCR-based techniques), at the transcriptional level (Northern analysis, RT-PCR), or at the
protein level (Western blot, immunohistochemistry [IHC], enzyme-linked immunosor-
bent assay [ELISA]). It is clear that all of the solid matrix blotting techniques suffer from
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potential dilutional artifacts resulting from admixture of normal stromal, inflammatory,
and vascular cells in clinical tumor samples (14,94). Techniques involving in situ detec-
tion are generally more sensitive in identifying gene amplification or protein overexpres-
sion. The most widely used technique for detection of HER-2/neu overexpression at the
protein level is IHC; however, the drawback of this technique is that multiple primary
antibodies are currently in clinical use, each of which has differing sensitivity and speci-
ficity, as well as different cut-off values to distinguish overexpressing from nonoverex-
pressing tumors (21). It is, therefore, difficult to know whether a sample scored as
HER-2/neu-positive in one laboratory will be confirmed by another laboratory. Another
concern is that the degree of IHC staining for HER-2/neu is subjective and qualitative. It
is clear that formalin fixation of tumor samples and storage in paraffin results in epitope
degradation, so that sensitivity is lost over time in archival clinical material (14,21).

The most accurate technique currently available for detection of HER-2 gene alter-
ation is DNA FISH (Fig. 5) (94,95). In this assay, a fluorescent-labeled genomic DNA
probe containing the HER-2/neu gene and its flanking sequence is allowed to hybridize
to tumor cell DNA within a standard paraffin-embedded tumor section mounted on a
microscope slide. A second DNA probe, specific for chromosome 17 and labeled with
a different color than the HER-2/neu probe, is used to distinguish true HER-2/neu gene
amplification from chromosome 17 ploidy. Using this technique, a quantitative copy
number of HER-2/neu genes per chromosome 17 centromere can be ascertained. One
theoretical disadvantage of this assay is the inability to detect so-called single-copy
overexpressors. In such cases, the HER-2/neu protein is overexpressed in the absence
of HER-2/neu amplification (94). However, the frequency of single-copy HER-2/neu

344 Section 3 / Oncogenes as Targets for Anticancer Therapy In Vivo 

Fig. 5. Representative photomicrographs of breast tumor tissue sections after FISH with a spectrum
orange-labeled HER-2/neu probe. A single band pass filter combination has been used in all photomi-
crographs. (A) HER-2/neu gene single-copy status (1000X); (B) Low-level amplification; (C) High-
level amplification (1000X). (Interphase cytogenetics of the HER-2/neu oncogene in breast cancer,
Giovanni Pauletti and Dennis Slamon in introduction to fluorescence in situ hybridization principles
and clinical application. Edited by M. Andreeff and D. Pinkel. Copyright 1999; reprint permission by
Wiley-Liss, Inc., a subsidiary of John Wiley & Sons, Inc.)



overexpression in breast cancers is estimated to be less than 5% of all overexpressing
tumors. Moreover, these cases do not appear to have the poor prognosis of the ampli-
fied/overexpressors (20). Therefore, the advantages of FISH in terms of sensitivity and
specificity far outweigh this disadvantage in terms of diagnostic accuracy (22,94).

Three pivotal clinical trials led to Food and Drug Administration (FDA) approval of
Herceptin (first-line single-agent therapy, second- or third-line single-agent therapy,
and combination therapy of trastuzumab and chemotherapy in first-line treatment of
breast cancer). In a retrospective subgroup analysis, the tumor samples of most of the
patients included in these studies were analyzed by FISH (96–98). The findings of this
analysis indicate that the response to trastuzumab, either as a single agent or in combi-
nation with chemotherapy, was greater among those patients whose tumors demon-
strated HER-2/neu gene amplification detected by FISH compared to those patients
who were classified as HER-2/neu-positive solely by IHC, using the clinical trials kit
(CB11 and 4D5 HER-2/neu antibodies) on paraffin-embedded formalin-fixed tissue.
FISH results were available from 540 (67%) of the 805 patients entered into the three
pivotal clinical trials. The discordance between FISH and IHC in defining HER-2/neu-
positive breast cancer patients is displayed in Table 2. Importantly, 21 (11%) of 197
patients scored as IHC 3+ were classified as negative for HER-2/neu gene amplifica-
tion, and 67 (76%) of 88 patients scored as IHC 2+ were classified as negative for
amplification of HER-2/neu. Among the patients classified as HER-2/neu-positive by
FISH, 21 out of 105 (20%) and 17 out of 41 (41%) responded to second/third-line ther-
apy and first-line therapy, respectively, and 130 out of 240 (54%) of patients responded
to the trastuzumab chemotherapy combination. Comparison of the results of this sub-
group analysis with the response rates reported earlier for patients classified as HER-
2/neu-positive by IHC (85–87) suggest that FISH is superior in determining the
probability of response to trastuzumab as a single agent or in combination with
chemotherapy compared to IHC.

11. FUTURE DEVELOPMENTS

Defining safe well-tolerated and effective clinical regimens incorporating
trastuzumab remains an important priority. As described above, preclinical data sug-
gest that there are synergistic interactions between some chemotherapeutic agents such
as platinum-based regimens, docetaxel, or navelbine (64,82,83). Phase II studies with
these combination partners have been initiated, and preliminary results are encourag-
ing, with high response rates and favorable toxicity profiles (99,100). Importantly,
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Table 2
Discordance of the IHC and FISH Results Among 529 Patients Entered into 
the Pivotal Clinical Trials of Herceptin as First- or Second/Third-Line Single

Agent or in Combination with Chemotherapy

IHC

0 1+ 2+ 3+

FISH-negative 207 28 67 21
FISH-positive 7 2 21 176



these combination partners have not been associated with cardiac toxicity and, there-
fore, have demonstrated a low risk of cardiotoxicity in combination with trastuzumab.

Furthermore, the use of adjuvant trastuzumab for HER-2/neu-positive early stage
breast cancer is a very attractive treatment approach, as trastuzumab is a therapeutic
with a high molecular weight (148 kDa), for which penetration into bulky tumors is
unfavorable. Therefore, the efficacy of trastuzumab would theoretically be maximal in
a micrometastatic disease situation, where intratumoral pharmacokinetic boundaries
are not present. Most of the adjuvant studies will administer 1 yr of trastuzumab, but
the decision for this duration, though reasonable, is empiric. Regarding potential car-
diotoxicity of trasuzumab, we have initiated a non-anthracycline adjuvant chemother-
apy/trastuzumab regimen consisting of a docetaxel/carboplatin combination that will
avoid anthracycline-associated cardiotoxicity issues in the adjuvant setting, in which
many women may be cured as a result of their initial surgery and radiation. Most
importantly, this combination will take advantage of the synergistic interactions
between these agents when given concomitantly.

Many clinical issues regarding HER-2/neu amplification/overexpression have not
yet been resolved. Its use as a target for future drug development provides a wealth of
opportunities for future basic and clinical research. The fact that trastuzumab prolongs
the survival of patients with metastatic breast cancer is not only clinically significant
for breast cancer therapy, but is also the ultimate experimental proof from a scientific
perspective that HER-2/neu does play an important role in the pathophysiology of
breast cancer. The HER-2/neu paradigm of targeted cancer therapy is now an important
model for drug discovery and drug development in the biotechnology and pharmaceuti-
cal industries. Identification of new therapeutic targets will result in significant thera-
peutic benefits for patients suffering, not only from breast cancer, but from many other
human cancers.
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1. INTRODUCTION

The long awaited molecular age of cancer diagnostics and pharmaceuticals is arriv-
ing at last, and it is fitting that drugs designed to interfere in the function of Ras, the
first oncogenic protein found in human tumors, are leading the way. One class of such
drugs, farnesyltransferase inhibitors (FTIs), illustrate both the promise and the cautions
that accompany such molecularly targeted therapies. On one hand, FTIs represent a
class of rationally designed drugs targeting the farnesyltransferase (FTase) enzyme that
posttranslationally modifes Ras and other farnesylated proteins, and they have shown
some efficacy in clinical trials as anticancer agents. On the other hand, several surprises
have accompanied the development of FTIs, the most important of which is that FTIs
do not inhibit Ras function primarily; indeed, the ultimate downstream targets of FTase
inhibition are yet to be identified. This review describes the development of FTIs as
anti-Ras and anticancer treatments, from both a basic and a translational science per-
spective, ending with a discussion of present understanding and future prospects for
this novel class of therapeutic agents.

2. Ras ONCOGENES AS TARGETS FOR ANTICANCER THERAPY

The Ras family of small GTPases normally act as biological on/off switches to regu-
late diverse cellular functions including proliferation, differentiation, and death (1).
Regulated themselves by binding either to GTP (in the “on” state) or to GDP (in the
“off” state), Ras proteins are part of a complex molecular circuitry in which multiple
pathways interact to relay signals from cell surface to nucleus and ultimately alter the
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expression profile of the numerous genes whose promoters contain Ras-responsive ele-
ments. In more than 30% of all human cancers, the Ras signaling circuitry is up-regu-
lated, either by mutations (typically at codons 12, 13, or 61) that cause Ras to assume a
constitutively active GTP-bound conformation, or by amplification or overexpression
of normal Ras that also results in excess Ras-GTP activity (2). Elegant studies have
shown that the loss of such aberrant Ras activity impairs maintenance of the tumori-
genic phenotype in a variety of systems, including in human tumor cell lines that lack
their activated K-ras (13D) allele due to homologous recombination (3) or their acti-
vated N-ras (61K) allele due to chromosomal transfer (4), and in a mouse melanoma
model genetically engineered to express a tetracycline-inducible H-Ras (12V) mutant
(5). Such studies, in which genetic loss of oncogenic Ras function impairs tumori-
genicity even in the continued presence of other genetic mutations, provide support for
the idea that pharmacological targeting of Ras as anticancer therapy can have a real
impact on human disease.

3. TARGETING Ras POSTTRANSLATIONAL PROCESSING WITH FTIS

To be localized correctly within the cell and to be biologically active, Ras proteins
must be modified posttranslationally in a series of steps beginning with a farnesyl iso-
prenoid lipid modification at a carboxy-terminal cysteine that is part of the CAAX
motif, where C = cysteine, A = aliphatic, and X = any amino acid (6–8). Farnesol is an
obligate intermediate in the cholesterol biosynthetic pathway, and the attachment of the
farnesyl group to Ras proteins is the obligate initial step in Ras processing (9–11); sub-
sequent steps include endoproteolytic cleavage of the AAX residues, followed by car-
boxymethylation of the now-terminal farnesylated cysteine, and then by palmitoylation
of the upstream cysteine(s) of H-Ras, N-Ras, or K-Ras4A. K-Ras4B has a stretch of six
contiguous lysines upstream of the CAAX motif instead of the palmitoylatable cys-
teines. Following the completion of each of these steps, Ras proteins localize to the
inner surface of the plasma membrane where they can be activated by their upstream
regulators and where they can, in turn, signal to downstream effector target molecules.

The farnesyl modification is carried out by the enzyme FTase (12,13), which trans-
fers the farnesyl moiety from farnesyl pyrophosphate (FPP) to substrate proteins con-
taining CAAX motifs terminating in specific amino acids, especially S, M, Q, A, and T
(in H-Ras, X = S; in N- and K-Ras, X = M). Even before it was shown that the newly
identified FTase enzyme could be inhibited by tetrapeptides mimicking the Ras CAAX
motif (13), FTase became a target for a tremendous effort in rational drug design of
FTase inhibitors (FTIs) (14,15).

Many FTIs have been discovered and/or synthesized from natural fungal and plant
products to combinatorial libraries to rationally designed peptide mimetics to nonpep-
tidic nonthiol-containing compounds that are competitive with respect to FPP, to the
CAAX motif, or even bisubstrate compounds containing different portions of the mol-
ecule, each of which is competitive with respect to FPP or CAAX. The development
of these compounds has been reviewed thoroughly (2,16–19). Initially, FTIs were
tested for their ability to block Ras processing and biological activity in signaling and
transformation assays including MAPK activation, transcriptional transactivation,
proliferation, focus formation, soft agar colony formation, and tumorigenicity of Ras-
transformed rodent model cell lines. Now, such compounds are conventionally
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screened first for their ability to inhibit FTase attachment of FPP to an H-Ras sub-
strate in vitro, then for their ability to inhibit the growth of human tumor cell lines in
monolayer culture and in soft agar colony forming assays. If the compounds demon-
strate selectivity for inhibition of FTase compared to the related enzyme geranylger-
anyltransferase I (GGTase I), which recognizes CAAX motifs where X = L, as well as
for inhibition of tumor cells vs normal cells, then the next step is screening in nude
mouse or transgenic mouse tumorigenicity assays. Several FTIs that inhibit Ras pro-
cessing and decrease tumor growth in animals with little toxicity have been brought to
clinical trials; some of these trials have progressed recently as far as phase II/III effi-
cacy studies, as will be discussed below. However, it is critical to remember that,
despite the original intent of their design and of their ability to inhibit Ras farnesyla-
tion and biological activity, FTIs are not actually anti-Ras drugs; instead, they are
anti-FTase drugs. This distinction has important implications for the ways in which
FTIs may be used as anticancer therapy.

3.1. Ras, RhoB, and Other Targets of FTIs
Because FTIs were initially designed and thought of as anti-Ras drugs, it was a

great surprise when studies showed that (i) ras mutation status was not correlated with
FTI sensitivity (20); (ii) the time course of phenotypic reversion following FTI treat-
ment was often too short to be explained by the mere cessation of processing of newly
synthesized Ras proteins that have an approx 24-h half-life (21,22); and (iii) FTI treat-
ment resulted in a loss of processing of H-Ras but not of K-Ras proteins (23). The lat-
ter findings were explained by work demonstrating that K-Ras and N-Ras (CAAX X =
M), but not H-Ras (CAAX X = S), could become substrates for alternative prenylation
by the enzyme GGTase I when FTase was inhibited by FTIs (24–26). This alternative
prenylation thus allowed K- and N-Ras to escape the loss of processing that H-Ras
underwent upon FTI treatment, and possibly explained some of the surprising lack of
FTI toxicity to normal cells, by permitting the continued function of endogenous nor-
mal K- and N-Ras (27). Nevertheless, these results forced the recognition that the loss
of Ras farnesylation might not be the explanation for the ability of FTIs to inhibit
tumor growth in cells transformed by oncogenes other than H-Ras itself. It seems clear
that tumor cells containing oncogenically mutated H-Ras and wild-type p53 tumor
suppressor protein are quite susceptible to FTI treatment (28,29), and there are other
reports of FTI sensitivity paralleling Ras mutation (30) or activity (31), but in many
cases the role of Ras is not so clear. Instead, additional farnesylated protein substrates
of FTase must provide biologically relevant targets of FTIs. The search for such tar-
get(s) is still underway as of this writing, although a compelling case has been made
for the Ras-related protein, RhoB, as one possibility that can explain some, but not all,
consequences of FTI treatment (32).

RhoB, a member of the Rho family of Ras-related GTPases, is an immediate early
protein with a short half-life (T1/2 2 to 3 h) (33) and an unusual carboxylterminal
sequence (CCKVL) (34). It has the distinctive property of being the only prenylated
protein known to contain populations that are either farnesylated (F) or geranylgerany-
lated (GG) (34,35). Evidence that RhoB may mediate some of the biological conse-
quences of FTI treatment includes the ability of RhoB-GG to reverse morphological
transformation and to inhibit growth of Ras-transformed, but not normal, Rat-1 fibrob-
lasts (36,37). Further, cells from RhoB knock-out mice are resistant to FTI-mediated
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apopotosis (37). On the other hand, there is also evidence to suggest that RhoB cannot
be the only physiologically relevant target of FTIs. For example, one study (38)
showed that both F and GG forms of RhoB are growth inhibitory in human tumor cells,
implying that FTI treatment, which causes an increase in the amount of RhoB-GG (via
alternative prenylation following inhibition of farnesylation), would not, thereby,
switch RhoB from a tumorigenic or neutral phenotype to a growth inhibitory pheno-
type. In RhoB knock-out mice, FTI treatment was still able to mediate inhibition of
anchorage-independent growth (37), indicating that the presence of RhoB is not neces-
sary for this response to FTIs. Therefore, at least one target in addition to or instead of
Ras and RhoB must be important for mediating FTI responsiveness.

3.2. Effect of FTIs on Cell Cycle
FTIs have been reported to have a variable effect on the cell cycle, but most often

cause arrest in the G2/M phase (39,40). This led to speculation that the loss of function
of the farnesylated centromere binding proteins CENP-E and CENP-F could be
responsible for cellular sensitivity to FTIs (41). Other evidence has emerged from a
study of A549 and Calu-1 human lung carcinoma cell lines to suggest that the FTI-
2153 blocks bipolar spindle formation and chromosome alignment, thereby preventing
cells from progressing from prophase to metaphase (42). In addition, human tumor cell
lines bearing H-RAS mutations and wild-type p53 accumulate in G1, presumably due
to the induction of p53 and the cyclin-dependent kinase (CDK) inhibitor p21Waf/Cip,
which resulted from FTI treatment with L-744,832 or SCH 66336 (28,29,43). Thus,
multiple effects of FTIs on cell cycle progression are possible and appear to be cell
context-dependent.

3.3. Effect of FTIs on Cell Survival
Because FTIs prevent the processing of newly synthesized proteins, but do not cause

the removal of prenyl groups from proteins already processed, it was assumed that they
would be cytostatic, but not cytotoxic, drugs. Indeed, when used as single agents, FTIs
do not cause apoptosis under most conditions. However, loss of anchorage causes cells
in culture to become susceptible to induction of apoptosis by FTIs (44), as does removal
of growth factors by serum deprivation (45). Disrupting the PI3-K/Akt survival path-
way with LY294002 enhances FTI-induced apoptosis (45–48), whereas constitutively
active Akt2 can rescue it (47). Further, cell cycle inhibitors such as roscovitine and olo-
moucine, which inhibit CDKs, synergize with FTIs to promote apoptosis in trans-
formed cells including leukemic (HL-60, CEM) and prostate cancer (LNCaP) cell lines
(48); the increase in release of mitochrondrial cytochrome c results in caspase-3 activa-
tion and apoptosis. Interestingly, FTase itself has been shown to be a target of caspase-3
cleavage during apoptosis (49), although this effect is shared with GGTase I, as it is the
α subunit shared by FTase and GGTase I that is the caspase-3 substrate.

Finally, although the mechanistic explanation is unknown, in general FTIs are cyto-
static in vivo when tested in nude mouse tumorigenicity studies, but can be cytotoxic
when tested in transgenic mice. Dramatic and rapid regression was seen in H-RAS
transgenic mice where the H-RAS transgene was driven by a mouse mammary tumor
virus (MMTV) promoter or by the whey acidic protein (Wap) promoter (43,50,51); less
dramatic results were seen in N-Ras (52) and K-Ras transgenics (53), presumably due to
less efficient inhibition of Ras processing in these Ras-driven tumor models. A critical
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question for clinical trials and ultimate clinical utility is whether humans are more like
nude mice or transgenic mice in this respect.

3.4. FTI Inhibition of Other Aspects of the Transformed Phenotype
In addition to deregulation of proliferation and cell survival, the development and

maintenance of the malignant state include such characteristics as increased angiogen-
esis and decreased oxygenation in the tumor bed. When FTIs were regarded primarily
as anti-Ras drugs, it was reasonably assumed that of course they should also block
angiogenesis, which can be induced by Ras-mediated increases in vascular endothelial
growth factor (VEGF) (54,55); however, if FTIs act via other, non-Ras targets, then
their anti-angiogenic properties might be more difficult to predict. Although few stud-
ies have addressed this question specifically, the FTI A-170634 did reduce VEGF-
induced angiogenesis in a corneal neovascularization model (56). Further, the FTI
L744,832 reduced EGFRvIII-mediated VEGF secretion in astrocytoma cells (57,58),
as well as tumor hypoxia in T24-tumor bearing nude mice (59). These studies support
the notion that the overall effects of FTIs in cancer treatment may not be limited to
effects on proliferation or survival, and instead may come ultimately from inhibition of
multiple aspects of the transformed phenotype.

4. UTILITY OF FTIS IN CANCER TREATMENT

FTIs have demonstrated activity against a wide variety of human tumor cell lines in
vitro in soft agar colony forming assays, including those resistant to conventional cyto-
toxic anticancer agents such as doxorubicin, cisplatin, and paclitaxel (60), and, accord-
ingly, the first large groups of phase I clinical trials world-wide with FTIs as single
agents (R115777, SCH 66336, L778, 123, and BMS-214662) have been performed in a
wide variety of human tumor types (61). Common toxicities have been reversible
myelosuppression and fatigue, which are likely to be mechanism-related. Dose-limit-
ing toxicity (DLT) for R115777 has been reported to be either neutropenia or neuropa-
thy (62) depending on the trial, whereas gastrointestinal toxicity was the DLT for SCH
66336 (63); both of these drugs are orally bioavailable. L778,123 is no longer being
put forward for trials due to structure-related cardiac toxicity, i.e., prolongation of the
Q-T interval. This leaves most trials currently using the remaining three, with others
under development. Interestingly, BMS-214662, which is currently given intra-
venously, appears to have an additional activity that allows it to be cytotoxic rather than
simply cytostatic (64), and much effort is now being devoted to determining the char-
acteristics of the compound causing this additional activity. Although initial phase I
studies provided only hints of efficacy, with occasional partial responses reported,
much effort is being devoted to optimizing the types of trials that will unmask the best
ways in which to use this new class of drug. These trials are often accompanied by
examination of a variety of surrogate markers, including measurement of inhibition of
the FTase enzyme itself, as well as appearance of the unprocessed forms of H-Ras, the
chaperone protein HDJ-2, and the nuclear structural protein lamin A (65).

4.1. Patient/Tumor Selection
In addition to the evidence cited above in Section 3.1. that FTIs may be particularly

useful in tumors containing mutated H-Ras and wild-type p53, two other classes of
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tumors appear to be especially interesting targets for FTIs as a result of phase I/II clin-
ical trials: hematopoietic malignancies, especially BCR/ABL positive leukemias
(66,67), and astrocytomas/gliomas. Although in general, FTIs did not demonstrate effi-
cacy when used as single agents, reports of efficacy in phase I studies in the latter two
tumor types have been encouraging. In particular, a very recent report indicated a 29%
response rate in poor-risk acute leukemias, including two complete remissions (68),
although, oddly, no N-Ras mutations were found in any of the patient samples. Thus,
although nearly all of the initial trials were naturally focused on those tumors in which
Ras mutations were common (pancreas, colon, non-small cell lung cancer [NSCLC]),
many of the more recent trials of FTIs as single agents are now focused on either
tumors in which H-ras mutations are involved (head and neck) or tumors where FTIs
have already demonstrated some signs of efficacy (leukemias, gliomas). It is also worth
mentioning that preclinical studies have shown breast tumors to be particularly sensi-
tive to FTIs, although in the absence of Ras mutations in this tumor type and a clear
consensus on other biologically relevant targets of FTIs, it is not clear why this is the
case. Most speculation centers on either Ras being important via its up-regulation
downstream of enhanced activity of epidermal growth factor receptor (EGFR) family
members or RhoB controlling other Rho family members.

4.2. FTIs in Combination Therapies
For the most part, FTIs are likely to be most useful when combined with other ther-

apies. Indeed, combinations in vitro, as well as in vivo, in preclinical animal models of
FTI and conventional cytotoxics have shown enhanced activity (51,69,70). Synergy
with taxanes is particularly impressive (71–73), and recent clinical trials have been
designed accordingly. An important consideration is that of sequencing: BMS-214662
has been shown to provide sequence-specific synergy with taxanes, such as paclitaxel,
only when the FTI is administered (30 min) after the paclitaxel. Whether this sequence-
specific synergy is due to the reported ability of paclitaxel to increase apoptosis when
MEK is also inhibited (74) is unclear. Other combinations currently underway are with
topoisomerase I inhibitors, such as irinotecan, and with topoisomerase II inhibitors,
such as etoposide, to which ras mutation-positive tumors have been shown to be more
sensitive than tumors lacking such mutations (75). Finally, clinical trials are ongoing
that combine FTIs with radiation therapy, as FTIs have been shown to be radiosensitiz-
ers, particularly where oncogenic H-Ras is present (76–78). As the results of these tri-
als become available, it is likely that both empirical and mechanistic advances in our
understanding of FTI action will be obtained.

5. FUTURE PROSPECTS

Although no longer utilized as originally intended, i.e., strictly as anti-Ras drugs, FTIs
are now being tested in the clinic for use as anticancer agents in a variety of tumor types.
Their ultimate downstream targets have yet to be identified, and it is not yet clear which
patient populations are the most suitable for treatment. The best schedules and combina-
tions are currently being worked out empirically, and it is not yet known whether resis-
tance will become a problem. Clearly these will be neither blockbuster drugs nor silver
bullets. Nevertheless, the initial demonstrations of activity of FTIs in leukemias, gliomas,
and breast cancer suggest that, despite the many surprises regarding mechanism that have
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been uncovered along the way, FTIs will ultimately become one of the first rationally
designed anticancer agents to truly usher in the age of molecular medicine.
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1. INTRODUCTION

1.1. Epidemiology
Tumors of the central nervous system (CNS) can be categorized as primary or sec-

ondary. Metastatic or secondary tumors of the CNS are increasing in frequency, as we
are better able to control local disease of common human cancers, resulting in longer
life expectancy. Incidence of primary CNS tumors are also increasing for reasons that
are currently unclear, with approximately 30,000 new cases diagnosed yearly in North
America, according to the Central Brain Tumor Registry of the United States in 1998
(1). This represents about 4% of all cancer-related deaths in adults, and the most com-
mon pediatric cancer, second only to leukemias. The types, location, and molecular
pathogenesis of pediatric CNS tumors are for the most part different from those in
adults, with this article restricting its comments to adult tumors. More than 50% of all
primary CNS tumors arise from glial cells (2,3), which are further characterized
according to their presumed cell of origin, giving rise to astrocytomas, oligoden-
droglioma, ependymomas, and choroid plexus papillomas.

Among gliomas, astrocytomas are the most common by far, with the most malignant
variety termed a glioblastoma multiforme (GBM), which, unfortunately, accounts for
more than 50% of all gliomas in adults, with a mean age of onset of 62 yr (1). There is
a slight predominance of males in all three astrocytoma grades (male:female ratio
1.2–1.5:1), with no proven predisposing environmental factors. Co-relationships with
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trauma, radiation exposure, and cell phone use have been speculated. The vast majority
of astrocytomas occur sporadically, with germline predisposing syndromes, such as
neurofibromatosis-1 (NF-1), Li-Frauemeni, Turcott, and tuberous sclerosis, contribut-
ing to less than 5% of all newly diagnosed astrocytomas. However, these syndromes
have helped to shed much light into the molecular pathogenesis of the more common
sporadic astrocytomas.

1.2. Classification
Astrocytomas are graded according to the World Health Organization (WHO) into

four increasing grades of malignancy, which usually progress from lower to higher
grades (4) (Fig. 1). Pilocytic astrocytomas (WHO grade 1) are infiltrating tumors, usu-
ally found in children and young adults, and are characterized by a mild increase in the
number of astrocytes and cellular atypia. They usually occur sporadically and are rarely
associated with germline predisposition syndromes such as NF-1. Since these tumors
usually have a long indolent behavior without progression to higher grades of malig-
nancy, they often do not require any intervention other than close radiological follow-up
after the diagnosis is made. Low grade astrocytomas (LGA; WHO grade II) are diffusely
infiltrating tumors with moderate cellularity, mild nuclear atypia, and rare or absent
mitotic figures. Anaplastic astrocytomas (AA; WHO grade III) are diffusely infiltrating
tumors with increased cellularity, nuclear atypia, mitotic activity, and characteristic
endothelial hyperproliferation. Finally, GBM (WHO grade IV) are characterized by all
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Fig. 1. Molecular pathogenesis of varying grades of human astrocytomas with associated gain and
loss of function genetic alterations. At least two molecular progression profiles have been proposed to
the most malignant grade IV of astrocytoma, also known as GBM. (A) Primary. Usually arising de
novo in the elderly without presence of p53, Rb, and other genetic alterations. (B) Secondary. More
prevalent in the younger adult with progression from lower grades of astrocytomas to a GBM. The
hallmarks of a GBM, which is the most common grade, is loss of chromosome #10q (PTEN) and
gain/amplification of chromosome #7p (wild-type and mutant EGFR).



the microscopic features of AA, in addition to macroscopic and microscopic heterogene-
ity, glomeruloid microvascular proliferation, and regional and geographic necrosis (4).

1.3. Current Treatment and Natural History
Grade is the most important prognosticator of astrocytomas (5), with the mean life

expectancy of patients with GBMs equal to 9–12 mo, AAs equal to 18 mo, and LGAs
equal to 5 yr (6). As mentioned, LGAs usually progress to a GBM, with a mean time to
transformation of 4–8 yr (7,8). Patients who present with LGA are typically 1 to 2
decades younger than those who at presentation harbor a GBM (1,9). In addition to
grade, other important positive prognosticators include younger age and a good func-
tional state at the time of diagnosis (referred to as the Karnofsky Performance Score:
KPS). Molecular and immunohistochemical (IHC) markers of proliferation, such as the
Ki67 labeling index, which although increases with grade, has not proven to be an
independent prognosticator beyond the main variables mentioned above. Recent evi-
dence from our laboratory examining expression of mutant epidermal growth factor
receptor (EGFRvIII) with reverse transcription polymerase chain reaction (RT-PCR),
Western blots, and EGFRvIII-specific IHC expression, demonstrates that this common
molecular aberration found in GBMs is an independent negative prognosticator, espe-
cially in patients less than 50 yr of age (10).

Unfortunately, other than radiation, very little has altered the ultimate prognosis of
astrocytomas, especially for GBMs. Aggressive surgical resection, while in certain cases
improves the functional level of the patient and allows for a definitive diagnosis to be
made, it does little to alter survival. External beam radiation, as evaluated in a landmark
randomized controlled trial in 1978 (11), has increased survival in GBMs from its his-
torical levels of 4 mo to the current 9–12 mo (12). Chemotherapy has added little to the
median survival of GBM patients, which is most likely related to tumor cell resistance
and heterogeneity. Chemotherapeutic agents that have been evaluated are many, includ-
ing mithramycin (13) and BCNU (1,3-bis[2-chloroethyl]-1-nitrosurea; carmustine),
with the latter nitrosurea family perhaps demonstrating little and unpredictable efficacy
in combination with surgery and radiation in GBMs (36-wk median survival with
BCNU vs 34.5 wk without BCNU) (11). Recent attempts to utilize chemotherapy in
GBMs include local delivery in the tumor bed after surgery to overcome the blood brain
barrier (BBB) and systemic toxicity associated with slow release polymers (14). In addi-
tion, a second-generation alkylating agent, temozolomide, has demonstrated some
promise in early clinical trials and awaits larger clinical verification (15,16). Compared
to GBMs, patients with AAs often do respond to chemotherapy (17), and therefore, they
are recommended to receive chemotherapy in addition to surgery and external beam
radiation. The discovery that loss of yet to be identified gene(s) on chromosomes #1p
and #19q confers chemosensitivity and improved prognosis in oligodendrogliomas (18)
represents a recent major positive change in the management of gliomas. Whether such
chemosensitivity resides in a subpopulation of the much more common astrocytic lin-
eage tumors is an exciting but yet unknown possibility.

2. MOLECULAR GENETICS OF ADULT ASTROCYTOMAS

2.1. Overall Molecular Pathogenesis
The most common adult astrocytoma is the GBM, which may develop de novo and

are termed primary GBMs, or they may progress from lower grade astrocytomas and
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are termed secondary GBMs (Fig. 1). Whether all GBMs arise from progression, with
the lower grade astrocytoma remaining clinically silent and, hence, presenting only as
a primary GBMs, is of debate. However, molecular characterization suggests that these
pathologically heterogenous tumors are also molecularly heterogenous, with at least
two, if not more, molecular pathways leading to development of a GBM. Similar to
other human malignancies, astrocytomas are characterized by the stepwise accumula-
tion of gain-of-function mutations or amplification (oncogenes) and of loss-of-function
mutations or deletions (tumor suppressor genes) (19,20). The molecular signatures that
seem to be more specific to GBMs, as compared to lower grade astrocytomas, are loss
of parts or all of chromosome #10 and amplifications involving chromosome #7. On
chromosome #10, loss of PTEN/MMAC1 expression by mutations, loss of heterozygos-
ity (LOH), and alternative mechanisms of gene silencing have been documented in
most GBMs, with yet other tumor suppressor genes to be identified (21,22). Amplifica-
tions of chromsome #7 involve EGFR in a third of GBM patients, with a large percent-
age harboring various mutations of EGFR, such as EGFRvIII, as described in further
detail below (23,24).

Additional common genetic alterations in astrocytomas include those that alter the
p53-MDM2-p19/ARF (25,26) and the Rb-p16-CDK4 cell cycle regulatory pathways
(27–29) as discussed below. In addition to EGFR, other aberrantly regulated growth
factors/receptors and signaling pathways are involved in promoting the proliferation of
astrocytoma cells, recruitment of tumor vessels, invasion, apoptosis, etc. These include
overexpression of platelet derived growth factor receptors (PDGFR) and their cognate
ligands (30–32), transforming growth factor (TGF), insulin-like growth factor (IGF),
etc. (33,34). Angiogenic-specific growth factors and their cognate receptors that are
aberrantly regulated in high grade astrocytomas and contribute to the growth of these
highly vascularized tumors, include vascular endothelial growth factor (VEGF)
(35,36), fibroblast growth factor (FGF) (37,38), and angiopoietins (39,40).

2.2. Aberrations in Cell Cycle Regulatory Pathway
Like a majority of human cancers, perturbations in both the p53- and Rb-regulated

cell cycle regulatory pathways, are present in human astrocytomas. p53 protein is a
transcription factor that can inhibit cell cycle progression or induce apoptosis in
response to stress or DNA damage, and inactivation of p53 attenuates both of these cel-
lular responses (41,42). LOH of chromosome #17p is found in 30–40% of all astrocy-
tomas grades (44). Approximately one third of all astrocytomas with #17p loss have
p53 mutations, with 25% in GBMs, 34% in AA and 30% in LGAs (45). Most muta-
tions are missense mutations found on the conserved domains of exon 5–8, with no
clear studies reporting brain-specific mutations, except one study that identified a pre-
ponderance of exon 4 mutations in GBMs (46). There is good evidence that a second
tumor suppressor gene on chromosome #17p13.3 exists, as a large number of tumors
with 17p LOH do not have corresponding p53 mutations (47). LOH of 17p or p53
mutations are rarely found in GBMS with EGFR amplification. This confirms the pres-
ence of two clinical categories of GBM: (i) primary or de novo GBM with EGFR
amplification and no p53 mutation; and (ii) secondary or progressive tumors with fre-
quent p53 mutation and no EGFR amplification (48,49).

The MDM2 oncogene is an important negative regulator of p53, which acts in a
feedback loop to limit the action of p53 (50), both by inhibiting its transactivating
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activity and by catalyzing its destruction (51,52). Less than 5% of astrocytomas
demonstrate MDM2 amplification, and none of these tumors have p53 mutations (53).
Furthermore, 50% of GBMs have overexpressed MDM2 without gene amplification
(54). Although overexpressed in a large percentage of GBMs, the functional role of
MDM2 in glioma tumorigenesis remains unknown. Loss of p19 expression is also
prevalent in astrocytomas and seen in 30% of GBMs (53). Since p19 is a negative reg-
ulator of MDM2, this provides another mechanism of aberrant regulation of the p53-
mediated cell cycle regulatory pathways in astrocytomas.

Similar to the p53 pathway, loss of either pRb or other regulators of the pRb-medi-
ated cell cycle regulatory pathway is also prevalent in the majority of astrocytomas.
The p16/cdk4/cyclinD/Rb cell cycle regulatory pathway is integral in G1 to S phase
transition. Inactivation of p16 through homozygous deletion of CDKN2A gene occurs
most commonly in 24% of AA and 33% of GBMs (27,53). Rare point mutations of
CDKN2A or transcriptional silencing due to CDKN2A promoter methylation may also
inactivate or down-regulate p16 in GBMs (55,56). p16 deletion is also associated with
a high proliferative index as demonstrated by Ki67 staining (57). LOH of Rb or point
mutation of the Rb gene occurs in 30–40% of GBMs (27), while amplification or over-
expression of cdk4 is found in 10–20% of GBMs (26). Primary GBMs demonstrate a
higher rate of p16 deletion compared to secondary GBMs, whereas pRb LOH and
CDK4 amplification occurs with similar frequency (58).

2.3. Aberrations in Growth Factors and Growth Factor Receptors
Receptor protein tyrosine kinases (RPTKs) have clearly been linked to the patho-

genesis of astrocytomas, with the two major classes being the PDGFR and the EGFR.
Human astrocytomas express high amounts of both the PDGF-A and -B ligands, and
together, with their cognate receptors, represent a paracrine and/or autocrine stimula-
tory action (30). Amplification or mutation of either PDGF ligand or receptor genes is
rare, though increased expression is common. PDGFR-α is overexpressed in 24% of
human astrocytomas and probably is a fairly early event in the pathogenesis of astrocy-
tomas, since it is expressed in all grades of astrocytomas compared to normal glial cells
(30). PDGFR-β is overexpressed in the higher astrocytoma grades and is often associ-
ated and postulated to be causally related to the characteristic florid tumor-associated
vasculature (30,59). Overexpression of ligands increases with AA and GBMs (31,60),
suggesting that the “closing” of the autocrine/paracrine loop is important in the patho-
genesis of higher-grade astrocytomas. The functional relevance of these loops in the
growth of astrocytomas has been tested with several approaches, including neutralizing
antibodies, small molecule inhibitors, and dominant-negative mutants (32). These
encouraging preclinical data have led to clinical trials, targeting PDGF-mediated stim-
ulation in astrocytomas, as discussed below.

EGFR, located on chromosome 7p11-p12 (61,62), is overexpressed late in the
pathogenesis of astrocytomas (63). Unlike PDGFR, overexpression of EGFR is as a
result of gene amplification and/or rearrangement that produces both wild-type and
several mutant types of EGFR, some of which are truncated and constitutively active.
Amplification of EGFR is seen in only 3% of LGAs, 7% of AA, but 40–50% of GBMs
(53,63,64). The most common mutant EGFR in astrocytomas is the receptor variably
known as EGFRvIII or p140EGFR, being expressed in at least 40% of GBMs that have
EGFR amplification (65,66). Although there are various intragenic deletions that occur
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in exons 2–7 of EGFR, which result in expression of EGFRvIII, coercive splicing
results in an identical truncated protein in these cases. The mature coercively spliced
mRNA encoding the mutant receptor lacks the 801 bases encoding amino acids #6–273
of the wild-type EGFRs extracellular domain (24,66). The resulting EGFRvIII-trun-
cated protein is constitutively phosphorylated (66,67) and confers an in vivo and in
vitro growth advantage (67). Our recent studies demonstrate that the cohort of GBMs,
especially those patients younger than 50 yr of age, expressing EGFRvIII have a worse
prognosis (68). At a molecular level, this may be a result of the EGFRvIII conferring
increased proliferative signals to the astrocytoma cells, along with recent results
demonstrating increased protease activity and expression of angiogenic molecules such
as VEGF (69). Strategies to target EGFR and its mutants are of interest in treatment of
GBMs, with early clinical trials initiated.

In addition to PDGF and EGF, other RPTKs have also been implicated in promoting
the growth of astrocytomas. These include the TGFβ family, expressed in AAs and
GBMs, but not in LGAs and normal brain (70). In contrast to its usual physiological
role of growth inhibition, TGFβ is mitogenic to astrocytoma cell lines (71). This may
be due to either an up-regulation of the TGFβ receptors, induction of other growth fac-
tors by TGFβ, or a dysregulation of the downstream signaling pathways in higher-
grade astrocytomas. For example, both PDGF ligands are induced in astrocytoma cell
lines by activation of TGFβ (72), along with EGFR (73), and other angiogenic factors
such as VEGF and b-FGF (74).

2.4. Regulators of Astrocytoma Tumor Angiogenesis
Malignant astrocytomas are one of the most vascularized of all human cancers. The

tumor-induced vessels, in addition to being numerous, are also abnormal, in that they
do not maintain the BBB, leading to peritumoral edema. In addition, they often lack a
normal capillary bed, leading to shunting and often intratumoral hemorrhage. Like in
other solid cancers, anti-angiogenic therapy, either alone or often in conjunction with
radiation or chemotherapy, is an area of intense interest in astrocytomas. Several
angiogenic cytokines have been implicated in the tumor-induced neo-angiogenesis,
but most factors, such as PDGF, FGFs, and TGFβ have pleotropic effects in addition to
their contribution to angiogenesis. However, VEGF and angiopoietins are two angio-
genic-specific growth factor families, with aberrant expression in astrocytomas. VEGF
is highly expressed by GBM cells and is principally induced by tumor hypoxia and
aberrant cytokine expression by astrocytoma cells such as PDGF, EGF, etc. (36,69).
Expression of VEGFRs, especially VEGFR2, by the tumor endothelium is up-regu-
lated secondary to the hypoxia and increased cytokines by astrocytoma cells. Antibod-
ies against VEGF and VEGFRs, antisense strategies, and small molecule inhibitors
have demonstrated encouraging preclinical activity, leading to early clinical trials tar-
geting VEGF.

Similar to VEGF, angiopoietins are specific for angiogenesis in that their receptors
are only fond in endothelial cells (75,76). Tie2, the RPTK that is activated by Ang-1 and
inhibited by Ang-2, is overexpressed and phosphorylated in GBMs (39). Activation of
Tie2 is however not an endothelial cell mitogen, unlike VEGFR2, but is postulated to be
involved in vessel maturation. The functional role of angiopoietins in tumor angiogene-
sis and whether it does interact with VEGF and other angiogenic molecules are under
current study in several tumor types, including astrocytomas. Much preclinical work is
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pending before therapeutic strategies, targeting angiopoietins and/or its receptors, come
to the clinical arena.

2.5. Regulators of Astrocytoma Invasion and Cytoskeleton
One of the main reasons why malignant gliomas remain incurable by local therapies,

such as surgery or radiation, is their highly infiltrative and invasive nature. The central
process of invasion is degradation of the extracellular matrix (ECM) by proteolytic
enzymes expressed by tumor cells. Matrix metalloproteases (MMPs), including colla-
genases, stromelysins, and gelatinases, and serine proteases (including urokinase-type
plasminogen activator, uPA, and its receptor, uPAR) play a fundamental role in this
process. An imbalance between expression and/or activity of MMPs and their endoge-
nous tissue inhibitors (TIMPs) is, in part, responsible for tumor cell invasion. This is
similar to the balance of pro-angiogenic factors and endogenous anti-angiogenic fac-
tors that regulate the “angiogenic switch” (77). In fact, the factors that regulate inva-
sion are an integral and vital part of the angiogenesis cascade.

There is a positive correlation between tumor malignancy and level of MMP-2, -9,
and -12 expression in astrocytomas (78,79,80). MMP-2 and -9 have created additional
interest in GBMs due to their co-localization around proliferating blood vessels, sug-
gesting a role in both angiogenesis and tumor invasion (78,79). Angiogenic factors
directly regulate MMP expression, such as VEGF-mediated induction of MMP-1, -3,
and -9 in vascular smooth muscle cells (81). This would be required to breakdown the
ECM, allowing not only tumor cell invasion but also sprouting of new blood vessels.
The endogenous negative tissue regulators of MMPs or TIMPs are also important regu-
lators of astrocytoma invasion. The reports on TIMP-1 and TIMP-2 levels in astrocy-
tomas remains inconclusive, with most of the earlier studies demonstrating a decreased
level with increasing glioma grade, whereas recent studies have shown an increase in
TIMP-1 in AAs and GBMs compared to LGA and normal brain (79,82). Preclinical
investigations with overexpression or underexpression of TIMPs, using cell culture and
transgenic models, may be of use in helping decipher which of the TIMPs are of func-
tional relevance in astrocytoma invasion. Exogenous inhibitors of MMPs, known as
metalloprotease inhibitors, have shown promise in both preclinical and limited clinical
trials in human malignant astrocytomas.

3. ABERRANT SIGNAL TRANSDUCTION PATHWAYS 
IN ASTROCYTOMA

3.1. p21-ras MAPK
Neuroectodermal-derived tumors, such as astrocytomas, do not harbor activating

p21-ras mutations, the most common oncogene, which is found in 25–30% of all
human cancers (83). However, we have demonstrated that GBMs and their derived cell
lines have high levels of p21-ras activation, which is functionally relevant in prolifera-
tion, angiogenesis, and radiation resistance (69,84). Increased p21-ras activation was
also a feature of LGAs, compared to normal brain, suggesting these tumors may also
be candidates for agents targeting this pathway, such as farnesyl transferase inhibitors
(FTIs), as discussed later. Activated Ras-GTP leads to stimulation of several down-
stream effector pathways; the most recognized of which is MAPKinase. Activated
MAPK appears to follow a somewhat different profile across astrocytoma grades than
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Ras-GTP. Although highest in GBMs, MAPK activity levels were not elevated in the
LGAs, where Ras-GTP levels were elevated compared to normal brain (85). This sug-
gests that different downstream effector pathways of p21-ras are being employed in
GBMs and LGAs. In addition to proliferation, MAPK signaling may also regulate
angiogenic signals, as evidenced by our results on VEGF transcriptional regulation
under normoxic and hypoxic conditions (86). Although inhibition of MAPK activation
by MEK (MAPKK) inhibitors do show antiproliferative effects on astrocytoma cells in
vitro, their effects in vivo remains to be determined.

3.2. PI 3′ Kinase-Akt/PKB
The PI3′ Kinase (PI3′ K) pathway and its main downstream effector, Akt/PKB, is a

major signaling pathway that can be activated in both a p21-ras-dependent and -inde-
pendent manner. This pathway is of relevance in astrocytomas, since it is activated in
astrocytoma cell lines (87–89). Additionally, PTEN/MMAC1, which is the most com-
mon tumor suppressor gene, whose expression is lost in GBMs, is a negative regulator
of PI3′K activity. PTEN is located on chromosome #10q23, and its expression is lost in
many human tumors, including GBMs (21,22). PTEN functions as a dual specific pro-
tein and lipid phosphatase, with its lipid phosphatase function thought to be critical in
its antitumorgenic effects. PTEN is an inositol phospholipid phosphatase, dephospho-
rylating the 3′ phosphate of two main PI3′K products, PtdInsP3 and PtdInsP2, thereby
acting as a negative regulator of PI3′K activity (88,90). Unchecked PI3′K activity by
mutation, deletion, or gene inactivation of PTEN, results in the accumulation of a
major downstream substrate of PI3′K, activated Akt/PKB. It, in turn, promotes cell sur-
vival, proliferation, and cytoskeletal organization (91,92).

PTEN/MMAC1 mutations are absent in LGAs, rare in AAs, and detected in 25–30%
of GBMs (93). Secondary GBMs progressing from LGAs (Fig. 1) have a 4% frequency
of PTEN mutations, compared to about a 32% mutational rate detected in the primary
or de novo GBMs (53). In GBMs, about 18% had both mutations of PTEN and amplifi-
cation of EGFR, making these two the most tightly correlated molecular signatures of
these tumors. PTEN protein expression is lost in over 70–95% of GBMs, suggesting
that in addition to mutations and associated LOH, gene inactivation is also a major
mechanism contributing to loss of PTEN function in these tumors (88,94,95,96). The
functional relevance of aberrant PI3′K-Akt/PKB activity and loss of PTEN in GBM cell
lines has been demonstrated by reintroduction of wild-type PTEN, resulting in arrest of
the GBM cells in G1 (21,88,89). It should be noted that investigations to identify addi-
tional tumor suppressor genes on chromosome #10 in GBMs are ongoing, since multi-
ple areas on both arms of the chromosome are known to be lost in GBMs are (97). For
example, DMBT is a putative gene on chromosome #10q25.3-26.1, which is homozy-
gously deleted in a subset of GBMs and also in lower grade astrocytomas (98).

3.3. PKC-Mediated Pathways
Protein kinase-C (PKC) is a large family of phospholipid-dependent serine/threo-

nine kinases that are involved in a variety of signal transduction pathways. The various
isoforms of PKC differ in their enzymatic properties, tissue expression, and intracellu-
lar localization, and consist of an N-terminal regulatory and a C-terminal kinase
domain. PKC activation can be induced by increased intracellular calcium, anionic
phospholipids, diacylglycerol (DAG), or tumor-promoting phorbol esters (99). PKC is
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expressed at high levels in the fetal brain and is important in normal proliferation and
differentiation of fetal, but not adult, glial cells (100,101). Malignant astrocytomas
express high levels of PKC compared to normal adult glial cells, and approach those of
fetal astrocytes, perhaps as a result of de-differentiation (102). Certain isozymes appear
to be particularly overexpressed, such as α-PKC with antisense constructs directed
against the α-PKC, resulting in reversion of the malignant phenotype (103,104). How-
ever, it should be noted that the PKC isoforms that are relevant in astrocytomas, their
functional role, and alterations with tumor grade is not fully clear, with one study
demonstrating an inverse relation of PKC activity with astrocytoma grade (105). Nev-
ertheless, due to encouraging preclinical data with inhibitors of PKC, clinical trials
with tamoxifen (a nonspecific PKC inhibitor, with a long track record in management
of breast cancer, and known to cross the BBB) has been undertaken as discussed later.
It is hoped that some of the encouraging results may be further exploited with more
specific PKC isoform inhibitors in the future.

3.4. Apoptotic Pathways
The signaling pathways that regulate apoptosis are of relevance in astrocytomas, as

in other tumors. Fas ligand and tumor necrosis factor can induce apoptosis through
activation of death receptors such as Fas. Fas is highly expressed in astrocytoma cell
lines and tumor specimens, with a direct correlation between levels and grade of tumor.
There is also regional variation, with increased expression in areas of necrosis, leading
to apoptotic bodies surrounding these regions in GBMs. Increased expression of Bcl-2
has been reported in GBMs, but not in areas of necrosis. This would suggest that
increased Bcl-2 expression is to counterbalance the apoptotic effects of Fas and Fas lig-
and expression in GBMs (106,107). It is hoped that our increased understanding of the
regulation of these cell death pathways in astrocytomas will allow us to favorably
manipulate the balance towards increased apoptosis in these tumors.

4. TARGETED ONCOGENIC SIGNALING PATHWAYS TARGETED 
IN ASTROCYTOMAS

4.1. Receptor Tyrosine Kinase Inhibitors
EGFRs and PDGFRs are of particular interest in astrocytomas, as discussed above.

A variety of approaches have been taken to inhibit these RPTKs, including generation
of neutralizing antibodies directed against the extracellular domain of full-length wild-
type EGFR (108) and antisense therapy against the extracellular domain (109). As
astrocytoma cells expressing the truncated EGFRvIII confer a growth advantage, toxin-
labeled antibodies directed against the novel glycine splice site of EGFRvIII may prove
useful in blocking the mitogenic advantage conferred by this oncoprotein (110). Addi-
tional trials in GBMs with antibody-dependent strategies targeting EGFRvIII is about
to be initiated. However, the clinical utility of these approaches may depend in part on
the cellular localization of EGFRvIII, as in certain cells, EGFRvIII appears to be pri-
marily localized to a subcellular location, rather than being on the cell surface (111).
However, examination of GBM specimens does support that a significant portion of
EGFRvIII is accessible to antibodies on the cell surface (111).

Small molecule inhibitors of RPTKs and signaling pathways have the theoretical
advantage of penetrating the BBB and reaching the infiltrating astrocytoma cells.

Chapter 18 / Oncogenic Signaling Pathways 371



These two challenges may be a major obstacle of macromolecule therapies, such as
antibodies and gene-based therapies. Naturally occurring fungal-derived tyrosine
kinase inhibitors have shown promise, but have the major disadvantage of being non-
specific (112–114). Synthetic tyrosine kinase inhibitors or tyrphostins, based on com-
binatorial chemistry knowledge of signaling molecules and modifications of natural
inhibitors, have shown remarkable specificity. For example, quinazolines such as AG-
1478 and PD153035 are potent and specific inhibitors of EGFR, with an IC50 in the
nanomolar range for PD153035 (115). The quinoxaline AG-1296, on the other hand, is
a specific inhibitor of PDGFR (116). The 4,5-dianilinophthalimides are specific
inhibitors of both EGFR and ErbB2, but do not inhibit PDGFR (117). Similarly, SU-
101 was developed from a drug screen and was shown to have efficacy and specificity
against PDGFRs. Promising preclinical results in a variety of human tumor types in
immunocompromised mice, including astrocytomas, led to a Phase1 (118) followed by
a Phase2/3 trial, which has recently been completed, and unfortunately, no benefit was
demonstrated. Other inhibitors against this RPTK family are currently undergoing pre-
clinical evaluation. Although the specific mode of action of these tyrosine kinase
inhibitors is not known in all cases, most appear to be competitive inhibitors of the ATP
binding site on the RPTKs.

Early-generation tyrphostins were shown to inhibit EGF-tyrosine phosphorylation in
astrocytoma cell lines in a dose-dependent fashion, which correlates with its potency as
an antiproliferative agent in these cell lines (119). The EGFR-specific tyrphostin AG-
1478 has recently been evaluated on U87MG astrocytoma cells and U87MG cells
transfected to express EGFRvIII (120). Both cells were growth-inhibited by the agent,
but U87:EGFRvIII cells were considerably more sensitive to the drug’s effect. Despite
such promising results in tissue culture, early results in nude mice injected with the
human epidermoid cancer cell line A431 and treated with the tyrphostin PD153035
have not shown a significant beneficial effect (121).

ZD-1839 (Iressa) is a quinazoline derivative that selectively inhibits the EGFR tyro-
sine kinase and is under clinical development in cancer patients. The antiproliferative
activity of ZD-1839 alone or in combination with cytotoxic drugs differing in mecha-
nism(s) of action, such as cisplatin, carboplatin, doxorubicin, etoposide, etc., was eval-
uated in vitro and demonstrated antiproliferative and apoptotic effects (122). Also, the
antitumor effect of ZD1839 is accompanied by inhibition in the production of
autocrine and paracrine growth factors that sustain autonomous local growth and
angiogenesis, therefore, this effect can be potentiated by the combined treatment with
certain cytotoxic drugs, such as paclitaxel. Promising in vivo results provided a ratio-
nale for its clinical evaluation in combination with cytotoxic drugs. Presently, phase 3
clinical trials are being carried out in non-small cell lung cancer, and other tumor types
are being considered, including phase 2 trials in astrocytomas (122,123).

4.2. p21-ras Pathway Inhibitors
There has been great interest in developing pharmacological agents that inhibit p21-

ras, since oncogenic mutations are seen in a wide variety of human cancers (83). p21-
ras pathway inhibition has focussed on FTIs, which blocks the posttranslational
modification of p21-ras. This posttranslational modification is a 3- or 4-step process
which is necessary for p21-ras to be recruited to the inner cell membrane and become
activated (Fig. 2). The first and most critical step involves the addition of a 15-carbon
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isoprenoid farnesyl pyrophosphate (FPP) through a thioesther bond at the cysteine
residue of the CAAX (cysteine, aliphatic amino acid, aliphatic amino acid, other amino
acid) box at the extreme C terminus of p21-ras (124). It needs to be pointed out that 1 in
200 cellular proteins undergo farnesylation (125), in addition to p21-ras and other mem-
bers of the Ras superfamily, such as Rap2 proteins and RhoB (106,126). Indeed, there is
some evidence and debate that much of the antitumor effects of FTIs are not related to
its action on p21-ras at all, but rather on the alteration of RhoB activity (127). Neverthe-
less, over the last few years, there has been much interest in creating FTIs in order to tar-
get p21-ras signaling in human cancers. Developed agents include tetrapeptide analogs
of the CAAX motif, benzodiazepine peptidomimetic CAAX inhibitors, FPP analogs,
and bisubstrate analogs, which inhibit both FPP and the CAAX motif.

FTIs have been evaluated for their ability to inhibit the progression of a large
number of human tumor cell lines. L-739,749 (Merck Pharmaceuticals West Point,
PA, USA) was able to inhibit the proliferation of approx 70% of a wide variety of
cell lines in anchorage-independent (soft agar) assays (128-131). Our own experi-
ments with the FTIs have demonstrated that the proliferation of a wide variety of
GBM cell lines was inhibited in an anchorage-dependent growth assay in a dose-
dependent manner (131). At low doses, the effect was reversible with cessation of
the drug, while at higher doses, it led to cell kill. Antiproliferative effects were a
result of block at both the G1-S and G2-M checkpoints and increased apoptosis. In
addition, GBM cell lines transfected to express the mutant EGFRvIII were more sen-
sitive to the FTIs than the parental cells, suggesting that this subgroup of patients
who have a poorer prognosis perhaps would benefit most from these agents. Further-
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Fig. 2. Processing of p21-Ras requires addition of isoprenyl moieties to the C-terminal CAAX box,
allowing p21-Ras-GDP to bind to the inner cell membrane, where it can undergo guanine-nucleotide
exchange by interaction with signaling molecules generated by activated receptors to become acti-
vated Ras-GTP. Ha-Ras is obligatorily farnesylated (15 carbon isoprenyl group added by farnesyl
transferase from the donor farnesyl pyrophosphate) and, hence, most sensitive to FTIs K-Ras and, to
a lesser extent, N-Ras, can be geranylated if farnesylation is inhibited and, hence, more resistant to
FTIs. Astrocytomas, although not harboring oncogenic p21-Ras mutations, do have elevated Ras-
GTP levels and are susceptible to growth inhibition by FTIs, which can be predicted by isoform-spe-
cific p21-Ras activity assay.



more, we have also demonstrated that FTIs also possess anti-angiogenic effects, by
reducing the amount of VEGF secreted by astrocytoma cells, with the effect being
most notable under hypoxic conditions (132,133). Recently, we have demonstrated
that indeed FTIs do have significant antitumorgenic effects in a GBM subcutaneous
explant model in mice, with both antiproliferative and anti-angiogenic effects (85).
In addition, FTIs may be helpful in astrocytomas by radiosensitization of the tumors,
since recent data from several laboratories demonstrate that p21-ras activity confers
radioresistance (134). With these and other preclinical data, demonstrating that
GBMs may also be a rationale candidate for FTI therapy, though it does not have any
oncogenic p21-ras mutations, a phase 1/2 clinical trial has been proposed and, hope-
fully, will start shortly.

Recognizing the large number of farnesylated proteins and potential side-effects,
FTIs do not appear to demonstrate adverse effects on normal cells or in animals at
doses that are potent inhibitors of tumor cell mitogenesis (128). FTIs have, however,
been shown to suffer from another common problem with conventional chemotherapy,
namely that of drug resistance. It has become evident that these inhibitors are much
more potent at inhibiting tumors with oncogenic H-Ras mutations than those tumors
with K-Ras or N-Ras mutations (135). Farnesylation occurs in all isoforms of p21-ras,
though there is isoform specificity, with H-ras being fully dependent on it for proper
activation. In contrast, K-Ras and, more specifically, K4B-Ras, which are the main
oncogenic isoform mutations seen in human cancers, are relatively more resistant to
FTIs (136). The explanation for this differential sensitivity is that K-Ras and N-Ras (to
a lesser extent), but not H-Ras, can undergo geranyl-geranylation, when farnesylation
is inhibited (136). We have recently been able to predict which GBMs would be more
sensitive to FTIs, by measuring isoform-specific p21-ras activity in the cell lines and
GBM explants (85). This measurement can be undertaken on the operative specimens
to select the most likely sensitive tumors, as part of future clinical trials.

4.3. Protein Kinase C Inhibitors
Pharmacological inhibitors of the PKC pathway have led to promising initial results

in astrocytomas. A variety of nonspecific PKC inhibitors (polymyxin B and tamoxifen)
and specific PKC inhibitors (staurosporine) have been shown to reduce astrocytoma cell
proliferation (137,138). Tamoxifen caused a dose-dependant inhibition of proliferation
in astrocytoma cell lines through an estrogen receptor blockade mechanism (139,140).
Earlier clinical trials using the nonspecific PKC inhibitor tamoxifen have been disap-
pointing; despite an established acceptable side-effect profile, this drug has shown only
minor benefit in patients with astrocytomas (141). However, more recent studies have
reported that 25% of patients had a 50% decrease in tumor vol on magnetic resonance
imaging, and 19% had stabilization of their disease (142). 7-hydroxystaurosporine
(UCN-01) is more selective for PKC inhibition and produces marked reduction in pro-
liferation of in vitro astrocytoma cell lines and in vivo mouse models (143). Phase 2
clinical trials of UCN-01 have been approved for adult recurrent malignant gliomas.
One major hurdle in the use of these inhibitors involves the isozyme specificity of each
agent. We are only now beginning to understand what roles the individual PKC
isozymes play in individual cells, and it is likely that optimum pharmacological inhibi-
tion will depend on both an understanding of isozyme functions and on pharmacologi-
cal agents that specifically inhibit certain isozymes while not inhibiting others.
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4.4. Anti-Angiogenic Therapy
Anti-angiogenic therapy has certain appealing features outside of the fact that

GBMs are highly vascularized tumors. These therapies have limited drug resistance,
since endothelial cells do not posses the genetic heterogeneity or instability of cancer
cells (144). Anti-angiogenic agents employ a cytostatic strategy, and therefore, end
points of therapy include progression-free survival and not tumor shrinkage, which
may be highly desirable in a large percentage of astrocytomas, especially LGAs. In
recent years, multiple molecular mediators and inhibitors of angiogenesis have
emerged and have been tried in various clinical trials. VEGF inhibitors are identified as
promising agents in glioma therapy, with various studies demonstrating in vitro and in
vivo effects of targeting VEGF. Antisense VEGF constructs inhibit tumor formation in
animal experiments of C6 rat gliomas and xenografts of malignant gliomas (145,146).
Dominant negative inhibition of VEGFR2 decreases vascularization and tumor growth
of C6 rat glioma (147). Small molecule inhibitors of VEGFR2, or related members of
the split kinase RPTK family, are also of promise in a variety of cancers, though they
have not been examined in GBMs. In addition to direct inhibition of VEGF or VEGFR,
biological targets against mitogenic receptors or signaling pathways, such as EGFR,
PDGFR, or p21-ras, in astrocytomas may have as a major component of their antitu-
mor effects, an anti-angiogenic mechanism of inhibiting the VEGF pathway (69).

Nonangiogenic receptor-mediated endothelial cell inhibitors are also a category of
angiogenic therapies that have undergone clinical testing in astrocytomas. Thalidomide
is best known in this category and well recognized through its teratogenic effects in
humans. Thalidomide was assessed in phase 2 trials against malignant gliomas in a small
group of patients and demonstrated minimal radiographic response (148–150). Efficacy
of thalidomide together with radiation therapy is currently being studied. Angiostatin
and endostatin are endogenous anti-angiogenic proteins that are also found in many solid
tumors, including astrocytomas. Angiostatin has undergone preclinical studies in
gliomas (148,151) and is currently being evaluated in a clinical trial on GBM patients.
Endostatin is being studied against various solid tumors, but not yet in gliomas.

4.5. Anti-Invasion Therapies
MMPs break down the ECM, inducing invasion of gliomas and endothelial cells.

Targeting this pathway theoretically inhibits tumorgenesis by preventing invasion and
tumor vascularization. Endogenous MMP inhibitors or TIMPs, have limited tissue pen-
etrance and poor oral absorption, hence they are not yet practical therapeutic strategies.
Exogenous pharmaceutical compounds that inhibit MMPs are Marimastat and Prino-
mastat. Marimastat acts against all major classes of MMPs and is currently being stud-
ied in a double-blinded placebo-controlled trial in GBMs in patients receiving surgery
and/or radiotherapy. In contrast, Prinomastat inhibits MMPs-2, -9, -13, and -14. In ani-
mal studies, it has shown promising results in gliomas and is currently being evaluated
in clinical trials as a phase 1 trial for GBMs.

5. FUTURE DIRECTIONS

Delivery of biological therapies against relevant oncogenic signaling pathways in
astrocytomas located in the brain poses unique challenges that are different from other
organ sites. First, there is the consideration of toxicity, which can have devastating
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consequences, not only in focal but in more global neurological functions, such as
intellect, emotion, and memory. The lessons learned from the consequence of whole
brain radiation, especially in the developing nervous system, must be kept in mind.
The second consideration is the heterogeneity, both at a molecular and pathological
level, in astrocytomas, in which there are differences between and within a tumor.
Therefore, it would be ideal, but not realistic, to have a molecular profile of each indi-
vidual astrocytoma being treated, although we know regional variations may be an
insurmountable barrier. Perhaps noninvasive imaging methods will allow us to deter-
mine the molecular profile of these tumors and thus guide our therapies in the future.
The third consideration is the issue of the BBB, which, although broken in the vascu-
larized and necrotic regions of GBMs, is still intact in the infiltrating edge where
tumor recurrence occurs after conventional surgery and radiation. Local delivery with
pumps and convection-based delivery systems, breaking the BBB with hyperosmolar
or pharmaceutical strategies, intravascular delivery, or biodegradable slow-release
wafers are just some of the innovative ideas being tried in astrocytomas to improve
local delivery. These local delivery methods must balance the requirements for suffi-
cient delivery of the biological compound to the infiltrating astrocytoma cells with
long-term efficacy. Due to some of these challenges, which are related to the profile of
astrocytomas and also attributed to growing in the brain, it is most unlikely that any of
the novel biologicals will provide a significant cure by themselves. It is hoped that
small incremental improvements in survival may be made by these biological thera-
pies in combination with each other and with current conventional therapies, without
increasing the morbidity to the patient.
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1. INTRODUCTION

Pediatric malignancies are markedly different from adult tumors, and the differences,
along with a more concerted treatment network than typical for adult oncology, account
for the significantly better survival rates and outcomes. The first reason is probably the
different type of tumors which occurs in pediatrics. The solid malignancies of childhood
are typically rapidly proliferating noncarcinomatous tumors, and the leukemias are
clonal proliferation of early lymphoid progenitors. Both typically, harbor few if any
genetic abnormalities. The slow-growing carcinomatous neoplasms, so characteristic of
adulthood, are uncommon in pediatric oncology, and viruses, environmental toxins, and
carcinogens appear, in general, to play a lesser role. Accordingly, when a child presents
with a tumor where the accumulation of genetic changes rekindles a clonal carcinogene-
sis model reminiscent of adult carcinoma (1), the prognosis is usually very poor.

The second reason is that, either due to their immature nature, or, more likely, due to
its genetics, pediatric tumors respond much better to chemotherapy. Since these are
fact proliferating tumors, this genetic stability cannot be related to decreased number
of doublings, but must be a consequence of an intact and fully functioning DNA repair
system, which eliminates the mutations before they can become an integral part of the
cancer genome. It also leaves the cell death machinery sufficiently intact to induce
apoptosis in response to therapy and prevent the selection of a fast proliferating,
chemoresistant clones. In tumors with complex genotype, such as is the case in neurob-
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lastoma of the older child, or anaplastic Willm’s tumor, the development of therapeutic
resistance is often linked to the sequential accumulation of mutations (2). The develop-
ment of drug resistance, as is the case in most adult carcinomas, correlates directly
with poor survival.

Despite their differences in genetic make-up and in better therapeutic response, it
would be erroneous to conclude, that oncogenes play a lesser role. Quite to the con-
trary, all common pediatric tumors such as neuroblastoma, rhabdomyosarcoma,
Willm’s tumor, and Ewing’s sarcoma display subgroups in which the sequential accu-
mulation of mutations results in poor prognosis phenotype, and which, despite
aggressive therapy, continue to absorb most of our resources. The emotional and
financial burden associated with the long-term morbidity in these children and their
families is considerable, and concentrating our efforts on this exact population is of
paramount importance.

The tools to identify this population are becoming increasingly more accurate. The
molecular characterization of chromosomal aberrations and point mutations can now
provide a guidance to the structure and function of genes involved in the growth and
differentiation of a particular cell lineage and can be instrumental in directing our ther-
apeutic strategies. The full implementation of a directed therapeutic strategy would
require, however, a reevaluation of the present practice of mainly histopathological
diagnosis in pediatric oncology. It would suggests that, in terms of cancer diagnosis,
the histological phenotype of tumors carrying the same genetic alteration may be of
less etiologic and therapeutic importance, and that the genes whose disruption con-
tribute to malignant transformation should be the real focus of cancer classification and
a guide in the choice of therapeutic targets. For example, when considering two chil-
dren with soft tissue sarcoma, the presence or absence of reciprocal translocation
between chromosomes 11 and 22 should take precedence over whether the histology is
more consistent with Ewing’s sarcoma, “atypical” Ewing’s sarcoma or peripheral neu-
roectodermal tumor (PNET). The prognosis is altered very little based on their histo-
logical similarities.

An exhaustive review of all the genetic abnormalities associated with poor prognosis
in pediatric oncology would clearly be beyond the scope of this chapter. Therefore,
only a set of illustrative examples will be presented to provide the conceptual frame-
work for the future clinical management of these patients. The goal of this review is to
improve the understanding of the childhood malignancies, which were, in the not so
distant past, thought to be very heterogenous in their clinical presentations, but which
can now, with further insight into the function of genes that are altered, be explained on
the basis of their genetic modification.

2. RETINOBLASTOMA

It was in this tumor that the importance of germinal alterations such as chromosomal
deletions, translocations, amplifications, point mutations, or nondisjunctions, had been
first realized 30 yr ago (3–5). The now obvious genetic basis had been uncovered using
clinical and epidemiological correlations, leading to a distinction between the heredi-
tary and sporadic occurrences of this cancer. It was possible to identify, at least in 40%
of the afflicted individuals, a clear hereditary component, leading to an increased fre-
quency of bilateral tumors and an earlier age of onset. The findings led Knudson to pro-
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pose the “two-hit” mechanism of carcinogenesis. The hypothesis has provided us with
a conceptual explanation for the differences between the hereditary form, where tumor
development is a result of a germinal genetic defect complimented by a “second hit”
spontaneous genetic mutation, and the sporadic form where two spontaneous mutations
must occur in one cell (3).

The germinal genetic alteration was defined years later (6), when a polymorphic het-
erozygous pattern on chromosome 13q14 was identified on the somatic unaffected tis-
sues of patients with retinoblastoma, and lead to the successful cloning of the
“recessive” oncogene RB-1. Since the first report (7), more than 30 deletions have been
described (8,9); the common region of overlap is chromosome 13, band q14 (10,11).
These deletions could act as the first hit, and, if germinal, confer the risk of tumor for-
mation as an autosomal dominant trait in families. The increasing resolution of cytoge-
netic technology and the use of DNA probes for loci in the immediate vicinity and
within the RB-1 locus has also allowed the detection of previously undetected, subtle
genomic rearrangements. Thus, we are finding that the autosomal dominant hereditary
form of retinoblastoma, without a gross chromosomal deletion, often involves the same
genetic locus as in cases showing large deletions of chromosome 13. The first step in
the pathway toward tumorigenesis in retinoblastoma is usually a submicroscopic muta-
tional event at the RB-1 locus at germinal or somatic level (12). The second step in
both heritable and nonhereditary retinoblastoma involves somatic alteration of the nor-
mal allele at the RB-1 locus in such a way that the mutant allele is unmasked.

Although the unmasking of predisposing mutations at the RB-1 locus occurs in
mechanistically similar ways in sporadic and heritable retinoblastoma, only the latter
carries the initial mutation in each cell. These patients are, because of this mutation, at
a greatly increased risk for the development of second primary tumors, particularly
osteogenic sarcoma (13). The association of these two otherwise rare tumors was deter-
mined by the analysis of restriction fragment length polymorphism (RFLP) of the con-
stitutional retinoblastoma and osteosarcoma genotypes on chromosome 13. The data
indicated that osteosarcomas arising in patients with retinoblastoma had become
homozygous specifically around the chromosomal region carrying the RB1 locus (14).
Interestingly, the same constitutional heterozygosity was observed in sporadic
osteosarcomas, suggesting a similar genetic pathogenesis.

The molecular isolation of the RB-1 gene identified a unique sequence probe, termed
H3-8, localized to the region 13q14.1, and displaying hybridization patterns consistent
with homozygous deletion (15). These deletions were shown to arise either germinally
or somatically in bilateral or unilateral disease (15), and their causality is implied from
the finding that the reintroduction of the wild-type gene into retinoblastoma (the
WERI-Rb27 line) or osteosarcoma (the SaOS-2 line), through recombinant retroviral
vector transfer, can restore the alterations in morphology, growth rate, and tumorigenic
capability (16).

The sequence analysis of a cDNA clone provided some information about the nature
and features of the RB1 protein product (6,17). Using purified anti-RB1 antibodies, the
protein was shown to be 110,000–114,000 D, unglycosylated, nuclear phosphoprotein
associated with DNA binding activity (18). A posttranslational modification of the RB
protein is involved phase-specific phosphorylation and dephosphorylation of the RB
protein during the cell cycle (19). This phosphorylation of the RB protein overrides
growth suppression and allows cell division to take place. In vitro immunoprecipitation
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experiments have shown binding of such proteins as E2F, a transcription factor, and
cyclin A, a cell cycle regulator, to the unphosphorylated RB protein at the G1 stage of
the cell cycle. The RB/E2F/cyclin A complex inhibits the functional roles of other pro-
moter elements, causing transcription to cease. In contrast, the phosphorylated RB pro-
tein at the G1/S boundary, release transcriptional factors, which then become positive
transcriptional elements and activating kinases moving the cell through the M and G2
phases of the cell cycle. Thus, positive and negative regulation of transcription, and
thus cell proliferation, are linked to the phosphorylation cycle of the RB suppressor
gene. In tumors in which RB protein is mutated or absent, these intracellular transcrip-
tional elements are constitutively dissociated promoting uncontrolled progression
through the cell cycle, a behavior characteristic of a malignant phenotype.

Unfortunately, the identification of the gene and the description of its function has
led to lamentably few modifications in the clinical management of these patients. With
the realization of the heightened sensitivity of these children to radiation, and the
appreciation of the pleiotropic effect of the gene that results in the development of
osteosarcoma even outside the radiation port (20), we have tried to maximize other
therapeutic modalities, such as surgery and chemotherapy, before irradiating a tumor,
but few people are exploring alternative avenues in this patient population. Hopefully,
with the advent of biological modifiers, it will be possible to avoid radiation and
aggressive chemotherapy in these children altogether.

3. WILM’S TUMOR

The genes involved in the development and progression of Wilm’s tumor (malig-
nant nephroblastoma) are much less defined (21). The first genetic model for Wilm’s
tumor development was proposed in the early 1970s, and, similarly to retinoblastoma,
was based on a statistical analysis of the age of onset of unilateral and bilateral
tumors. It also predicts that all Wilm’s tumors develop as a consequence of two muta-
tional events. The first event can be either prezygotic (i.e., a constitutional or
germline event) or postzygotic. If the first event is prezygotic, the tumor is potentially
hereditary, and affected individuals are at risk of developing multiple tumors. By con-
trast, the nonhereditary or sporadic form results from two somatic mutations in a sin-
gle cell. Because these two events are unlikely to occur independently in more than
one cell, patients with nonhereditary Wilm’s tumor are unlikely to develop more than
one multiple tumor.

Pathological specimens from children who died of causes other than cancer, reveal a
significant number of benign nephroblastoma nodules with no genetic abnormality.
Willm’s tumor originates from these pluripotent embryonic renal precursors, and it
usually arises from persistent embryonic rests by the age of 5, although children with
genetic predisposition may develop bilateral Wilm’s tumor as early as 2 yr of age. The
present clinical treatment of Wilm’s tumor does not differentiate the genetically dis-
tinct subgroups. It involves surgical resection of the affected kidney, followed by
chemotherapy, depending on the extent of the resection. Often, radiation is added in
case of dissemination. This therapeutic approach achieves cure in approximately 80%
of cases, relegating the other 20% to an aggressive, toxic, and minimally effective regi-
men. This so called anaplastic Wilm’s remains refractory to treatment, and its refrac-
toriness is most commonly linked to the frequency of p53 mutations (22) and other
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genetic changes. At least three genes have been implicated in this subset of tumors.
WT-1 is inactivated in 15% of sporadic Willm’s patients, β-catenin, a component of
Wnt pathway, is observed in 15% of patients (23), and insulin-like growth factor 2
(IGF2) is observed in 20% of patients (24).

The present genetic model for Wilm’s tumor progression was defined from the
genetic analysis of the rare WAGR syndrome (a constellation of symptoms consisting
of Wilm’s tumor, aniridia, ambiguous genitalia, and mental retardation). The syn-
drome, and its associated neoplastic growth, correlates with constitutional deletion of
part of chromosome 11, 11p13 (25). A candidate Wilm’s tumor susceptibility gene WT-
1, has now been cloned from this region by three independent groups (26–28). When-
ever specific heterozygous dominant-negative mutations of WT-1 are present in the
germline, they are associated with severe abnormalities of renal and sexual differentia-
tion, pointing to the role of WT-1 in normal genitourinary development.

Even though the WT-1 gene is now considered a major player in the tumorigenesis
of nephroblastoma, the function and expression of the Wilm’s tumor susceptibility
gene must be much more complicated. Like retinoblastoma, and neuroblastoma, it was
one of the pediatric cancers used by Knudson and Strong in modeling the number of
rate-limiting genetic events required to initiate tumorigenesis (4), but unlike the other
two, familial Wilm’s tumor is rare (29). This may be a result of the lethality of this can-
cer prior to the advent of modern chemotherapy, suggesting these cases may become
more common with the curative treatment of mutation carriers, or it may be associated
with reduced fertility of these carriers due to the genitourinary malformations. The lat-
ter is more likely, since a fairly complete picture of familiar Wilm’s tumor has been
demonstrated in association with a germline mutation in a locus on chromosome 17,
where no associated genitourinary malformations exist (30).

In addition to the WT-1 locus at chromosome 11p13 (31–33) and the imprinted
locus, which is telomeric to it at 11p15 (34,35), loss of heterozygosity (LOH) in spo-
radic Wilm’s tumors has also been demonstrated at chromosomes 1p, 16q, and 7p,
pointing to the presence of additional tumor suppressor genes yet to be identified
(36–38).

3.1. Constitutional Genetic Aberrations in Wilms
Numerous other genetic syndromes are associated with Wilm’s tumor, and, again,

not all of them manifest the typical chromosome 11p13 deletion. For example, children
with Beckwith-Wiedemann syndrome (BWS) (macroglosia, somatic gigantism, neona-
tal hypoglycemia, omphalocele or abdominal wall defects, and visceromegaly) have
constitutional duplications of the 11p15 region (35,39). This second locus at 11p15
(telomeric to WT-1) has been designated WT-2 (40). Whether the BWS gene and WT-2
are identical is not clear. Complicating the analysis is the variable imprinting of this
gene. In tumors with LOH, the maternal copy of chromosome 11p15 is lost due to
genomic imprinting (41), suggesting that the two copies of WT-2 are not functionally
equivalent. Furthermore, two known candidates for WT-2 are now recognized. First is
the IGF-2 gene, an embryonal growth factor highly expressed in Wilm’s tumors, whose
expression is parent-specific (imprinted), such that IGF-2 is only expressed from the
paternal allele (42). The second is an adjacent locus candidate, H19, which is also
imprinted, but in the opposite direction, such that only the maternal allele is active (24).
In some Wilm’s tumors, alterations of imprinting and consequently expression of both
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of the two loci have been reported, and what role IGF2 or H19 actually play in Wilm’s
tumorigenesis and whether additional loci that control the imprint may be involved, is
presently the focus of intense investigation.

The tumor-specific LOH for DNA markers at chromosome 11p, found in 30–40% of
tumors, is a higher than the expected incidence of tumor-specific LOH for other markers
such as 1p (approx 12%) or 16q (approx 17%). Yet, it has been suggested, that 16q loss
is associated with poorer prognosis (43), suggesting the putative suppressor gene on 16q
may be involved in tumor progression rather than tumor initiation. Notably, the associa-
tion between outcome and loss of either chromosomal region was independent of either
tumor stage or histopathologic features, implying that the underlying chromosomal loci
may determine an adverse phenotype independently of these traditional parameters.

3.2. Genetic Syndromes in Wilms
A number of other genetic syndromes confer a predisposition for Wilm’s tumor

development on a child. To list a few, they are: Perlman Syndrome (44), Sotos syndrome
(45), Denys-Drash (genitourinary defects, renal mesangial sclerosis, pseudohermaphro-
ditism, and Wilm’s) (46,47), Frasier (genitourinary defects, focal glomerular sclerosis,
intersex disorder, and Wilm’s) (48), and the genetic instability syndromes such as
Bloom’s (49) and Incontinentia pigmenti (50). Not all of these have a single consistent
genetic lesion confounding the difficulty identifying the causative mutation(s).

4. RHABDOMYOSARCOMA

4.1. Constitutional Genetic Aberrations in Rhabdomyosarcoma
Rhabdomyosarcoma (RMS) is the third most common extracranial solid tumor of

childhood and is thought to arise from immature mesenchymal cells that are committed
to skeletal muscle lineage. Its incidence is equal to or greater than that of all other
forms of non-RMS soft tissue sarcoma (NRSTS) combined. Athough the overwhelm-
ing majority of cases of RMS occur sporadically and are cured with present therapeutic
modalities such as surgery, chemotherapy, and radiation, the development of RMS can
be associated with certain familial syndromes, such as neurofibromatosis and the Li-
Fraumeni syndrome (LFS). The later includes familial clustering of RMS and other soft
tissue tumors in children, with adrenocortical carcinoma and early-onset breast carci-
noma in adult relatives (51,52), and has been associated with germline mutations of the
p53 tumor suppressor gene (53). Unexpectedly, many of the “sporadic” RMS cases
were found in a recent study to have germline mutations in their p53 gene (54), a find-
ing which suggests that at least some of the very young children with seemingly spo-
radic RMS may have a hereditary predisposition to cancer. Even if this predisposition
confers only an increased susceptibility to potentially toxic environmental agents, it
raises the question whether genetics needs to be a more integral part of oncological
diagnosis, and whether children with germline p53 mutations should have their therapy
altered to minimize or reduce their exposures to potentially carcinogenic interventions
(e.g., ionizing radiation, alkylating agents, epipodophyllotoxins).

4.2. Genetic Syndromes in Rhabdomyosarcoma
Not all oncogenic transformation in RMS, however, are p53-dependent. The genetic

abnormalities associated with syndromes such as BWS, a syndrome exhibiting a signif-
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icant predisposition for sarcomas, are typically on 11p15, where the IGF-2, gene is
located. Interestingly, many embryonal RMS without BWS have LOH at the 11p15
locus as well (55,56). In these, the LOH involves loss of maternal genetic information
and duplication of paternal genetic material at this locus (57). Because only the pater-
nal allele of IGF2 is transcriptionally active (42), it is conceivable that, at least in this
tumor LOH with paternal disomy leads to overexpression of IGF-2. However, it is also
possible that LOH at 11p15 reflects a loss of a yet unidentified tumor suppressor activ-
ity, or that both activation of IGF2 and loss of tumor suppressor activity result from
LOH at 11p15 in embryonal RMS. Both alveolar and embryonal RMS appear to over-
produce IGF-2, a growth factor known to stimulate growth of tumor cells (58,59), and
blocking its effect by monoclonal antibodies directed against the receptor for IGF-2
(type IIGF receptor) have been demonstrated to inhibit growth of RMS both in vitro
and in vivo (60,61). It is likely that IGF-2 plays an important role in the unregulated
growth of these tumors, but the mechanism that leads to overproduction of IGF-2 in
these tumors is unclear.

Many histologically identical RMS show very variable clinical presentation and,
more often than not, we find clinically similar subtypes to share a common genetic aber-
ration. The two major histologic subtypes of RMS, namely embryonal and alveolar, are
characterized by genetic alterations that can be used to explain the clinical presentation
of these tumors. Alveolar RMS has a characteristic translocation between the long arm
of chromosome 2 and the long arm of chromosome 13, t(2;13)(q35;q14) (62,63). This
translocation has now been molecularly cloned and has been shown to involve the juxta-
position of the PAX3 gene (or, rarely, the PAX7 gene located at chromosome 1p36),
believed to regulate transcription during early neuromuscular development and the
FKHR gene, a member of the forkhead family of transcription factors (55). The present
contribute to the transformed phenotype, but the precise consequence of this tumor-spe-
cific translocation is unknown. A number of hypotheses have been proposed. It has been
suggested that phosphatidylinositol 3-kinase (PI3K)/Akt and p70(S6K), act as crucial
signaling molecules mediating the stimulatory effect of IGFs on myogenin expression
and, thus, skeletal muscle differentiation. This is supported by the in vitro evidence that
mutation within the myogenic promoter resulted in defective activation of the
IGF/PI3K/Akt pathway and complete abolishment of the PI3K/Akt-induced myogenin
expression in RMS-derived cell lines (64). An alternative hypothesis has been presented
by Margue at al., who proposed that one of the oncogenic functions of PAX3 and
PAX3/FKHR in RMS is protection from apoptosis (65). The study established that BCL-
XL, a prominent anti-apoptotic protein present in normal skeletal muscle and RMS
cells, is transcriptionally modulated by PAX3 and PAX3/FKHR.

Finally, one of the most frequently observed oncogene abnormalities seen in RMS
are ras mutations. Activated forms of both N-ras and K-ras have been isolated from
both RMS cell lines as well as from tumor specimens (66,67). A survey of embryonal
RMS tumor specimens found a 35% incidence of either activated N-ras or K-ras (68),
but it is not known whether these alterations are primarily involved in the pathogenesis
of these tumors or reflect secondary abnormalities that occur during progression.

5. NEUROBLASTOMA

The case of neuroblastoma probably presents one of the most complete picture of
clinically relevant sequential activation of oncogenes and tumor suppressor genes in
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pediatrics. In the past, neuroblastoma was thought to be a highly heterogeneous disorder
with an unpredictable clinical course. Over the past 20 yr, however, tissue cytogenetic
and molecular analysis has allowed for identification of at least three genetically and
clinically distinct subtypes, with discrete clinical counterparts (69,70) (Table 1). The
first, a hyperdiploid or triploid modal karyotype, with no 1p- or N-myc amplification,
and high expression of trk-A, are usually infants with low stages of disease (stage 1, 2, or
4S by the International Neuroblastoma Staging System) and with a very favorable out-
come (> 90% cure). The second group generally has a near diploid or tetraploid modal
chromosome number or DNA content, 1p, 14q allelic loss or other structural changes,
lacks N-myc amplification, and expresses trk-A in low levels. These patients are gener-
ally older with advanced stages of disease (stages 3 or 4), and have a slowly progressive
course, with a cure rate of 25–50%. Finally, the third group is characterized by tumors
with N-myc amplification, generally near diploid or tetraploid modal karyotype, 1p
allelic loss, and low or absent trk-A expression. These patients are usually between 1 and
5 yr of age with advanced stages of disease and have a very poor prognosis (< 5%).
While tumors in the good prognosis subset are thought to be genetically distinct, and, at
least at present, not thought to evolve into the less favorable group with time, this may be
related to lack of information about the genetic and molecular changes occurring with
natural progression of the disease. If one were able to follow the natural course of malig-
nant progression, it would likely resemble the sequence presented in Fig. 1.

While there are many instances where neuroblastomatous growths regress, the pro-
liferative capacity makes them a susceptible premalignant lesion. In 1963, Beckwith
and Perrin reported that as many as 60% of infants younger than 3 mo of age who
died of causes other than cancer, show microscopic neuroblastic nodules, resembling
neuroblastoma in situ. We know now, that these neuroblastic nodules occur uniformly
in all fetuses studied, peak at 17–20 wk of gestation, and gradually regress by the
time of birth (71,72). Considering the high percentage, it is likely that these neurob-
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Table 1
Genetic Basis of Three Clinically Distinct Subgroups of Neuroblastoma

5-yr
Age N-myc DNA ploidy LOH/1p- trkA TrkB VEGF survival

Group 1 <1yr Normal Hyperdiploid <5% High Low Normal 95%
or near 
triploid

Group 2 >1yr Normal Near diploid 25–50% Low Low High 25–50%
or near or nil
tetraploid

Group 3 1–5yr Amplified Near diploid 80–90% Low High full- High <5%
or near or nil length
tetraploid low 

truncated

The past perception of neuroblastoma as a highly heterogeneous disorder with an unpredictable
clinical course can be redefined on the basis of the genetic alterations leading to these clinical phe-
notypes. At least three genetically distinct subtypes of neuroblastoma can be identified, each corre-
lating with discrete clinical counterpart. It appears that the downregulation of neurotropin receptors
is, at least in this tumor, crucial for the development of a malignant phenotype.



lastic cell rests represent a normal stage of adrenal development and as long as the
strict spacial and temporal activation of the involved growth factor genes remains
intact, the resulting differentiation of the tissues results in down-regulation of physio-
logical growth and angiogenesis and subsequent regression. In contrast, it is quite
likely these fast-proliferating cells may be the very cells from which aggressive
adrenal neuroblastomas may develop whenever the gene activation/down-regulation
is altered by, for example, loss of tumor supressor gene on chromosome 1 or N-myc
amplification. Surprisingly, the mass screening studies in Japan and Quebec (73–75)
suggest that only about half of all neuroblastomas detectable by screening actually
regress, and that mass screening is ineffective in reducing the incidence of unfavor-
able advanced stage disease (76).

The sequential activation of genes leading to neural crest differentiation and subse-
quent genetic stability involves neurotrophic factors and their receptors, but, at least at
present, the specific role of each growth factor and its receptors in normal and aberrant
growth is not clear. The difficulty may lie in the absence of appropriate models. Most
neuroblastoma cell lines are neither dependent on, nor responsive to the presence of
nerve growth factor (NGF) in vitro, probably reflecting more a prevalence of poor-
prognosis cell lines in tissue culture studies than true in vivo state. Studies demonstrate
multiple defects in the expression and function of the low-affinity NGF receptor
(LNGFR) in neuroblastoma cell lines (77,78) and reveal that high trk-A expression in
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Fig. 1. A Genetic Model for Neuroblastoma Tumorigenesis. Benign neuroblastic nodules repre-
sent a normal stage of adrenal development. Their occurrence normally peaks at 17–20 wk of gesta-
tion, and they gradually regress by the time of birth. A loss of a tumor suppressor gene such as p73 as
a consequence of a 1p allelic loss, removes the normal sequence of pro-apoptotic signals during neu-
roectodermal differentiation. This can be further exacerbated by a subsequent N-myc oncogene acti-
vation, which disturbs the strict spatial and temporal activation growth fctors genes, and hinders
normal tissue differentiation. The resulting unimpeded proliferation and powerful pro-angiogenenic
drive lead to the development of aggressive disseminated neuroblastomas.



primary neuroblastoma cells would confer upon a cell the ability to differentiate in the
presence of NGF (79). The same cells die in the absence of NGF in vitro. The impor-
tance of an intact NGF/trk-A pathway is further underscored by clinical data showing
that trk-A expression was inversely correlated with N-myc amplification (80). It
demonstrates quite convincingly that the combination of N-myc copy number and loss
of trk-A expression provides prognostic information over either variable alone, and
their exploration may provide important insights into the sequential oncogene activa-
tion/inactivation and the ultimate selection of an aggressive tumor clone.

The most common abnormality found in neuroblastoma is the deletions of the short
arm of chromosome 1 (1p-), which is found in 70–80% of the near-diploid tumors
(81,82). Although near-diploid karyotypes with 1p deletions are commonly associated
with advanced stages of disease, tumors from patients with lower stages are more
likely to be hyperdiploid or triploid, with few structural rearrangements. The deletions
of 1p vary in their proximal break points, but using DNA polymorphisms that reveal
LOH, the region of consistent deletion is confined to subbands of 1p36, where at least
two suppressor genes appear to be active (83–85). Molecular studies have shown a
strong correlation between 1p LOH and N-myc amplification (86); since nearly all N-
myc amplified tumors contain 1p deletion, but the reverse is not true, N-myc amplifica-
tion is likely facilitated by the deletion of at least one tumor supressor gene (87).
Finally, evidence indicates that allelic loss in neuroblastomas occurs with increased
frequency on chromosomes 14 (88), 11 (89), 17 (90), and other sites, pointing out the
possible involvement of other suppressor genes in the pathogenesis of these tumors.

In most tumors, the histological evidence of gene amplifications, such as the extra-
chromosomal double-minutes (d-mins) and chromosomally integrated heterogenously
staining regions (HSRs) cannot be associated with the amplified gene. For neuroblas-
tomas, however, the region amplified is virtually always derived from the distal short
arm of chromosome 2, and contains the proto-oncogene N-myc. Brodeur and col-
leagues (91,92) demonstrated that N-myc amplification occurs in about 25% of primary
neuroblastomas from untreated patients and that the amplification is associated with
advanced stages of disease, rapid tumor progression, and a poor prognosis. N-myc
amplification is usually present at the time of diagnosis, if it is going to occur, and this
has been interpreted to mean that it is an intrinsic biologic property of a subset of
aggressive tumors destined to have a poor outcome (93). However, the close interplay
that exists between the N-myc amplification and neurotropin expression, and the exact
character of their activation/inhibition is only now being elucidated.

For one, despite the extensive information on neurotropins in normal brain develop-
ment and maintenance, their role in the progression of neuroblastoma is only just emerg-
ing. The neurotrophin family includes NGF, brain-derived neurotrophic factor (BDNF),
neurotrophin-3 (NT-3), and neurotrophin-4/5 (NT-4), and the genes trk-A, trk-B, and trk-
C encode the respective primary receptors for NGF, BDNF, and NT-3 (94–99). The pri-
mary receptor for NT-4 has not been described yet, but NT-4 appears to function through
Trk-B (100). The analysis of this family suggests that all neurotropins play a distinct role
in tumor progression and maintenance, but the studies involving the association of trk-B
and trk-C expression and prognosis are more limited than the trk-A association with
good prognosis. The available information indicates that trk-B is expressed in approxi-
mately 36% of neuroblastomas, and its cognate ligand BDNF in 68% (101). We know,
that the truncated form of trk-B, which lacks the tyrosine kinase domain, is expressed
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predominantly in more differentiated tumors (ganglioneuroblastomas and ganglioneuro-
mas), whereas the full-length trk-B transcript is co-expressed in tumors with N-myc
amplification (101). Thus, the trk-B/BDNF pathway may serve as an autocrine or
paracrine pathway to promote survival in N-myc amplified tumors (102). This pathway
can, for example, rescue neuroblastoma cells from vinblastine toxicity, and render the
cells chemoresistant (103,104) and enhance tumor cell proliferation (105). Finally, there
is early evidence emerging that it may be the specific constellation of these growth fac-
tors that confers an angiogenic phenotype on the neuroblastomas (106) and that tumor
endothelial cell survival may be enhanced by these growth factors, whose activity was
thought to be, at least in the past, specific to tissues of neuroectodermal origin (107).

In contrast to trk-B, trk-C expression is found in 25% of neuroblastomas tested, and its
pattern of expression resembles that of trk-A (102,108). All tumors with trk-C expression
also have high trk-A expression, and it does not add further prognostic significance (109).
It may, however, represent an alternate or additional pathway for neuronal differentiation
in these tumors. With further knowledge about the factors that control growth and differ-
entiation in neuroblastoma, it may be possible to direct the children with genetically unfa-
vorable subtypes to alternative therapeutic options. At present, only the expression of
N-myc and trk-A may have clinical utility for diagnosis and prognosis. In general, a nega-
tive correlation exists between the two (110), and an N-myc amplified tumor with loss of
trk-A expression should be treated differently than an nonamlified tumor with high trk-A
expression. Some confusion still exists about the N-myc copy number and expression.
Tumors with amplification generally express higher level of N-myc, but some heterogene-
ity exists in the level of expression among tumors with a single copy of N-myc. It is
important to keep in mind that higher-expressing single-copy tumors do not appear to be
an aggressive subset (111). Expression of other oncogenes, such as H-ras, usually corre-
lates with lower stages of disease and differentiated tumors (112,113), but ras family
genes are rarely activated by base pair mutations of critical codons in neuroblastomas
(114). Most importantly, the pattern of oncogene expression should be used to distin-
guish neuroblastomas of variable prognosis (115), as well as to distinguish neuroblas-
toma from other histologically similar tumors, such as neuroepithelioma.

6. LEUKEMIAS

The evidence that genetic factors play a significant etiological role in acute leukemias,
including acute lymphoblastic leukemia (ALL), was originally based on several observa-
tions, such as the association between various constitutional chromosomal abnormalities
and childhood ALL, the occurrence of familial leukemia, and the high incidence of
leukemia in identical twins. The frequency of leukemia is, indeed, much higher than
would be expected in families of patients with leukemia (116), and siblings of children
with leukemia, including ALL, have an approx 2- to 4-fold greater risk of developing the
disease than do unrelated children in the general population (117). There is, however,
some ambiguity as to the genetic basis for leukemic disposition in twins. While the con-
cordance of acute leukemia in monozygotic twins is as high as 25% (116), the risk is
highest in infancy and diminishes with age, suggesting that a simultaneous exposure to a
common pre- or postnatal leukemogenic event could produce the same frequencies. Sim-
ilarly, a leukemogenic event occurring in utero in one twin could become the source of
transplacental inoculation of malignant cells into the other (118–120).
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With the increase in the clinical utilization of molecular genetics, and the subse-
quent demonstration of specific karyotypic abnormalities in leukemic cells of children
with the disease, a more complete picture is emerging. We are finding, that most of the
constitutional chromosomal aberrations in childhood leukemias are different from the
monosomic form of chromosomal aneuploidy discussed previously in the context of a
two-hit model of carcinogenesis. Unlike the LOH model, which involves a genetic or
epigenetic knock-out of a functional growth-affecting gene, the constitutional genetic
aberration predisposing children to leukemias are usually trisomies. These may be, at
least conceptually, harder to envision, because the impact of trisomy results in the addi-
tion of a copy of a particular gene or genes and not a LOH. Trisomies in the germline
result in dramatic phenotypic variance from normal growth and development and are,
for the most part, incompatible with life (121). Only trisomies of chromosomes 13, 18,
and 21 occur with any frequency in the germline in the general population (122). Each
is associated with a severe and well-defined clinical syndrome, but the biological basis
of the syndrome development is unclear. It may be that the unbalanced number of chro-
mosomes may, by itself, cause a problem during normal cell division, but if this is so, it
would be difficult to explain the vigorous growth of these aneuploid cell lines in vitro.
Likely, the presence of an extra chromosome poses a basic developmental problem due
to a 50% increase in the dosage of a particular gene or genes, and disturbs the fine-tun-
ing of growth factors and developmental pathways in higher organisms.

The classic constitutional aneuploidy demonstrating a predisposition to certain kinds
of cancer is trisomy 21, also called Down’s syndrome (123). Clearly, it is the increase
dosage of a gene or genes on chromosome 21 that confers the increased risk of leukemia
on the Down’s syndrome child, because in trisomy 21 mosaics, it is only the trisomic
cell that is at risk for leukemic transformation, not the normal mosaic counterpart (124).
Furthermore, an acquired trisomy 21 is a relatively frequent chromosomal abnormality
found in acute lymphocytic or nonlymphocytic leukemias (125). While ALL and acute
myeloid leukemia (AML) can occur in patients with Down’s syndrome (126), it is acute
megakaryoblastic leukemia that is most commonly seen in these children (127).

The predisposition to megakaryoblastic leukemia in trisomy 21 or trisomy 21
mosaicism is associated with hematopoietic disorders that are sufficiently characteris-
tic as to imply common pathogenesis (128). The so-called transient leukemoid reaction
(TLR) is most common, but not restricted, to the Down’s syndrome population. It clas-
sically manifests in newborns or early infancy as a myeloproliferative disorder that can
include hepatosplenomegaly, leukocytosis, and circulating myeloblasts; the morpho-
logic picture is consistent with congenital leukemia except that spontaneous remissions
are common (127,129). This condition is not, however, unequivocally benign, because
20–30% of Down’s syndrome patients with TLR develop overt megakaryoblastic
leukemia at 1–3 yr of age (128).

Consistent with the Downs syndrome genetics, most of the RFLP analysis evidence
identifies the extra chromosome as being of maternal origin (in approximately 95% of
the cases), but some reports suggest that, in TLR or leukemia, an increased paternal
contribution is seen (130). If this observation is confirmed in additional studies, it will
suggest that more complex genetic and epigenetic factors may influence the risk of
leukemia or TLR among patients with trisomy 21. Interestingly, despite the completion
of the human genome map, no growth-affecting gene(s) has been identified on chromo-
some 21. The genes residing on chromosome 21 are involved in chromatin structure,
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lymphocyte adhesion, interferon action, DNA transcription, and signal transduction,
but none can be implicated in the constitutional phenotype or leukemogenic risk of
patients with Down’s syndrome (131).

A number of additional genetic conditions that predispose children to leukemia
should be considered here. Children with various congenital immunodeficiency dis-
eases, including Wiskott-Aldrich syndrome, congenital hypogammaglobulinemia,
ataxia-telangiectasia, and patients receiving chronic treatment with immunosuppres-
sive drugs, all have an increased risk of developing lymphoid malignancies as well
(132). Since the majority of leukemias secondary to chronic immunosupression appear
to be of mature B cell phenotypes (lymphoproliferative disorder), and the causative
deregulation of the malignant growth may be posttranscriptional, there are identified
genetic lesions in children with ataxia-telangiectasia and Fanconi’s anemia. Both disor-
ders are associated with an increased chromosomal fragility and result in frequent
abnormalities of chromosomes 14 and 7, respectively.

In children with ataxia telangiectasia (A-T), the chromosome 14 rearrangement can
be easily observed in peripheral T cells, and the resulting leukemia/lymphoma is mainly
of T cell origin. The clonal progression ultimately evolves into a T cell prolymphocytic
leukemia (T-PLL), which, in addition to the primary defect, also has a number of further
genetic alterations. The primary translocations usually involves TCL-1 (at 14q32) or the
c6.1B/MTCP1 A1 transcript (at-Xq28). A second gene, MTCP-1, which produces an
alternative B1 transcript, has been also been described. The expression of TCL-1 occurs
in the preleukemic clone cells of A-T patients in randomly selected A-T patients without
large cytogenetic clones and without any evidence of leukemic changes (133).

Fanconi anemia (FA) is an autosomal-recessive cancer susceptibility syndrome with
seven complementation groups. Six of the FA genes have been cloned (corresponding
to subtypes A, C, D2, E, F, and G) and the encoded proteins interact in a common path-
way. There is wide range of mutations in the FANCG gene (splice, nonsense, and mis-
sense mutations), and, based on a mutational screen, a carboxy-terminal functional
domain of the FANCG protein is required for complementation of FA-G cells and for
normal assembly of the FANCA/FANCG/FANCC protein complex (134).

Many somatic karyotypic abnormalities have now been described in childhood
leukemias (135,136), and a new clinical classification which would incorporate this
emerging knowledge may be needed. The frequency of genetic alterations certainly
supports that need, since we can identify a genetically abnormal clone in over 80% of
children with new diagnosis of leukemia.

6.1. Acute Myeloid Leukemias
The original French-American-British Classification (FAB) divides these leukemias

into those that are undiferentiated myeloblastic (M0), myeloblastic without maturation
(M1), myeloblastic with maturation (M2), hypergranular promyelocytic (M3),
myelomonocytic (M4), monocytic (M5), erythroid leukemia (M6), and megacaryocytic
leukemias (M7). Interestingly, each of these subgroups created on the basis of their mor-
phology at a time when the associated chromosomal changes were largely unknown, are
affiliated with very distinct and typical genetic abnormalities. The fusion genes resulting
from all these translocations, monosomies (losses), trisomies (gains), amplifications
(HSRs) and deletions, not only fit the particular cell types and histological classifica-
tions, but often define the functional abnormalities described for the particular malig-
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Table 2
Representative Examples of Genetic Alterations and Their Associated Clinically 

Distinct Leukemic Phenotypes

Chromosome aberration Gene Protein FAB class Notes

t(8;21)(q22;q22) AML1, ETO Transcription factor M2 Auer rods 
common
myeloblastomas

t(17;19)(q22;p13) HLF Transcription factor Pro-B ALL,
hypercalcemia,
disseminated
intravascular
coagulation

t(6;11)(q27;q23) AF6, MLL Homeobox M4, M5
t(11;17)(q23;q21) PLZF, RARα Transcription factor, M3

hormone receptor
inv(16)(p13;q22) SMMHC, Muscle protein, M4Eo

or t(16;16)(p13;q22) CBFs transcription factor
t(15;17)(q22;q21) PML, RARα Nuclear protein, M3 Diseminated 

hormone receptor intravascular
coagulation

t(6;9)(p23;q34) DEK, CAN Transcription factor, M2, M4
nuclear protein

Monosomy 7 ? ? All Juvenile CML
or del(7)(q22-q36)

t(9;22)(q34;q11) BCR, ABL Tyrosine kinase, M1, M2
serine-threonine
kinase activity

t(9;11)(p22;q23) AF9, MLL Homeobox M4, M5 Infants, CNS 
leukemia,
biphenotypic
leukemia,

t(6;11)(q27;q23) AF6, MLL Homeobox M4, M5
Trisomy 8 ? ? All Myelodysplastic 

syndromes
t(1;11)(q21;q23) AF1q, MLL Homeobox M4, M5
inv(3)(q21;q23) EVIl Transcription factor M4, M7 Thrombocytosis 

or t(3;3)(q21;q26) and abnormal
platelets

t(3;21)(q26;q22) EVIl, EAP Transcription factors M2, AML1 Myelodysplastic 
syndromes

Monosomy 5 ? ? All Myelodysplastic 
or del(5)(q11–q35) syndromes and

secondary leukemias
t(16;21)(p11;q22) TLS, ERG RNA-binding All

protein,
transcription factor

t(11;19)(q23;p13.1) MLL, ELL Homeobox M4, M5
t(12;22)(p13;q11) TEL, MN1 Transcription factor All
Trisomy 11 MLL Homeobox M4, M5
t(10;11)(p12;q23) AF10, MLL Homeobox M4, M5
t(1;22)(p13;q13) ? ? M7

Disruption of transcriptional control genes is a common mechanism by which many genetic rearranements may contribute to
leukemogenesis. Two reasons account for the prevalence of transcriptional factor alterations. One, they bind to crucial regulatory
elements in DNA, such as promoters and enhancers, and thus can stimulate or inhibit gene transcription, and two, their modular
organization provides an ideal framework for their binding to DNA as multiple heterodimeric complexes. This later ability may
also explain why the disrupted and newly rearranged transcriptional control gene can still produce a functional hybrid protein
rather than inert peptide.



nancy in the past (see Table 2). Furthermore, the presence or absence of one or more of
these genetic abnormalities is often of independent prognostic significance even when
other factors such as age, FAB classification, and tumor burden at diagnosis are consid-
ered. Discussing the multiplicity of gene fusions present in leukemias is beyond the
scope of this chapter and only few well-established examples will be used.

6.1.1. CHROMOSOME 8
Trisomy 8 is the most frequent genetic aberration in AML, but the leukemogenic

gene whose increased expression produces the disease is unknown. One possibility is
the ETO gene, because of its implication in another gene aberration, the
t(8;21)(q22;q22). The t(8;21) translocation is among the best characterized of the AML-
associated chromosomal abnormalities. It fuses the AML-1 gene (also known as CBFA2,
PEBP2αB, and RUNX1) on chromosome 21 to the ETO (MTG8) gene on chromosome 8
(137–139). The resulting fusion protein consists of the N terminus of AML1 fused to a
nearly full-length ETO protein. The AML-1 gene encodes one of the DNA-binding sub-
units of the transcription factor complex core-binding factor (CBF). Native AML1 is
able to form a heterodimer with the β subunit, CBFβ (PEBP2β), and thus regulate the
transcription of target genes by binding to the DNA sequence TGT/cGGT through its
runt homology domain (140,141). The gene encoding CBFβ is also rearranged in AML
of the M4Eo subtype, as a consequence of inv(16)(p13;q22) (142). Knocking in the
AML1-ETO fusion gene into the Aml1 locus results in embryonic lethality and lack of
definitive hematopoiesis in liver (143,144). These effects are almost identical to the
AML1–/– mice (145), demonstrating that AML1-ETO is a dominant inhibitor of normal
AML1/CBFβ function during hematopoietic lineage commitment.

The AML-1 gene is also involved in a TEL/AML1 fusion in approximately 25% of all
cases of childhood ALL, where, in contrast to the fusion product in myelogenous
leukemia, it is associated with excellent prognosis (146–149).

6.1.2. t(9;22)(q34;Q11)
The t(9;22) or Philadelphia chromosome is perhaps the most extensively studied of

the chromosomal translocations. The translocation results in fusion of the BCR gene on
chromosome 22 to the ABL gene on chromosome 9. The t(9;22) is characteristic of
chronic myeloid leukemia (CML), where almost all test BCR/ABL-positive. In child-
hood leukemias, only 3–5% of ALL are BCR/ABL positive, but these account for a
large proportion of the mortality in this disorder. ABL is a predominantly nuclear pro-
tein with tyrosine kinase activity that is normally tightly regulated. Fusion of BCR to
ABL results in constitutive activation of the ABL kinase and relocalization of the
BCR/ABL fusion protein to the cytoskeleton (150). The critical targets of the
BCR/ABL kinase are not known, but it is likely that the fusion protein activates a num-
ber of signal transduction pathways, including the RAS pathway.

6.1.3. E2A-HLF FUSION GENE

E2A gene elements are involved in fusion events instigated by the t(17;19)(q22;p13)
translocation, which juxtaposes the amino-terminal sequences of E2A (including the
trans-activation domain) with the DNA binding and protein dimerization region of the
protein encoded by the hepatic leukemia factor gene (HLF). Recently assigned to a
specific subfamily of the bZIP superfamily of transcription factors (151,152), the HLF
product is normally expressed only in the liver, brain, and kidney, but not in lymphoid
cells. It bears significant homology to both DBP (153), an albumin gene promoter D-
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box binding protein, and thyrotroph embryonic factor, which trans-activates thyroid-
stimulating hormone β expression during anterior pituitary development (154).

Leukemias that express E2A-HLF share a number of clinical and biologic features:
disease onset in early adolescence, pro-B immunophenotype, hypercalcemia, and dis-
seminated intravascular coagulation. Although relatively rare, the E2A-HLF-associ-
ated leukemias have a poor prognosis, even when treated with intensive, multiagent
chemotherapy.

6.1.4. MONOSOMY 5
Monosomy 5 and interstitial deletions of the long arm of chromosome 5 are one two

of the earliest described chromosomal abnormalities in myeloid malignancies. They are
observed, but not restricted to myelodysplastic syndromes, and a distinct subtype of
myelodysplasia with 5q deletions is referred to as 5q minus syndrome (155). Because a
chromosomal deletion associated with a malignancy often suggests a tumor suppressor
gene that maps within the region, an intensive search for the 5q tumor suppressor gene is
ongoing (156), but the critically deleted region of 5q is centered on chromosome bands
5q31–5q33, where genes encoding for hematopoietic growth factors such as granu-
locgte macrophage colony-stimulating factor (GM-CSF), M-CSF receptor, interleukin
(IL)-3, IL-4, and IL-5 map as well, making the tumor supressor theory less likely.

7. FUTURE THERAPIES

While approximately half of children with AML can be cured with present therapeu-
tic modalities, the remainder succumbs to the disease because of various forms of drug
resistance. For this group, the hope lies in the recent advances in immunology, cytoge-
netics, and cellular and molecular biology, which have provided new insights into fun-
damental biological differences between leukemic myeloid blasts and their normal
counterparts. Therapies such as: (i) antibody or small molecules directed against
growth factors and their receptors on AML blasts; (ii) pharmacologic targeting of the
pathologic t(15;17) translocation of acute promyelocytic leukemia with all-trans
retinoic acid; (iii) pharmacologic and immunologic targeting of mutant ras oncogenes
and related aberrant signaling in AML blast; and (iv) targeting of pathological signal-
ing of the Bcr-Abl oncoprotein and c-kit tyrosine kinase in myeloid leukemias, herald
an exciting new era of AML-specific therapies.

Even the most promising and highly targeted therapies such as STI-571 (Gleevec),
used in the treatment of Philadelphia chromosome-positive CML, may be rapidly ren-
dered ineffective by acquired drug resistance driven by the genetic instability of tumor
cells (157). Moreover, while the initial chronic phase of CML, characterized by the
expansion of terminally differentiated neutrophils due to a single bcr/abl genetic/onco-
genic alteration, responds extremely well to this single-target therapy (158,159), the
therapeutic efficiency is lost in the acute blast crisis phase. In this advanced disease
state, further genetic abnormalities (157) and the reactivation of BCR-ABL signal
transduction (160) result in unhindered progression of the disease in the face of contin-
ued therapy with STI-571. Despite the fundamental differences of this particular ther-
apy with that of most conventional chemotherapies, which indiscriminately target
dividing cancer cells, (i.e., STI-571 targets a specific mutant protein directly involved
in cancer progression), acquired drug resistance occurs in a manner not dissimilar to
traditional therapies.
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Recent developments in the understanding of adult tumor progression may add a
new dimension to the treatment of poor prognosis childhood tumors with multiple
genetic abnormalities. It has been proposed that many oncogenes and tumor-suppressor
genes are involved in the development of the angiogenic phenotype. Dominantly acting
oncogenes such as ras and raf might be regarded as proangiogenic, because they are
associated with overexpression of vascular endothelial growth factor (VEGF), a pro-
angiogenic growth factor, and down-regulation of thrombospondin, a natural angiogen-
esis inhibitor (161). Tumor-suppressor genes such as p53, on the other hand, exert the
opposite effect down-regulating VEGF (162), and up-regulating thrombospondin 1
(163). Since the early reports of direct, ras oncogene-induced angiogenic drive
(161,164), many other oncogenes have been associated with induction of angiogenic
factors or down-regulation inhibitors. Myc oncogene has been shown to induce angio-
genic switch not only via down-modulation of thrombospondin-1 (165) or activin A
(166), but also by enabling cells to increase the availability of angiogenic factors such
as VEGF (167). For the numerous oncogenes and tumor suppressor genes associated
with induction of angiogenesis in pediatric cancers see Table 3.

If so, anti-angiogenic treatment may provide a new approach to confronting the
seemingly inevitable problem of acquired drug resistance. If the capacity of cancer
cells to develop resistance is dependent on their “mutator” phenotype, then shifting
the cellular target of therapy to a genetically stable cell, which the tumor depends on
for growth and survival, may provide a possible means to evade, or delay, the prob-
lem of acquired drug resistance (168). One such target for this strategy is the tumor-
associated activated endothelial cell of a tumor’s newly formed or forming
microvasculature. The therapeutic targeting of the tumor vasculature is possible
mainly because numerous molecular and functional differences have been identified
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Table 3
Effect of Oncogenes and Tumor Suppressor Genes on the Expression of Angiogenic Factors

Tumor suppressor genes

Inhibitor
Gene decreased Inducer increased Reference

p53 TSP-1 VEGF 175,176
VHL VEGF TGFβ 177,178
NF-1 Midkine
PTEN TSP-1 VEGF 179,180
Rb-1 Unknown 189

Oncogenes

K-, H-, or N-ras TSP-1 VEGF 161,181
H-ras TIMP MMP-9, MMP-2, MMP-14 181,182
N-myc Activin A 183,184
v-myc TSP-1 165
v-myb TSP-2 185
c-Jun TSP-1 186,187
v-src TSP-1 180,188



that distinguish the tumor-associated “angiogenic” endothelium from its normal
mature counterpart. For example, tumor-associated endothelial cells proliferate and
migrate in response to tumor-induced stimuli, such as growth factors and cytokines,
they proliferate much faster than their systemic counterpart (169), and they express a
large number of markers absent or poorly expressed in normal quiescent endothelial
cells of mature vessels (170).

The concept and potential of targeting the relatively genetically stable tumor-associ-
ated endothelial cell as a possible means of circumventing acquired drug resistance is
supported by clinical observations. It has been known since the early days of
chemotherapy, that the side-effects such as myelosuppression, gastrointestinal dysfunc-
tion, and hairloss, are rarely accompanied by any clinically meaningful host tolerance.
Furthermore, the dose-limiting toxicities, exhibited on the genetically stable, diploid
but rapidly proliferating cells of the skin, gastrointestinal mucosa, peripheral nervous
system, and bone marrow, occur at doses much lower than those needed to cause tumor
cell death. As recently shown (171,172), these dose-limiting host toxicities can trans-
late into a significant differential chemosensitivity of endothelial vs tumor cells, such
that much lower doses of a drug can be used if the tumor endothelium is targeted, espe-
cially if the drug is given on a continuous low-dose basis. As pointed out by Browder et
al. (171), the one reason anti-angiogenic effects of chemotherapeutic drugs are not seen
clinically, are due to the manner in which chemotherapeutic drugs are given. Using
maximum tolerated doses (MTD) necessitates prolonged rest periods during which any
collateral vascular damage on the tumor can be repaired, and unless these therapeutic
breaks are shortened, or eliminated, no therapeutic advantage can be derived from the
differential sensitivity between endothelial and tumor cells. Most importantly, this anti-
vascular effect can be achieved with a diverse spectrum of chemotherapeutic agents
such as vinblastine, adriamycin, cisplatinum, or taxol (173), and these “metronomic
dosing” regimens (174) can significantly minimize host toxicity.

There are currently no major efforts to clinically evaluate the efficacy of agents tar-
geting genetic lesions in childhood neoplasia. In theory, such therapies may be effec-
tive as long as the process can be attributed to a defined oncogenic alterations or
signaling pathways of abnormal differentiation. Until the feasibility of such therapies is
more firmly defined, angiogenesis inhibition may provide an alternative therapy for
children who are, because of the accumulation of numerous oncogenic changes, faced
with poor prognosis and very taxing chemotherapeutic regimens. Undisputedly, signif-
icant progress has been achieved in pediatric oncology with therapeutic modalities,
such as surgery, radiation, and chemotherapy, but the rise in survival rates experienced
in the 1960s and 1970s has reached a plateau in the past two decades. The genomic
plasticity of the tumor cell and its ability to adapt to an unfavourable environment and
develop a drug-resistant clone is a major factor limiting the effectiveness of both old
and new drugs directed against the tumor cell.
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1. INTRODUCTION

Tumors and normal tissues vary widely in their sensitivity to radiation. A combina-
tion of the cellular signals that originate within a cell and those in response to environ-
mental factors outside the cell interact to determine the relative resistance or sensitivity
of cells to radiation. Either of these determinants of radiation sensitivity provides
potential targets for enhancing radiation-induced tumor cell killing. Of particular inter-
est are signaling pathways that differ in normal and tumor cells as a result of oncogenic
activation. Such pathways present potentially useful targets for differential inactivation
as an approach to radiosensitization.
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We have focused our studies on ras oncogene activation and its contribution to radi-
ation resistance. However, RAS proteins are not the only signaling proteins implicated
in conferring enhanced survival to tumor cells after irradiation. In this chapter, we dis-
cuss oncogene activation and its role in tumor radiation resistance. Potential points
where oncogenic protein signaling can be interrupted and the strategies for reducing
tumor cell radiation survival using this approach will be reviewed.

2. DIFFERENCES IN TUMOR RADIOSENSITIVITY 
AND ITS INFLUENCE ON RADIOTHERAPY RESPONSE

Early evidence of a role for radioresistance in tumor response to radiotherapy was
provided by studies of head and neck tumor cell lines from tumors that had recurred
after treatment. These cell lines were shown to be radioresistant when compared to
human fibroblast cell lines (1), and this was proposed to be a contributing factor in
treatment failure. The effect of intrinsic radioresistance on the response of tumors to
radiotherapy was further defined by the work of Malaise et al. These investigators
examined the sensitivity of human tumor cells lines and demonstrated that the rank
order of radiosensitivity of the different tumor types at clinically relevant radiation
doses in vitro corresponded to their known clinical radioresponsiveness (2–5). Since
environmental factors that can influence tumor radiation sensitivity, such as hypoxia
and tumor/normal tissue interactions, are not present when measuring in vitro
radiosensitivity, the results obtained by these investigators provided evidence that the
intrinsic radiosensitivity of tumor cells is a major determinant of in vivo radiorespon-
siveness. Malaise also extended this conclusion to differences within tumor types. He
studied the distribution of radiosensitivity among cell lines of the same histology,
showing that there was also wide variability in radiosensitivity in tumors of the same
histology (4). This work implied that the variability in sensitivity among tumors of
similar histology could determine outcome. Some support for this conclusion came out
of studies of head and neck tumor responses and radiosensitivity, which showed an
association between in vitro radiosensitivity and clinical response. However, the results
of these studies failed to achieve statistical significance (6,7). This could be because the
combined modality treatment for these tumors meant that surgery, as well as radiation,
contributed to the observed responses. It should be noted that none of these studies
addressed the role of the tumor microenvironment on radiation survival as they mea-
sured radiation clonogenic survival of single cells in vitro. Nonetheless, these studies
did document differences in tumor cell intrinsic radiosensitivity and pointed to a role
for this intrinsic radiosensitivity in the response of tumors to radiation therapy.

The clearest demonstration that differences in the radiosensitivity of tumors of simi-
lar histology could determine response is found in studies by West and her colleagues
(8,9). West prospectively studied the radiosensitivity of tumor cells in women with
squamous cell carcinoma (SCC) of the cervix that were undergoing a course of radio-
therapy alone with curative intent. In a series of studies, they showed that tumor
radiosensitivity, determined before treatment using the Courtney-Mills soft agar clono-
genic assay, predicted the outcome of treatment both in terms of local control and sur-
vival. There was no significant correlation between other parameters including patient
age, tumor stage, or differentiation status and the outcome of radiotherapy. Larger
tumors tended to be more radioresistant, but this correlation also failed to reach signifi-
cance. West’s results strongly support both the concept of intertumoral heterogeneity in
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intrinsic radiosensitivity and the conclusion that this heterogeneity contributes to treat-
ment outcome.

3. INFLUENCE OF RAS ONCOGENES ON RADIOSENSITIVITY

Studies demonstrating the contribution of activated ras oncogenes to radiation
resistance were begun at about the same time as the demonstration of intrinsic
radiosensitivity differences in human tumors. Fitzgerald et al. were the first to report
on enhanced radiation survival after transfection with activated N-ras (10). Sklar sub-
sequently showed that activated H- or K-ras, as well as N-ras, transfection yielded
cells demonstrating increased radiation survival (11). These findings have been repli-
cated in a number of primary and immortalized rodent cell lines (12–16). Transfection
and overexpression of the unmutated H-ras proto-oncogene was also reported to
increase radiation resistance in 3T3 cells (17). Interactions between RAS and other
oncoproteins in conferring radiation resistance have also been demonstrated. Trans-
fection with oncogenes such as v-myc and adenovirus Ela can act synergistically with
H-ras to confer radiation resistance (Fig. 1) (12,18). Significant increases in radiation
resistance were also seen in rat embryo fibroblasts co-transfected with H-ras and
mutant p53 (19). Ras-induced radiation resistance in rodent cells has been linked to
decreased apoptosis (20,21) and prolonged G2 delay after irradiation (22). Oncogenic
RAS expression or overexpression of unmutated H-RAS has also been shown to
impart radiation resistance in human cell lines. Miller et al. showed that transfection
with normal H-ras increased radiation survival in human osteosarcoma cells in a man-
ner that correlated with the level of H-RAS overexpression (23,24). Increased radia-
tion survival was also seen in cultured spheroids of breast cancer cells expressing
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Fig. 1. Radiation survival of rat embryo fibroblasts transformed with H-ras and v-myc or immortal-
ized with v-myc alone. Cells in log phase growth were plated and irradiated for clonogenic survival at
the doses indicated. After 10–14 d, plates were stained and scored for colony formation. Surviving
fraction at a given does is defined as (colonies formed in irradiated cultures/cells plated) × (colonies
formed in nonirradiated cultures/cells plated).



activated H-RAS (25). In human fibroblast lines, transfection with H-ras alone
resulted in neither transformation nor radioresistance. However, transfection with
Simian virus 40 (SV40) large T increased radiation resistance in cells expressing H-
RAS (26). Human keratinocytes also showed little change in radiosensitivity at higher
doses (DO) after transfection with H-ras, however low dose radioresistance was mod-
estly increased (27). Increased radioresistance was not, however, seen in all cell types
after ras transfection. Rat kidney epithelial cells were rendered more sensitive to radi-
ation by transfection with K-ras (28). Human mammary epithelial cells also showed
no increase in radioresistance (29), however the cells used in the latter study were
highly radioresistant prior to ras transfection.

The results of survival determinations after oncogene transfection could be subject to
artifacts resulting from the transfection itself. In order to circumvent this possibility and
to address the role of oncogene activation in human cells on radiation survival directly,
we used a genetic approach to demonstrate that the loss of activated N- or K-ras alleles
from human tumor cell lines resulted in diminished radiation survival (30). In these stud-
ies, the clonogenic survival of human DLD-1 colon carcinoma cells expressing one acti-
vated K-ras allele was compared to the survival of clones of this line having lost the
active K-ras allele (Fig. 2A). Survival of HT1080 sarcoma cells expressing an activated
N-ras allele was compared to HT1080 cells without this allele. (Fig. 2B). In both
instances, loss of the mutant ras allele reduced radiation survival. Reintroduction of
mutant N-ras into HT1080 partially restored radioresistance in these cells. These data
demonstrate that the loss of an activated RAS oncogene signal reduces radiation survival
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Fig. 2. Clonogenic survival of human tumor cell lines is reduced after loss of activated ras. Cells in
log phase growth were plated and irradiated for clonogenic survival at the doses indicated. After
14–21 d, plates were stained and scored for colony formation. (A) (●), DLD-1 cells expressing both
activated and wild-type endogenous K-ras alleles; (▲) and (■), DLD-1 cells expressing only the
wild-type endogenous K-ras allele. (B) (●), HT1080 cells expressing both activated and wild-type
endogenous N-ras alleles; (∆), HT1080 expressing only the wild-type endogenous N-ras allele; (■),
HT1080 expressing the wild-type endogenous N-ras allele and an activated N-ras introduced by
transfection. Reproduced with permission from ref. 30.



in two independent human cell lineages. Together, these data and the data obtained after
ras oncogene transfection make a strong case for the contribution of RAS activity to the
intrinsic radiation resistance of tumor cells and point to inhibition of H-, K-, and N-RAS
as a potential means of reducing tumor radiation survival.

4. INHIBITING RAS EXPRESSION AND ACTIVITY

In normal cells, signaling in the RAS pathway is initiated when tyrosine kinase cell
surface receptors bind growth factors. Binding of ligand causes autophosphorylation of
the receptor. Receptor phosphorylation results in binding of the SH-2 domain contain-
ing GRB-2/SOS-1 complex. SOS in turn activates RAS by promoting the exchange of
GTP for GDP. RAS-GTP triggers multiple signals that control gene transcription, cell
survival, and stress responses (Fig. 3). RAS signaling ends with the hydrolysis of GTP
to GDP. This hydrolysis is promoted by a RAS-GAP (GTPase activating protein). Acti-
vating mutations in RAS at amino acids 12, 13, or 61 greatly diminish GTP hydrolysis
to GDP and RAS thus remains constitutively active. There has been no success
reported in reconstituting mutant RAS GTPase activity. The remaining methods for
inhibiting activated RAS have been to block RAS expression through the use of H-,
K-, and N-ras antisense (31–33), ras-specific ribozymes (34–36), or transfection with
vectors encoding recombinant antibody to ras (37). The alternate approach that we
have used has been to block RAS signaling by inhibiting the enzymes mediating post-
translational maturation of this protein.
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Fig. 3. Partipants in signaling, both upstream and downstream of RAS. Activators upstream of RAS,
as well as signaling proteins that propagate signals from RAS, are illustrated. It should be noted that
signaling between the different pathways leading from RAS in this diagram and the direction of sig-
naling between certain participants is still an area of active investigation.



RAS proteins are processed in a series of reactions initiated by farnesylation of RAS
at a cysteine residue in the fourth amino acid position from the C-terminal end
(reviewed in ref. 38). The enzyme farnesyltransferase recognizes the C-terminal
sequence of RAS known as a CAAX recognition site, where C is the cysteine, X is
methionine or serine, and A is isoleucine, leucine, or valine. Modification by the addi-
tion of the farnesyl chain is followed by proteolytic cleavage of the terminal 3 amino
acids and finally methylation of the now farnesylated terminal cysteine (39,40). The
recognition sequences vary between H-, K-, and N-RAS (41–43). The H-RAS recogni-
tion sequence is CVLS, while K-RAS A and B have the sequence CIIM or CVIM,
respectively. The N-RAS recognition sequence is CVVM. K-RAS can also be modified
by the addition of a geranylgeranyl group by geranylgeranyltransferase I when farnesy-
lation is blocked (43). Complete inhibition of K-RAS prenylation, therefore, requires
inhibiting both farnesyltransferase and geranylgeranyltransferase I (44–46). Farnesyla-
tion or geranylgeranylation are essential for the attachment of RAS to the inner surface
of the plasma membrane (47,48). Oncogenic RAS proteins lose their transforming
activity when attachment to the plasma membrane is blocked (49–52), making this
modification an attractive target for inhibiting oncogenic ras effects.

Miller et al. (23) were the first to attempt to block RAS processing using the drug
lovastatin. Since the synthesis of the poly-isoprenylated intermediates is part of the
mevalonate pathway, inhibitors of the rate-limiting step of that pathway, the conver-
sion of HMG-CoA into mevalonate by HMG-CoA reductase, reduces isoprenylation
of ras. Lovastatin was used by Miller et al. (23) to reverse H-RAS-mediated radiore-
sistance in human osteogenic sarcoma cells. Lovastatin, however, interferes with the
biochemical pathways involved in cholesterol, heme, steroid, and other lipid metabo-
lism within the cell, thus introducing the possibility of an effect that was not specific
for RAS.

More recently, specific prenyltransferase inhibitors have been developed based on
the structure of the RAS CAAX motif, the farnesyl isoprenyl group or isolated from
pharmacologic screens for RAS inhibitory activity (53,54). By inhibiting RAS post-
translational processing, farnesyltransferase inhibitors (FTIs) block oncogenic RAS
activity with greater specificity for RAS and do not interfere with other aspects of cho-
lesterol and lipid metabolism. However, despite their greater specificity, FTIs block the
growth of both ras transformed cells (55) as well as tumor cells expressing wild-type
ras (56). These inhibitors have also been shown to slow the growth of experimental
tumors in mice (57–60). Because their effects are not limited to tumors expressing acti-
vated RAS, the possibility that inhibition of farnesylation of other proteins may medi-
ate the antitumor effect of FTIs has been investigated. Prendergast et al. have shown
that the prenylated protein Rho B is also an important target of FTIs in reversing RAS
transformation (61–64). Although FTIs are active against farnesyltransferase activity in
both cells with mutant as well as wild-type ras, these drugs show little toxicity to non-
transformed cells. Specific inhibitors of geranylgeranyltransferase I have also been
developed and can be used with FTIs to block K-ras processing (65–68).

The focus of our research has differed from studies of tumor growth inhibition, in
that we have examined the effects of FTI on radiosensitivity rather than on growth
inhibition. We have shown that FTI can reverse cellular resistance to radiation in
mutant ras-containing rodent cell lines (Fig. 4) (69). Radiosensitization has also been
observed in human tumor cell lines containing acticated H- or K- ras, but not in cells
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with wild-type ras when RAS prenylation is inhibited (Fig. 5 and Table 1) (70). FTIs
appear to be particularly effective as radiosensitizing agents in vivo. A study in mice
bearing human T24 tumor xenografts demonstrated enhanced cytotoxicity from radia-
tion in the presence of an FTI compared to non-FTI treated animals. Again, this effect
was not seen in tumors expressing wild-type RAS (Fig. 6) (71). The effects of block-
ing RAS are not limited to alterations in the intrinsic radiosensitivity of tumor cells
when these are grown as tumors in nude mice. We recently showed that FTI treatment
of human tumor xenografts expressing mutant RAS also causes increased oxygenation
of these tumors (72). This finding is surprising given the prediction that FTIs are anti-
angiogenic (73) and points to the complex effects that are produced in tumors when
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Fig. 4. Clonogenic survival of irradiated H-ras transformed cells and normal or myc immortalized
REF after treatment with farnesyltransferase inhibitor. Clonogenic survival assays were performed
after addition of FTI-277 at concentrations of 2.5 µM (3.7 cells) or 5 µM (MR4). The data points
shown represent the mean of at least 3 dishes. The open symbol indicate the results from untreated
cells, and the closed symbols indicate the results from cells treated with FTI-277. In the panel 3.7, the
open triangles superimpose the result from untreated MR4 cells showing survival of cells expressing
v-myc alone. Reproduced with permission from ref. 69.

Fig. 5. Inhibition of H- and K-RAS processing by FTI or FTI plus GGTI. Log phase cultures of T24
cells were treated for 24 h with 5 µM FTI-277 (FI) or 2 µM L 744,832 (F2) samples were then harvested
for Western blot analysis at 24 h. Western blots were probed with anti-H-RAS monoclonal antibody.
Nonfarnesylated H-RAS migrates more slowly than the modified form. SW480, HeLa, and HT-29 cells
were treated with 5 µM FTI-277 plus 8 µM GGTI 298 (F+G) or with carrier alone (C) for 24 h. SW 480
was also treated with either inhibitor alone. Cell lysates were obtained and analyzed by Western blotting
with monoclonal antibody to K-RAS. Unprenylated K-RAS, like H-RAS, migrates more slowly.
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Fig. 6. Radiosensitization of human tumor xenografts by FTI in vivo. (A) Survival of T24 tumor
clonogens after treatment with FTI-276 and 8 Gy irradiation in vivo. After whole body irradiation, the
mice were sacrificed, and the tumors were dissociated and plated for clonogenic survival determina-
tion. Colonies were stained and counted 14–21 d after irradiation. Each bar represents the mean plat-
ing efficiency obtained from replicate plating of a single tumor. (B) Mice with T24 tumor xenografts
were treated for 7 d with L-744, 832 (40 mg/kg/d) or drug vehicle by subcutaneous (s.c.) micro-
osmotic pump. After 3 d of treatment, the flank bearing the tumor was irradiated at a dose of 6 Gy or
sham irradiated. Tumor measurements were made at the times indicated in three perpendicular
dimensions (a, b, and c) and the vol was calculated as: Vol = (π/6)●a●b●c. Mean tumor vol (N = 5 for
each group) is shown. (C) Survival of HT-29 tumor clonogens isolated from mice treated with FTI-
276 and 8 Gy irradiation. Each bar represents the mean plating efficiency obtained from a minimum
of 3 tumors. (D) HT-29 tumor bearing mice were treated as described in panel B. The mean tumor vol
(N = 4 for each group) is shown. Reproduced with permission from ref. 71.

Table 1
Clonogenic Survival of Tumor Cells After 2 Gy Irradiation and 

Prenyltransferase Inhibitor Treatment

Cell Inhibitor treatment SF2 control SF2 treated

H-ras mutants:
T24 FTI-277 0.86 (.04)a 0.50 (.02)

L744,832 0.62 (.04) 0.37 (.02)
HS578T FTI-277 0.79 (.07) 0.63 (.05)
K-ras mutants:

FTI-277 0.52 (.03) 0.54 (.03)
SW480 GGTI-298 0.46 (.03) 0.41 (.04)

0.55 (.05) 0.45 (.04)
FTI-277 + GGTI-298

0.51 (.05)b 0.36 (.08)b

A549 FTI-277 + GGTI-298 0.53 (.07) 0.15 (.02)
Wild-type ras:
SKBr-3 FTI-277 0.47 (.06) 0.45 (.08)

FTI-277 + GGTI-298 0.68 (.04) 0.66 (.06)
HeLa FTI-277 + GGTI-298 0.54 (.05) 0.49 (.04)

0.78 (.05) 0.82 (.07)
HT29 FTI-277

0.72 (.05)b 0.68 (.06)b

a SF2 +/– (standard error). Cells were cultured in FTIs at 5 µM and GGTI-298 at 8 µM for irradiation.
Inhibitors were diluted after 24 h as reported in ref. 70.

b The data are derived from clonogenic survival curve data at the 2 Gy dose point. Clonogenic Surviving
fraction of tumor clonogens after 2 Gy irradiation (SF2) were derived from the linear regression analysis of
limiting dilution assays. Values reflect corrections for the plating efficiency of nonirradiated cells. Table
adapted with permission from ref. 70.
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oncogenic signaling is disrupted. The enhancement of tumor oxygenation by FTIs
may, however, contribute to the effectiveness of these agent in potentiating radiation
killing of tumors, since oxygen is an important contributor to radiation killing (74).

Thus, in the preclinical experimental setting, we have observed a clear association of
FTI radiosensitization with expression of oncogenic ras. However, two factors lead to
the possibility that FTI radiosensitization may occur in tumor cells lacking ras muta-
tions. First, the exact determinants of FTI radiosensitization have not been determined,
and prenylated proteins, other than RAS that may influence radiosensitivity, can be
affected by FTIs (61,63,64). Recent work by Prendergast and coworkers demonstrates
that rhoB expression influences radiation-induced apoptosis and radiosensitivity in
mouse fibroblasts (75). There is now some indication that, clinically, radiosensitization
with FTIs may not depend on the presence of oncogenic ras in tumors undergoing
radiotherapy (see Conclusions). In addition, RAS activity is promoted by receptor
tyrosine kinase activation. Thus, amplification or mutational activation of these recep-
tors could lead to tumor radiation resistance in the absence of ras mutation. In this
regard, both erbB-2 and Her-2/neu receptors have been implicated in radiation resis-
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Fig. 7. Tumor oxygenation after FTI treatment of two bladder carcinoma xenografts. Tumor bearing
nude mice were treated by continuous infusion with L778,123 at 20 mg/kg/d or with carrier for 13 d.
Mice were then injected with the hypoxia detection marker EF5, sacrificed, and tumor sections
processed as described in ref. 72. Tumor sections were stained with Cy™ 3-conjugated ELK3-51,
which is a mouse monoclonal antibody specific to EF5 (140). Antibody binding was detected by epi-
fluorescence microscopy, and images were captured using a change-coupled device (CCD) digital
camera. Exposure times for EF5 photography were increased in tumors with faint EF5 binding. Expo-
sure duration for each frame is as follows: T24, control, 0.67 s (A); 13 d FTI-treated, 1.21 s (B); RT-
4, control, 3.61 s (C); FTI-treated, 3.71 s (D).



tance, and antisense oligonucleotides to H-ras have been shown to radiosensitize cells
overexpressing Her-2/neu (76). In order to better define potential contributors to tumor
radiation resistance, we have examined other proteins that are part of the RAS pathway,
but that could promote radiation survival even in tumors where ras genes are not
mutated.

5. PI3-KINASE AND RADIORESISTANCE

Phosphatidyl inositol 3-kinase (PI3K) activity is stimulated by RAS activation (77).
PI3K phosphorylates phosphatidylinositol (PtdIns) phosphates leading to the conver-
sion of PtdIns 4,5-P2 to PtdIns 3,4,5-P3. PtdIns 3,4,5-P3 in turn causes membrane
localization of protein kinase B (PKB/Akt) and the phosphoinositide-dependent
kinases (PDK-1) (78,79). PDK-1 phosphorylates one of two sites on PKB/Akt (80),
while a second PI3K activated kinase, ILK-1 phosphorylates a second site (81), result-
ing in full activation of PKB/Akt (82). PKB/Akt has been shown to act as an inhibitor
of apoptosis (83,84). One mechanism for the anti-apoptotic activity of PKB/Akt
appears to be the phosphorylation and inactivation of the pro-apoptotic BAD protein,
although multiple other proteins are also substrates for PKB/Akt phosphorylation (85).
These findings together implicate PKB/Akt as a possible regulator of cell survival

Chapter 20 / Radiosensitivity and Signal Transduction 419

Fig. 8. Tumor oxygenation is increased in tumors with oncogenic H-ras. Tumor sections were
stained, and images were captured as in Fig. 10 and as previously reported (72). Images were analyed
using Adobe® Photoshop® software. Mean EF5 staining intensity was quantitated in tumor regions
staining with intensities 20 fluorescence channels above background. The mean fluorescence intensi-
ties of the positively staining regions in individual tumors is shown. Tumor-bearing mice were treated
with L-744,832 40 mg/kg/d for 3–7 d (■), and control tumors were treated with carrier alone (■).
The mean of values obtained in each group is indicated (*), as is the standard deviation (bars). Mann-
Whitney analysis demonstrated statistical significance for the difference between FTI-treated and
control T24 tumors (n = 4 each group; α[D] value of 0.05) and for the difference in FTI-treated and
control 141-1 tumors (n = 5 each group; α[D] of 0.025).



downstream of PI3K. PI3K has other downstream effectors, including p70S6K, Rac,
and GTP exchange factors. PI3K was initially implicated in radiation resistance in
experiments that showed radiosensitization by the PI3K inhibitor wortmannin (86,87).
These results, though they implicated a PI3K-like kinase in radiation, could not unam-
biguously distinguish between inhibition of PI3K and the related ATM, ATR, and
DNA-PK kinases, which are also targets of wortmannin (86). It was, however, shown
that wortmannin could sensitize cells lacking either DNA-PK or ATM (87,88), thus
indicating that another member of this kinase family contributes to radiation resistance.
In this regard, wortmannin was shown to inhibit PKB/Akt (89).

More recently, we examined a panel of pharmacological agents known to block var-
ious signaling proteins downstream of RAS (Fig. 3) and included the more specific
PI3K inhibitor LY294002 (90). The effects of this panel of inhibitors was first tested in
the T24 bladder cancer cell line that expresses oncogenic H-RAS. As discussed above,
we had evidence that RAS contributes to radiation resistance in this cell line, since the
inhibition of RAS processing by FTIs radiosensitizes these cells (70). The specificity
of these inhibitors was verified by examining the inhibition of activating phosphoryla-
tion of proteins in the RAS pathway (Fig. 9). As expected in a cell line with endoge-
nously activated H-RAS, T24 showed high basal levels of phosphorylated p70S6K,
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Fig. 9. Inhibitors of activating phosphorylation of proteins in the RAS signaling pathway. Cells were
treated with inhibitors at the indicated concentrations and lysed without trypsinization in reducing
Laemeli sample buffer. Samples containing equal amounts of protein were separated on a 12%
sodium dodecyl sulfate (SDS) polyacrylamide gel and analyzed by Western blotting with polyclonal
anti-phospho MAPK (Sigma, St. Louis, Mo, USA), polyclonal pan MAPK K-23 (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), polyclonal anti-phospho p38 MAPK, polyclonal anti-phos-
pho p70S6K, polyclonal anti-phospho AKT, and polyclonal pan AKT (all from New England Bio-
labs, Beverly, MA, USA). Antibody binding was detected using the electrochemiluminescence
(ECL™) chemiluminescence kit (Amersham Pharmacia Biotech, Piscatoway, NJ, USA). Reproduced
with permission from ref. 90.



Akt, p38, and mitogen-activated protein kinase (MAPK). Inhibition of the Ras-Raf-
MEK-MAPK pathway by the MEK inhibitor PD98059 blocked phosphorylation of
MAPK, but had no effect on other RAS signaling effectors. SB203580 specifically
inhibited p38 phosphorylation, while PD169316, another putative p38 inhibitor,
showed no effect and was not used further. The PI3K inhibitor LY294002 inhibited the
phosphorylation of both Akt and p70S6K, but not MAPK or p38. Rapamycin inhibited
p70S6K phosphorylation and had no effect on Akt. Thus, these inhibitors could be used
to probe differentially these components of RAS signaling. As demonstrated previ-
ously, inhibition of RAS farnesylation with FTI L744,832 radiosensitized T24 cells
(Fig. 10a) (70) and decreased MAPK and Akt phosphorylation. Inhibition of PI3K by
LY294002 radiosensitized T24 cells to the same extent as FTI treatment (Fig. 10b). In
contrast, inhibition of p38, inhibition of MEK-MAPK, and inhibition of p70S6K had
no effect on the radiosensitivity of T24 cells (Fig. 10c,d). These results implicate PI3K
as an important contribution to RAS-mediated radiation survival in T24 cells. Further
experiments demonstrated that inhibition of PI3K radiosensitized not only T24 cells,
but also the DLD-1 human colon carcinoma line expressing activated K-ras, and the H-
ras+ v-myc-transformed 3.7 rat embryo fibroblast line (90). Other investigators have
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Fig. 10. Clonogenic radiation survival of T24 cells after inhibitor treatment. Cultures in log growth
were treated with inhibitors at least 1 h prior to radiation. L744, 832 treatment was intiated 24 h prior
to irradiation. Inhibitor treatment was continued for 24 h after irradiation, at which time drug-free
media was added. Colonies were stained and counted 10–14 d after irradiation. Each point on the sur-
vival curve represents the mean surviving fraction from at least 3 dishes.



obtained similar results regarding the role of PI3K in radiation resistance using an H-
ras-transformed rat intestinal epithelial cell model (90a).

In order to confirm that PI3K was an important factor in radiation sensitivity, consti-
tutively activated PI3K was transfected into cells lacking activated ras. Both MR4
myc-immortalized rat embryo fibroblasts and RT4 bladder carcinoma cells express
wild-type RAS and are relatively radiation sensitive (69,91). These cells were trans-
fected with an inducible gene encoding active PI3K. When active PI3K was induced in
the transfected cells, both cell lines showed increased phosphorylation of Akt, which
we used as a marker for PI3K activity. This was accompanied by enhanced clonogenic
survival after irradiation (Fig. 11). No alteration in survival was seen in control cells
treated with the inducing agent dexamethasone or in transfectant cells in the absence of
dexamethasone. Expression of the vector and exposure to dexamethasone did not alter
the plating efficiency of the cells. Treatment of transfected cells expressing active PI3K
in the presence of dexamethasone with LY294002 blocked Akt phosphorylation and
sensitized these cells to radiation (Fig. 11).
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Fig. 11. Clonogenic radiation survival of RT-4 and MR4 cells after induction of costitutively acti-
vated PI3K Cells were transiently with the pGRE5/EBV dexamethasone-inducible plasmid vector
with an insert encoding constitutively active PI3K. Cells were electroporated with a Gene pulser II
System (Bio-Rad, Hercules, CA, USA) under conditions optimized for both the MR4 and RT4 cells.
Cells were cultured for 48 h, and PI3K was induced by the addition of 1 µg/mL of dexamethasone.
Cells were irradiated for clonogenic survival, and protein samples were harvested 24 h after the addi-
tion of dexamethasone. LY294002 10 µM was added 30 min prior to irradiation where indicated. C,
control cultures; C+D, control cultures treated with dexamethasone; T, transfected cultures; T+D,
transfected with dexamethasone to induce PI3K; T+D+LY, transfected cultures treated with dexam-
ethasone to induce PI3K and then further treated with 10 µM LY294002. Western blots show
PKB/Akt phosphorylation as an index of PI3K activation. PKB/Akt expression shows that loading is
equal, and PKB/Akt levels are unchanged by these manipulations.



These studies support the hypothesis that a pathway that includes RAS and PI3K
contributes to radiation resistance in RAS-transformed cells. Both of these signaling
molecules are thus attractive potential targets for inactivation in the context of radio-
therapy. Similar studies by another group using chemical cytotoxins have shown sen-
sitization of HL-60 leukemia cells that express an activated N-ras allele after
blocking PI3K activity (92). These results demonstrate that blocking PI3K may be a
useful approach in the context of chemotherapy as well as radiotherapy. Studies
examining the role of other signaling proteins that participate in this pathway may
uncover other contributors to radiation resistance that could serve as targets for radio-
or chemosensitization. Some of these proteins have already been studied as outlined
in Subheadings 6–8.

6. RAF ONCOGENES AND RADIORESISTANCE

RAF is one protein that acts immediately downstream of RAS in signal transduction
(93), resulting in activation of the MAP kinase pathway (94). RAF also binds 14-3-3
proteins, which are required for its activity (95), as well as Cdc-25 phosphatase (96),
which is a regulator of cell cycle progression. RAF has also been shown to interact
with bcl-2 (97). Thus, RAF is implicated not only in mitogenic signaling, but also in
cell cycle and apoptosis regulation. Activation of raf was first proposed to be involved
in radiation resistance, by Kasid et al. in 1987, based on the isolation of raf in 3T3 cells
transformed with DNA from a radiation-resistant cell line (98). Interestingly, the raf-1
gene from this cell line showed no mutations in the coding sequence (99). Further stud-
ies by this group have shown that radiation can influence RAF activity (100,101). It is
clear from these results that RAF activity is increased after exposure to radiation, but
whether this activation augments radiation resistance is less well defined.

Overexpression of c-RAF has been correlated with resistance to radiation therapy in
patients with head and neck tumors (102). However, not all studies found an associa-
tion between raf activation and radiation resistance. Britten et al. (103) reported an
inverse correlation between radiation survival and RAF activity in cervical carcinoma
cells, a finding that was echoed by Warenius et al. who examined c-raf expression and
radiosensitivity (104). Nevertheless, it was shown that both tumorigenicity (105) and
radiation resistance (105) of raf-transformed 3T3 cells can be reduced by inhibiting
RAF expression using antisense oligonucleotides against the raf-1 gene. Antisense
oligonucleotides against raf-1 have also been used to reduce radiation resistance in
human tumor cell lines overexpressing HER-2 or expressing oncogenic H-RAS (76).
Antisense oligonucleotides to raf-1 have also been used to radiosensitize tumors in
vivo (106). An obvious candidate for transmitting the signals from RAF, which medi-
ates cellular radiation responses, is the MEK-MAP kinase cascade, which is activated
through RAF signaling.

7. MAP KINASE AND RADIORESISTANCE

MAP kinase is part of a signaling cascade leading to gene transcription that is acti-
vated by RAS and RAF. MAP kinase is directly activated through phosphorylation
by MEK kinase. The role of the MAP kinase pathway in radiation resistance is still
controversial. Studies on the role of the MAP kinase cascade in radiation resistance
have relied primarily on the MEK kinase inhibitor PD98059. Inhibition of MEK

Chapter 20 / Radiosensitivity and Signal Transduction 423



kinase with PD98059 has been reported to radiosensitize certain tumor cells
(107–109). However, other investigators found no effect of MEK kinase inhibition
with PD98059 on apoptosis or clonogenic survival in three independent head and
neck SCC lines with constitutively high levels of MAP kinase activity (110). We
examined the role of MAP kinase activity in the radiation resistance of T24 bladder
tumor cells as outlined above (Fig. 10) and (91). Our results showed that, although
MAP kinase was active in T24 cells, inhibition of the MEK-MAP kinase pathway
with PD98059 did not radiosensitize these cells. Thus it appears that MAP kinase
activity is not critical to radiation resistance in a number of SCC lines nor in T24
cells that express activated H-RAS.

8. EGF RECEPTOR FAMILY AND RADIATION RESISTANCE

The epidermal growth factor receptor (EGFR) family consists of four closely related
growth factor receptors, including EGFR or HER-1 (erb-B1), HER-2 (erb-B2), HER-3
(erb-B3), and HER-4 (erb-B4). EGFR (erb-B1) is recognized by EGF, transforming
growth factor-α (TGF-α), and amphiregulins. Heregulins and neuregulins recognize
erb-B3 and erb-B4. The last member of the family erb-B2 (HER-2/neu or p185neu)
does not directly blind any known ligand. Instead, it heterodimerizes with the three
other family members and enhances ligand-binding affinity and reduces the rate of dis-
sociation. These heterodimers also amplify the elicited signal through activation of the
HER-2/neu intracellular kinase domain and auto-cross phosphorylation (111). These
receptors are transforming when overexpressed, and it is overexpression that is found
in many human tumors. Activation by point mutation (112) and truncation (113) has
also been seen in animal tumors. Through autophosphorylation of their intracellular
domains (114), these receptors initiate signaling via the grb-2/SOS complex and RAS
activation. Two members of this family have been implicated in tumor resistance to
ionizing radiation: the EGFR and Her-2/neu.

8.1. ErbB-1
Overexpression of the EGFR (or ErbB-1) has also been implicated in the radiation

resistance of human tumors. A retrospective analysis showed that the number of EGFR
positive cells was a significant predictive factor for overall survival and disease-free
survival in patients’ astrocytic tumors treated with definitive radiotherapy (115). Simi-
lar results were also obtained in a study of head and neck cancers (116). Experimen-
tally, Milas et al. demonstrated enhanced tumor radiosensitivity after combined
treatment of xenografts with C225 and radiation. In these studies, as in studies of FTIs,
multiple effects were noted on tumors after combined treatment (117). Other investiga-
tors have also shown radiosensitization after targeting the EGFR. Bonner et al. have
shown that combining the anti-EGFR monoclonal C225 and radiation results in greater
cell killing of SCCs than either treatment alone (118). The expression of dominant neg-
ative EGFR has also been shown to reduce radiation resistance in mammary carcinoma
cells (119,120). These results of these studies have provided the basis for proceeding
with clinical trials of the best characterized anti-EGFR strategy, the C225 anti-EGFR
chimeric human-mouse monoclonal antibody (121). Experimental studies combining
C225 with radiation and a protein kinase A inhibitor have also shown a strong interac-
tion between these agents in the killing of ovarian carcinoma cells (122).
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8.2. erbB-2 (Her-2/neu)
The Her-2/neu gene encodes a receptor (p185erbB-2) that is a member of the EGFR

family. Overexpression has been documented in a number of malignancies including
breast and ovarian cancers (123,124), endometrial cancers (125), and non-small cell
lung cancer (NSCLC) (126). Her-2/neu expression together with p53 status were the
two molecular markers identified as predictive for poorer response in early stage breast
cancer (127) and Her-2/neu expression by itself has been reported as predictive of
poorer response (124) and metastasis (128). Expression of Her-2/neu has been linked
to radiation resistance in experiments with rodent cells (76). Both in the clinic and in
experimental systems, Her-2/neu appears to affect radiation response of human tumor
cells. Radioresistant human gliomas and astrocytomas showed enhanced radiation-
induced apoptosis and clonogenic survival after inhibition of Her-2/neu by transfection
with a dominant negative Her-2/neu receptor or treatment with an exocyclic anti-
HER2/neu peptide mimic (129,130). Nakano et al. reported a significant difference in
5-yr survival after radiotherapy in cervical cancer patients stratified for erbB-2 expres-
sion (131). Furthermore, the use of antibodies to p185erbB-2 has been reported in
phase III clinical trials to increase time to recurrence and response rates to other modes
of therapy in metastatic breast cancer (132). Stackhouse et al. demonstrated that
expression of an inducible single chain antibody to erbB-2 in SKOV3 tumor xenografts
was able to radiosensitize these human ovarian cancer cells in vivo (133). Interestingly,
this radiosensitization was not observed in SKOV3 cells in vitro, implying that erbB-2
may either have a differential effect on the radiosensitivity of cells that are adherent, as
opposed to growing in an anchorage-independent manner, or that erbB-2 overexpres-
sion may affect the tumor microenvironment. Another approach combined anti-p185
antibody with pseudomonas exotoxin or ricin A-chain. These chimeric molecules
showed sensitization of cells both in vitro and in vivo to radiation (134,135). Although
of potential clinical benefit, the exact mechanism for this synergistic interaction when
using this approach could be difficult to determine.

9. CONCLUSIONS

This review covered the role of pathways activated by mutation or overexpression
of selected oncogenes in tumor radiation resistance. The oncogenes discussed
included only those that have been intensively studied and for which strategies have
been developed for blocking their activity. Several other oncogene products may
also contribute to radiation survival including abl (136) and src (137). Other proteins
that have not been characterized, but are differentially expressed in radioresistant
cells, may also play a role in mediating resistance to radiation (138). Further study
may demonstrate an important role for these other proteins and oncogenes in tumor
cell radiation survival.

By far, the most closely studied oncogene pathways in radiation resistance are those
involving RAS. Inhibiting the RAS pathway has been shown to reduce radiation sur-
vival in cultured cells and experimental tumors expressing activated ras. A Phase I trial
of the FTI, L-778,123 in combination with standard radiotherapy was recently com-
pleted (139). The combination of L-778,123 and radiotherapy was well-tolerated in
NSCLC and head and neck cancer patients. No increase in acute normal tissue
(mucosal) toxicities was noted. Of particular interest was the observation that objec-
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tive responses were seen in 4 NSCLC patients who did not express a ras mutation.
This observation is surprising given the results of preclinical studies where radiosensi-
tization and tumor oxygenation were both linked to the presence of activated RAS.
The results from this trial underline the need for a better understanding of both the fac-
tors that contribute to tumor radiation resistance in the context of whole organisms,
and of the precise mechanism of interaction between radiation and farnesyltransferase
inhibition. Further study of the signaling pathways blocked by FTIs and their role not
only in intrinsic radiosensitivity, but also in determining tumor microenvironmental
influences on the radiation response should provide a better understanding of tumor
radiation resistance.
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1. INTRODUCTION

It has been long known that the immune system interacts with tumor cells (1–12)
and scientists have long believed that tumors carry surface molecules, antigens, that are
recognized by the immune system and can induce a protective immune response.
Advances in molecular biology and immunology in the past two decades have provided
concrete evidence for the presence of these antigens, which are called tumor-associated
antigens (TAA) and also provided the tools for the potential development of immuno-
logic approaches to target cells carrying these antigens.

The concept of Immunotherapy for cancer is over one hundred years old. The first
reported cancer vaccine trial was by W.B. Coley in 1894 (13). Coley’s toxin, as it was
called, was not so much a vaccine as a nonspecific immunostimulant. He used 13 dif-
ferent preparations of bacterial extracts, between 1892 and 1936, to treat patients with
a variety of malignancies with surprising success (14–19). He and others, including
investigators at Mayo Clinic, reported over 50% durable responses in patient popula-
tions where 10–15% survival was historically expected. About the same time, in the
early 1900s, Paul Ehrlich proposed the concept of immune surveillance (20). Ehrlich
suggested that tumors present unique antigens that could be recognized by the immune
system, leading to continuous identification and removal of transformed cells. It was
another 50 yr before his theory could be proven. In the 1950s, when inbred mouse
strains became available, Ehrlich’s theory was tested and proved the immunogenicity
of tumors (21,22). The tumor antigens were subsequently identified.
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The field of immunology has provided the knowledge of how internal and external
proteins are processed by the cell and presented to the immune system as TAA as a
requirement for antigen recognition, immune activation, and immune response. This
chapter seeks to provide a basic understanding of these concepts and how they are
applied to current tumor vaccine development. Also, we will discuss how oncogenes
products serve as TAA and form some of the most ideal targets for the development of
targeted vaccine therapy against cancer.

2. IMMUNOLOGY OF CANCER

The immune system has developed during evolution to acquire the capability of dis-
tinguishing self from foreign, for the purpose of differentiating cells carrying abnormal
antigens from normal cells of the body. This occurs through two distinct arms of the
immune system: the humoral arm and the cellular arm. The backbone of the humoral
arm of the immune system is antibodies. Antibodies are synthesized by the B lympho-
cytes and target extracellular antigens. This is known as humoral immunity. The second
arm of the immune system is the cell-mediated immunity, which is the function of T
lymphocytes. The cell-mediated immune response is designed to recognize endoge-
nously expressed antigens that are usually inaccessible to antibodies. These intracellu-
lar antigens are either altered native proteins or foreign proteins and are made
accessible to the T cells by a mechanism called antigen processing and presentation,
which will be discussed here. There are two types of T cells: CD4+, usually helper T
cell, and CD8+, usually cytotoxic T lymphocytes (CTL). Both of these T cells recog-
nize antigens through a direct interaction between the T cell receptor (TCR) and the
antigen displayed by the major histocompatibility complex (MHC) on the surface of
the target cells.

2.1. Antigen Processing and T Cell Interaction
Most proteins in nucleated cells, whether native, altered, or foreign, undergo degra-

dation by ubiquitin-proteasome dependent mechanism (23). A selected group of the
resultant peptides, 8–12 amino acid in length, are then transferred to the rough endo-
plasmic reticulum to bind with the MHC class I (MHC I) molecules. The now stable
MHC I-antigen complex is the transported and displayed on the cell surface (24,25).
Once on the cell surface, the MHC I-antigen complex can bind to the TCR. Thereby,
nucleated cells make intracellular antigens available for T cell recognition by the TCR
interaction with the MHC I-peptide complex. The CD8+ T cell is the T cell type that is
responsible for recognizing these antigens in the context of MHC I molecules (26,27).
This is a crucial step for the generation of immunologic responses against abnormal
antigens, whether, foreign such as viral proteins or mutant protein, or abnormally
expressed native proteins (28).

Another mechanism of antigen presentation to T cells is through MHC class II mole-
cules (MHC II). MHC II are found on the surface of what is know as professional anti-
gen presenting cells (APC), which include B cells, dendritic cells, and macrophages.
Unlike antigens that are expressed on MHC I, antigens that are presented on MHC II are
of extracellular origin. APCs ingest extracellular proteins, which originate from either
extracellular organisms, or from soluble proteins released from dying cells, or by endo-
cytosis. These proteins get processesed in endosome/liposomes after which they are
transported to the Golgi apparatus. The resultant peptides are then packaged in MHC
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Class II storage vesicles and get presented on the cell surface as 12–25 amino acids pep-
tides in complexes with the MHC class II molecules. CD4+ T helper cells are the cells
that are able to recognize antigens presented on MHC class II molecules. The binding of
the CD4+ T cell receptor to be MHC II-peptides complex leads to the production of
interleukin (IL)-2 and other cytokines, the activation of the IL-2 receptor gene, which
leads to further proliferation of T helper cells, and the activation of antigen-specific cyto-
toxic T cells. CTLs, in turn, release mediators that can lyse or kill target cells (29–32).

This process of T cell interaction with MHC-antigen complex, on the surface of
cells, is known as immune surveillance. Immune surveillance is the process evolution
has developed as a defense mechanism to identify and destroy infected cells, and
thereby, eradicates cells expressing intracellular foreign or abnormal antigens (30,33).

2.2. Oncogenes Products as Tumor-Associated Antigens 
(Antigenic Oncoproteins)

As outlined above, cancer possesses tumor-associated antigens (TAAs). Here, we
will discuss how oncoproteins function as TAA, and how they could be targeted for
vaccine therapy. Tumorigenesis is a complex multistep process involving sequential
acquisition of genetic alterations in oncogenes and tumor suppressor genes. In this
chapter, we will consider these two groups of genes, collectively, as oncogenes. Onco-
genes are acquired either through the alteration of normal cellular genes or by the
acquisition of a foreign transforming gene (exogenously acquired oncogene, e.g., viral
oncogenes); The first mechanism, which is the alteration of endogenous genes, occurs
in one of three forms: (i) open reading frame (ORF) mutation; (ii) gene amplification;
or (iii) chromosomal rearrangement (34). These result in either qualitatively or quanti-
tatively novel protein products. ORF mutations or chromosomal rearrangements pro-
duce proteins with novel amino acid sequences, while gene amplification results in a
higher copy number of the corresponding protein. The second mechanism by which
oncogenes are acquired is through the acquisition of foreign genes from infectious
agent-like tumor viruses. Whether the cancer is a result of the first or the second mech-
anism, when the resultant proteins are processed, they will produce novel peptides and,
hence, new antigens on MHC molecules, which potentially form TAA. As will be dis-
cussed below, we currently know that many of these oncoproteins function as TAAs or
antigenic oncoproteins (Table 1). Therefore, antigenic oncoproteins may be divided
into two separate groups according to their origin. The first group consists of those
antigens that have been generated endogenously (endogenous TAA), such as antigens
which result from alterations in the cell’s native endogenous molecules. The second
group is the exogenous TAA, which are antigens that are acquired by the tumor cells
from an exogenous source, such as oncogenic viruses or parasites.

1. Endogenous antigenic oncoproteins. These antigens are presented in three different
forms according to the original genetic change: (1) Overexpressed proteins which result
secondary to either oncogene amplification (e.g., HER-2/neu) (35) or posttranscrip-
tional modification of a mutated protein, which leads to more stability and increase in
the half-life of the protein (e.g., mutant p53) (36–38). The higher level of the oncopro-
tein expression, which leads to higher level of peptide production, may overcome the
immune tolerance produced by the normal low level expression of the wild-type pro-
teins in normal tissue and hence, allows immune reconstitution. (2) Altered protein
amino acid sequences, which may be due to a point mutation or a frame shift, both of
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which generate peptides with new amino acid sequences that are novel to the immune
system. Examples of such mutated antigenic oncoproteins include the ras and p53 pro-
teins (39–41). P16 and β catenin are other oncoproteins that are found to be recognized
by the T cell as TAA (42–44). (3) Fusion proteins, which result from chromosomal
translocation. The resultant fusion proteins contain a novel amino acid sequence at the
break point, which, when degraded, result in novel peptides that flank the break point
area and, hence, form potential TAAs (45).

2. Exogenous antigenic oncoproteins. Many microorganisms have been implicated in
malignant transformation of human tumors. Viruses, including both RNA and DNA
viruses, are implicated in the development of some human cancers (46,47). The viral
genome gets integrated into the human chromosomal DNA leading to the endogenous
expression of the viral protein in the tumor cell. These viral proteins undergo the same
processing utilizing the same pathways used by self proteins, resulting in novel foreign
peptides presented by the MHC class I molecule on the cell surface. The human papillo-
mavirus (HPV), Epstein-Barr virus (EBV), hepatitis B virus (HBV), and hepatitis C
virus (HCV) are some known examples of oncogenic viruses. Some of these will be dis-
cussed in more detail later in the chapter.

3. CANCER VACCINES

Vaccination against cancer aims to actively stimulate the immune system against anti-
genic targets that are expressed by the tumor. In general, vaccines are designed to stimu-
late the immune system to generate either humoral or cellular immune responses.
Therefore, vaccines are classified into humoral or cell mediated vaccines. Since oncopro-
teins are intracellular antigens, vaccines that are directed against antigenic oncoproteins
are usually designed to generate cellular immune responses to be able to recognize
processed antigens in the context of MHC molecules.

In general, specific cell-mediated cancer vaccines are of two types. The first is a
defined antigen vaccine, in which the vaccine aims to generate an immune response
against specific antigenic targets. The second is a whole tumor undefined antigen vac-
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Table 1
A List of the Identified Antigenic Oncoproteins

Point mutation
— P53
— Ras
— P16
— β catenin, TPI, CDC27

Translocation
— BCR-ABL
— TEL-AML-1, EWS-FLI-1, EWS-ATF-1,

EWS-WT-1, PAX-3-FKHR
Overexpressed

— P53
— Her-2-neu

Viral oncoproteins
— HPV E6 and E7
— EBV EBNA



cine that takes advantage of the fact that tumor cells carry all the tumor-specific anti-
gens whether known or unknown. Since, in this chapter, we will be discussing vaccine
development against specific oncoproteins, which are defined antigens, we will be
mainly discussing the first type.

An ideal specific antigenic target for a cancer vaccine is a target that fulfils the fol-
lowing criteria:

1. Uniquely expressed in the cancer cell, either quantitatively or qualitatively, so that the
resultant immune response would be able to distinguish tumor form normal cells and
avoid the generation of autoimmune disease.

2. Important for the maintenance of the malignant phenotype; therefore, it will not be pos-
sible to be excluded or down-regulated in the tumor cell to avoid immune recognition.

3. Immunogenic, i.e., when given as a vaccine it would be capable of generating an immune
response.

4. Expressed on the cell surface to be accessible and recognized by the immune system and
in particular the T cell.

The following are the different vaccine approaches used to generate an immune
response against specific antigenic targets:

1. Recombinant vaccine vectors. In this approach, the antigen will be administered as DNA
genetic material to the host, in which genes encoding known antigenic proteins are
inserted into a delivery expression vector. These delivery vectors are either live viral or
naked DNA vectors. Vaccinia virus has been traditionally used as a vector for antigen
vaccine delivery; however, other viral vectors are currently being introduced into clinical
trials such as Fowl pox and Adenovirus. The second delivery system of the recombinant
vaccine technology is the polynucleic acid/naked DNA vector. In this approach, genes of
the targeted tumor antigen are inserted into a DNA vector under the control of an appro-
priate promotor that initiates gene expression, and the vector is injected directly into the
host. Both of these methods are already being tested in clinical trials for advanced cancer
using many TAA (48–51). However, because of the inherent risk in administering an
oncogene ORF into the host, this technology might not be widely accepted in the deliv-
ery of antigenic oncoproteins, fearing the possible integration of the oncogenic DNA
sequences into the human genome with potential transforming effect. Therefore, utiliz-
ing a partial nontransforming fragment sequence of the oncogenes DNA (mini-gene)
provides one solution to this issue (52); alternatively, other approaches for the delivery
of these antigens that do not allow genetic integration should be used. These approaches
will be discussed below.

2. Synthetic antigen vaccine. In this approach, the defined antigen will be synthesized in
the form of a full protein, polypeptide, or synthetic peptide fragment. Full-length pro-
teins and polypeptides would need to be taken up by APCs, processed, and represented
on MHC molecules. The peptides may need to be taken up and represented by APCs or
may lay down directly on MHC molecules. Many of these peptides have been recently
identified or predicted and designed for vaccine therapy. These peptides are called
immunodominant epitopes if they represent the dominant focus of an immunologic
response. Vaccination with the synthetic antigens can be accomplished either by direct
intradermal or subcutaneous injection or by administering the antigen(s) using antigen
presenting cells such as dendritic cells (DC) as a delivery method. DC are mononuclear
cells that can be generated from human peripheral blood cells in the presence of mixture
of cytokines including granulocyte macrophage colony-stimulating factor (GM-CSF)
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and IL-4 (53). These DC have been shown to be powerful tools and capable of generat-
ing specific cytotoxic immune responses in both animals and humans (54–57). In addi-
tion, vaccination with DC in human trials has shown efficacy in both immunological and
clinical outcomes (58). Direct injection of the synthetic antigens usually require the
presence of an immune adjuvant, such as an oil emulsion-based adjuvant, CpG contain-
ing DNA sequences, or cytokines like GM-CSF, IL-2, or IL-12. Because of the con-
cerns outlined above regarding administering antigenic oncoproteins with
recombinant technologies, this might be more acceptable method of delivery.
Indeed most of the clinical trials that are currently conducted utilizing oncoproteins
as antigenic targets utilize this technology, as will be outlined below.

4. ONCOPROTEINS AS TARGETS FOR VACCINE THERAPY

Few oncogenes products have already been shown to function as antigenic onco-
proteins or TAA. In this chapter, we will discuss how these oncogenes products form
some of the most ideal molecules for the development of targeted vaccine therapy
against cancer, focusing on some of the better known targets. These antigenic onco-
proteins include point mutated proteins, such as ras and p53, overexpressed oncopro-
teins, such as p53 and Her2/nue, chromosomal translocation product, such as
BCR-Abl fusion protein, and exogenous antigenic oncoprotein, such as HPV onco-
genes products.

4.1. Ras
Ras proto-oncogenes are extensively characterized mutated genes in human can-

cers (59,60). They encode a highly conserved family of 21 kDa proteins (p21), which
is involved in signal transduction, regulating the cell cycle, and cell differentiation. A
single amino acid substitution in the ras protein potentiates transformation and
growth of human cells. Point mutated ras genes have been found with high frequency
in a broad spectrum of human carcinomas. Our data indicate that ras is most com-
monly mutated in gastrointestinal and lung malignancies. It is mutated in 75% of pan-
creatic cancer, 45% of colorectal cancers, and 23% in adenocarcinoma of lung
(unpublished data). More than 90% of ras mutations occur in codon 12, the rest
occuring exclusively in codons 13 and 61. In our patient population, mutations in
codon 12 are limited to a few substitutions. More than 80% of these changes are
found to be the replacement of glycine with aspartic acid (asp), valine (val), or cys-
tine (cys). These characteristics of a relatively limited number of mutations and the
broad applicability to a wide variety of tumors have made ras an attractive target for
vaccine development.

Many laboratories have generated convincing animal data to show that mutated ras
is a suitable target for vaccine therapy. Peace et al. have demonstrated that vaccinating
mice with peptides or a full protein containing a ras mutation, on either codon 12 or 61,
were able to generate a specific immune response. The immune response was found to
recognize tumor cells harboring the corresponding ras mutation, but not the wild-type
ras (39,61,62). These responses were found to be of either CD4+ or CD8+ subtypes
(39,61,62). Abrams et al. have also demonstrated that subcutaneous immunization of
mice with 13-mer K-ras peptides spanning to different mutations at codon 12 induces
specific T cell immune responses. These T cells were shown to be CD4+ with Th1
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characteristics (63–65) and are MHC II restricted. Furthermore, they are found to be
able to distinguish between targets presenting the corresponding mutation and the
wild-type or other unrelated ras mutations (63–65). Fenton and colleagues went on to
demonstrate that K-ras vaccines were able to protect mice against tumor challenge with
tumors harboring ras mutations (66), and that this response was mediated through an
MHC class I-restricted CTL response that was specific for the vaccine antigen. Skipper
et al. have utilized a different immunization strategy by using a vaccinia virus contain-
ing the mutant ras expressing N-ras codon 61 mutation peptide. These investigators
have also shown that this method of vaccination with the mutant ras is effective in gen-
erating CD8+ specific T cells (67).

Moreover, human data have shown that specific immune responses could be gener-
ated in an in vitro system against the mutant ras. Fossum and colleagues have demon-
strated that specific T cell responses, both CD4+ and CD8+, can be generated, in vitro,
from patients with cancer that have a K-ras mutation on codon 13 (68–71). The same
group and others have also shown the in vitro generation of specific CTL against ras
mutations on codon 12 and 61, and that some of these mutations are naturally
processed and presented through different human lymphocyte antigen (HLA) class I
and class II haplotypes (72–75).

The above mentioned data demonstrated, in both animals and humans, that mutated
ras protein can generate an immune response that is capable of distinguishing a single
amino acid difference between the mutated ras in the tumor cell and the wild-type pro-
tein in the normal cell. Therefore, mutant ras protein, is a TAA or an antigenic onco-
protein that forms an ideal target for vaccine development. Accordingly, our group and
others have conducted clinical trials to test the feasibility of ras vaccination in patients
with tumors that harbor ras mutations.

In a phase I trial, we have subcutaneously immunized advanced adenocarcinoma
patients with increasing doses of 13-mer mutant ras peptides, which correspond to the
mutation that patients harbor in their tumors. We have found that the peptide vaccina-
tion was well tolerated with no significant systemic side effects. Furthermore, we have
demonstrated that some vaccinated patients mount specific immunologic responses
that are both CD4+ and CD8+ and are MHC class II- and I-restricted, respectively.
These CTLs were capable of lysing tumor cells endogenously expressing the corre-
sponding ras mutation, but not cells with the wild-type gene. Immunologic responses
were generated against the three different mutations targeted on this trial Ras 12val,
asp, or cys (41,76,77). Similar results have been reported by Gjertsen and colleagues
in a phase I/II trial using 17-mer ras peptides to vaccinate patients with pancreatic can-
cer (78,79). In a follow-up study by the same group, the same mutated ras peptides
were administered intradermally along with GM-CSF in patients with varying stages
of pancreatic cancer. In this study, the investigators demonstrated that Ras-specific T
cells were able to selectively accumulate in the tumor of one patient. In addition,
patients with advanced cancer demonstrating an immune response to the peptide vac-
cine showed prolonged survival compared to nonresponders (median survival from
start of treatment 148 d vs 61 d, respectively) (80). These preliminary studies have
shown that ras peptide vaccines is safe and can generate specific immune responses
with some clinical results in patients with advanced disease. Currently, other clinical
trials are currently being conducted to test the combination of different mutant ras pep-
tides along with cytokines, such as GM-CSF, IL-2, and the combination of IL-2 and
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GM-CSF. Also, studies are being designed to target patients with minimal disease, or
on an adjuvant basis (81).

4.2. p53
p53 is a tumor suppressor gene, and it is the most commonly mutated gene in human

cancers. p53 protein is a nuclear transcription factor, which controls several down-
stream gene products implicated in cell cycle control (82–85). Mutations of the p53
gene have been detected in more than 50% of a wide variety of human cancers includ-
ing colon, breast, ovary, and lung (82,86–90).

The majority of the mutations in the p53 gene result in a missense substitution; less
common mutation types include nonsense, deletions, or splicing (91,92). More than
80% of mutations of the p53 protein contain a single amino acid substitution; therefore,
this is one mechanism by which p53 may form an antigenic oncoprotein. However,
unlike the ras protein, these mutations are distributed over a wide range of positions in
the amino acid sequences. Hence, patients with a p53 mutation will present with a wide
range of different mutations, and therefore, different antigens will be required to make
vaccines for different patients. This forms a limiting factor in developing a practical
vaccine approach for mutant p53, since targeted vaccine therapy has to be customized
for each mutation. Another form of antigenic presentation of p53 is an overexpressed
protein. Mutations in p53 frequently stabilizes the protein leading to the increase in its
half-life, and in turn, the overexpression of the protein (93). Therefore, this protein
could function as an antigen through two different mechanisms: (i) as a mutant foreign
protein; and (ii) as an overexpressed self-protein. These factors make p53 an ideal tar-
get for vaccine trials for wide range of tumor types.

4.3. p53 Antigen as a Mutant Protein
Preliminary data suggesting that mutated p53 can act as a TAA was reported by

Noguchi et al. (94). These investigators have reported that antibodies to the p53 protein
in lung cancer patients correlate with the presence of p53 mutations. Furthermore, the
antibody titer is found to correlate with disease status (52,95). These findings confirm
that the human immune system can recognize and respond to p53 mutations.

In animal models, it has been shown that vaccinating mice with peptides spanning p53
point mutations can generate specific CD8+ CTL. These CD8+ T cells were able to recog-
nize the mutant peptide sequences, but not the wild-type p53 peptides (40). Other investi-
gators have further demonstrated that specific CTLs generated in mice can recognize
endogenously expressed mutant p53 (95,96). Furthermore, immune responses that are gen-
erated against mutant p53 targets were also found to be able to protect mice against chal-
lenge with mutant p53 harboring tumors (52,57,96,97). These data demonstrate that
mutant p53 is processed and presented on the cell surface of tumor cells as a tumor antigen.

We have conducted a clinical trial in which patients with mutant p53 were vacci-
nated with customized mutant p53 peptides, which matched the mutations that the
patients harbor in their tumors. These peptides were also designed to carry flanking
sequences that are predicted to bind to the patient’s own HLA or long sequences that
contain potential class I or II motifs. In this study, we found that we can generate spe-
cific-immune responses against the specific p53 mutation (Khleif et al., manuscript in
preparation). Follow-up clinical trials in our institution are being conducted to further
test the efficacy of this approach.
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4.4. p53 Antigen as an Overexpressed Protein
As outlined above, p53 might present with many different mutations and, hence,

many different antigens. This forms a limiting factor in developing a practical vaccine
approach, since targeted vaccine therapy has to be customized for each mutation. As
outlined above, mutations of the p53 protein also result in prolonged half-life and,
therefore, the accumulation of high-level expression of the p53 protein in tumor cells.
Due to the higher intracellular expression of the mutant p53 in tumor cells, wild-type
epitopes may become immunogenic. Therefore, mutant p53 provides another mecha-
nism by which the protein is presented as an antigen. Indeed, many studies in both
mice and humans have proven that the wild-type amino acid sequences in the mutant
p53 are processed and expressed on tumor cells and are antigenic. Investigators have
shown that wild-type p53 epitopes can be recognized by CTLs on murine tumor cells
(98) and that mice can be protected by wild-type p53 peptide vaccination against chal-
lenge with tumors expressing the p53 protein (57). Roth et al. have also shown that
vaccination of mice with recombinant wild-type p53 leads to a protective effect against
challenge with tumors expressing high levels of mutant p53. In contrast, tumors with
low level of p53 escaped immunologic rejection (99).

Multiple p53 epitopes have been identified to bind to HLA-A2 molecules
(100–104). The p53: 264–272 peptide, which spans amino acids 264–272, is the most
studied and has been shown by many investigators to have high affinity for HLA-A2
(100–104). Recently, p53: 264–272 has been identified to be naturally processed and
endogenously presented by HLA-A2 in different types of tumor cell lines (37,38).
These investigators have shown that specific CD8+ T cells generated from HLA-A2
donors against p53:264–272 peptide were able to lyse tumor cells overexpressing
either the wild-type or the mutant p53 protein. On the other hand, these specific lym-
phocytes failed to lyse autologous cells derived from normal tissue (36,105). Further-
more, other investigators, McCarty et al., have shown that human CTL generated
against an HLA-A2 p53 epitope can protect severe combined immunodeficient (SCID)
mice from human tumors overexpressing the p53 protein (106). Few other epitopes
have been already identified as potentials targets for vaccine therapy against overex-
pressed p53. As of now, we are conducting a clinical trial testing the vaccination of
p53:264–272 peptides in HLA-A2 patients with minimal disease ovarian cancer or
advanced breast cancer. Combinations of multiple peptides may form an attractive
approach to use for this particular antigen.

4.5. BCR-ABL
BCR-ABL fusion protein is one of the most studied translocation gene products,

which is known as Philadelphia chromosome. BCR-Abl is created by the translocation
of chromosome 9 to 22, t(9:22)(q34;q11), which results in fusion of the c-abl onco-
gene to the break point cluster region within the ber gene (107). The resultant gene
encodes for a 210 kDa or a 190 kDa protein that possesses an enhanced tyrosine kinase
activity with transforming capability (107,108). The BCR-ABL gene product is found
in over 90% of patients with chronic myelogenous leukemias (CML), less frequently
in adult acute lymphocytic leukemias (ALL) (25%), 10% in pediatric ALL, and is also
found in small a percentage of acute myelogenous leukemia (AML) (109). A partial
list of other antigenic oncoproteins that reuslt form a chromosomal translocation
fusion appears in Table 1.
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Since both BCR and ABL genes are fused in frame, the majority of the resultant
BCR-ABL protein has normal amino acid sequence; hence, the majority of the resultant
peptides are of self characteristics. Therefore, the peptides that potentially possess anti-
genic characteristics are those sequences that flank and contain the fusion site. There-
fore, there are only few epitopes that would potentially form an antigenic product.

Chen et al. have shown that subcutaneous vaccination of animals with of peptides
that span the fusion area of the BCR-ABL fusion protein results in responses of MHC
class II-restricted CD4+ and MHC class I-restricted CD8+ T cells, which specifically
recognize the fusion peptide (110,111).

Human data have shown that peptides, spanning the fusion area of BCR-ABL, can
generate specific immune responses by in vitro immunization of T cells. Bosch and
colleagues demonstrated that a 17-mer peptide was able to generate an in vitro-specific
MHC class II (DR-4)-restricted CD4+ T cell that can recognize leukemia cells express-
ing the fusion protein and the DR-4 class II molecule (112). In another study, Bosch et
al. have also shown that such CD4+ cells may also be HLA-DR2a-restricted (113).
This indicates that the protein is processed and expressed on the surface of the tumor
cell in the proper HLA context, and it is expressed in the context of different HLA class
II haplotypes (112,113). MHC class I responses to BCR-ABL have also been investi-
gated, with mixed results. Greco et al. reported that a 9-mer peptide spanning the BCR-
ABL fusion could bind with HLA-A3 class I molecule. The investigators have
demonstrated that a CTL response can be generated in vitro against the peptide and that
the response could be enhanced by modifying the peptide to incorporate amino acid
residues that increase the affinity of the peptide to HLA-A3 molecule (114). Further-
more, Bocchia and colleagues have demonstrated that 9-mer and 11-mer peptides,
which span the break point fusion site, can bind MHC class I with high affinity (115).
They have also found that these peptides are capable of eliciting a specific CTL
response in 1 of 4 HLA-A3 healthy donors and 3 of 7 donors generated T cell prolifer-
ation, which was confined to the HLA-DRII haplotype. Therefore, these investigators
have shown that in vitro T cell responses utilizing fusion peptides can be both HLA
class I- and class II-restricted (116).

Accordingly, clinical trials have commenced using BCR-ABL break point antigens.
Pinilla-Ibarz and colleagues at Memorial Sloan Kettering Cancer Center (117) have
reported a phase I/II clinical trial using a combination of multiple peptides spanning
the break point. Escalating doses of peptides showed minimal toxicity. Delayed hyper-
sensitivity and T cell proliferation responses were found in 3 patients at the 2 highest
dose levels, but no CTL activity was found in any of 12 patients studied (117).
Although these findings are encouraging, further clinical studies are needed to explore
the potentials of this antigen.

Other break point mutations that result in the production of antigenic fusion proteins
are currently being studied, including EWS-FLI-1 and PAX3/FKHR (118) and others.
The data from these antigenic oncoproteins are less developed than that with BCR-ABL,
however, it looks promising, especially since it covers a different range of tumor types.

4.6. HER-2/neu
Her2/neu (c-erbB2) is a member of epidermal growth factor receptor (EGFR) fam-

ily. It is an oncogene that encodes a 185 kDa protein with tyrosine kinase activity.
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Her2/neu gene amplification is found in many epithelial cancers including colon, pan-
creas, genitourinary, and breast (119–121). This leads to the overexpression of the
Her2/neu protein. The overexpression of Her2/neu leads to the constitutive activation
of the tyrosine kinase receptor; this in turn, increases mitogenic cell signaling, and
hence, increases proliferation. The increase in the level of Her2/neu protein makes it a
potential TAA and, hence, an antigenic oncoprotein target. Indeed, it has been shown
that some patients that have advanced breast or ovarian cancers overexpressing
Her2/neu have HER-2/neu-specific T cells or detectable HER-2/neu-specific IgG anti-
bodies (122).

In animal models, it has been found that vaccination with of Her2/neu antigens
induce a protective effect against challenge with tumors overexpressing Her2/neu pro-
tein. This protection was found both CD4 and CD8 T cells-dependent (123–126).
Investigators have shown that immunization with either HER2/neu peptides or full-
length protein prevents or delays the spontaneous development of mammary tumors
overexpressing HER2/neu in a majority of mice transgenic for the rat Her-2/neu onco-
gene (125,127).

Several Her2/neu HLA class I-restricted epitopes have been identified through elu-
tion or predictive techniques (35,128–130). Ikuta et al. have shown that CD8+ CTL
clones specific for HER2-expressing cancer cell lines can be generated from peripheral
blood lymphocytes of volunteers with HLA-A2402 (130). Furthermore, it has also
been shown that CTL derived against a Her2/neu HLA-A2 peptide from HLA-A2
patients, with cancer overexpressing HER2/neu, can recognize autologous and allo-
geneic tumor cells overexpressing HER2/neu in an HLA-A2-restricted fashion. This
has been demonstrated from ascitis of patients with pancreatic cancer (131) and from
tumor-associated lymphocytes in patients with gastric, breast, and ovarian cancers
(122,132–134). These results and others demonstrates that HER2/neu is a TAA in can-
cers that carry the amplified gene.

Clinical trials using Her2/neu antigens as vaccine targets in cancer patients have
been initiated. Disis et al. have reported the generation of specific immune responses
in patients with advanced ovarian and breast cancers (stage III and IV) after vaccina-
tion with Her2/neu peptides. These investigators have found that intradermal injec-
tion of multiple 15–18 amino acids HER-2/neu peptides derived from the extracellular
domain (ECD) or intracellular domain (ICD) mixed with GM-CSF lead to the gener-
ation of specific CD4+ and CD8+ T cell responses (135,136). On the other hand,
Zaks et al. (132) have found that vaccinating patients with a 9-mer HLA-A2
Her2/neu peptide spanning amino acids 369–377 and administered subcutaneously
and with Freund’s incomplete adjuvant failed to generate a specific immune
response. Therefore, it is very important to be able to determine the proper immuno-
genic antigen and the route of administration for any of the antigenic oncoproteins
tested in clinical trials.

4.7. HPV E6 and E7 Proteins
HPV is a family of double-stranded DNA viruses. HPV is divided into low risk and

high risk types. The low risk HPVs lead to the development of benign mainly skin
lesions. On the other hand, the high risk types are associated with the development of
cancers including, cervical, anogenital, head and neck, and esophageal cancers. Over
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95% of cervical cancers contain high risk HPV-DNA, including the most common
types, which are HPV-16 and -18. The high risk HPV-DNA integrates into the host
genome and overexpresses two of the HPV early genes, E6 and E7. These two genes
are critical to the neoplastic transformation process. Whereas E6 binds the tumor sup-
pressor protein p53 and enhances its degradation (137), E7 binds and inactivates the
retinoblastoma protein (pRb) (138). Loss of function of these two tumor suppressor
genes results in uncontrolled growth and further malignant transformation. Therefore,
continued expression of HPV E6 and E7 proteins are necessary for maintenance of the
malignant phenotype (139). In turn, this makes the HPV E6 and E7 proteins ideal tar-
gets for vaccine development, since they are foreign antigens, unique to cancer cells,
and the tumor cells cannot down-regulate these genes to develop resistance.

Epidemiologic evidence suggests that HPV-induced tumors are directly affected by
the immune system. Immunocompromised patients, such as renal transplant patients
and patients infected with human immunodeficiency virus (HIV), have an increased
incidence of premalignant and malignant lesions and a poorer prognosis (140). Fur-
thermore, patients with cervical intraepithelial dysplasia (CIN) lesions, who were
found to have lymphoproliferative responses to HPV E6 and/or E7 peptides, were more
likely to eliminate HPV-DNA and CIN lesions (141). In a cross-sectional study, Tsukui
et al. found an increase correlation between stage of disease (HPV-infiltrating only,
low-grade squamous intraepithelial lesion [LSIL], high-grade squamous intraepithelial
lesion [HSIL], and invasive cancer) and the IL-2 production in response to a set of E6
and E7 peptides, further suggesting that the presence of immune response might be
protective (142).

Immunization experiments have demonstrated that E6 and E7 are immunogens in
mice and that the immune responses generated are specific and capable of lysing cells
endogenously expressing these oncoproteins with tumors harboring HPV-DNA. Fur-
thermore these immune responses are found to infer protection against tumor chal-
lenge. Feltkamp et al. have shown that immunizing mice with APCs expressing the
full-length HPV-16 E7 protein leads to an effective protection against transplanted
tumor cells expressing the HPV E7 gene. The immunologic response believed to confer
this protection is found to be mediated by CD8+ cytotoxic lymphocytes (143). It has
also been shown by other investigators that vaccinating mice with HPV-16 E7 peptides,
which bound with high affinity to the MHC Class I molecule, induced a CTL-mediated
response, which rendered the animals insensitive to subsequent challenge with HPV-
16-transformed cells (144).

High affinity binding peptides were identified for most common HLA class I mole-
cules (145,146). These peptides were also found to be immunogenic and could cause
regression of transplanted human tumor cells in nude mice (147,148). In human in
vitro stimulation experiments, CTLs against the HPV-16 E6 and E7 epitope have been
generated from the peripheral blood mononuclear cells of cervical cancer patients
(144). These specific CTLs were also found to be able to lyse HPV-16-positive cervi-
cal cancer cells (149). This result further demonstrates that HPV E7 protein is endoge-
nously processed and presented on the cell surface of human tumor cells.
Furthermore, HPV-16 E6 protein has also been found to contain sequences with HLA
class I binding motifs. One of these peptides, E6 (18–26), which is found to be highly
bound to HLA-A2, has also been shown to be immunogenic and cause specific regres-
sion of transplanted human tumors expressing HPV-16 E6 (148).
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Phase I and phase II HPV vaccine clinical trials have been conducted to test the fea-
sibility of administering different HPV antigens in patients with tumors containing the
HPV genome. At the National Cancer Institute, we have vaccinated patients with either
E6 or E7 HLA-A2 binding peptides, by transfusing peptide-pulsed peripheral blood
mononuclear cells (PBMC) intravenously to patients with advanced cervical cancer.
We have found that both peptides can generate specific and strong immune responses
(150). Muderspach et al. have also found that vaccinating women with high grade cer-
vical or vulvar intraepithelial neoplasia with HLA-A2 E7 peptide alone or in combina-
tion with a different HLA-A2 E7 peptides, linked to a helper T cell epitope, resulted in
immunological response to both of these peptides. Also, 3 of 18 treated patients cleared
their dysplasia after the vaccine, and 6 of these patients had partial colposcopically
measured regression of their CIN (151). Furthermore, full-length HPV-16 E7 protein
has also been utilized in clinical trials. In a phase I clinical trial, vaccinating normal
volunteers with a single dose in a dose-escalating manner using the full-length E7 pro-
tein fused to a heat-shock protein (HSP)-E7, investigators found that 4 of 8 subjects
developed E7-specific proliferative responses (152). In another trial utilizing the HSP-
E7 protein, Palefsky et al. have vaccinated HSIL patients with the fusion protein
monthly, for a total of 3 vaccines. Some patients were found to demonstrate down-reg-
ulation of their lesions at 3 and 6 mo, respectively (153).

This is a highly active area of cancer vaccine development research. Many compa-
nies have generated vaccine reagents that target HPV, including different forms of pep-
tides, full HPV E6 and E7 recombinant proteins, DNA, and viral vectors containing
partial sequences of the oncogenes. Some of these reagents have already entered clini-
cal trails for testing, and some are expected to be starting soon.

5. CONCLUSION

We believe that the manipulation of the immune system, directed against specific
tumor targets, is one of the most promising strategies in cancer therapy. This therapy is
expected to be useful in both the prevention and the treatment of the disease. In this
chapter, we have reviewed the state of the art of vaccine development targeting oncogene
products (antigenic oncoproteins). As outlined above, research in the area have already
proven that the product of some oncogenes form TAAs and that it is possible to generate
specific immune responses against these antigens, which are able to distinguish between
the altered proteins and their normal counterpart. However, to date, not too many clinical
responses have been observed as a result of this type of therapy. Therefore, after proving
that specific immune response against oncogene products can be generated, the current
research in this area is concentrated on how to translate the immune response seen into a
clinical response. Currently, this is done through the following venues: (i) identifying
improved ways for vaccine delivery and antigen presentation; (ii) improving antigen
immunogenicity by modifying the antigens or utilizing different combinations
cytokines; (iii) identifying the appropriate patients cohorts, such as earlier disease and
prevention of recurrence; (iv) enhancing and expanding the resultant specific immune
response by in vitro or in vivo expansion of specific T cells; and (v) combining vaccines
with other standard modalities. Clearly, there is still a way to go in this exciting area of
oncogene targeting, however, I believe that great strides have been made, and we will be
seeing a lot of development in this area in the near future.
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1. INTRODUCTION

1.1. Bcl-2 as a Target for Emerging Cancer Therapeutics
Programmed cell death, also termed apoptosis, is the final biochemical pathway

underlying the therapeutic efficacy of several cytotoxic therapies for cancer, both in
vitro (1,2) and in vivo (3–7). Susceptibility to apoptosis is associated with curability
(8,9), whereas resistance to apoptotic stimuli significantly reduces efficacy. Neoplastic
cells aquire their growth advantage through somatic evolution arising from genome
instability (10), a process that results in the expression of anti-death proteins, including
those of the Bcl-2 family such as Bcl-2, Bcl-X1, Mcl-1, Bcl-W, and Survivin (11–16).

The best known death antagonist gene, Bcl-2, was discovered by Yoshidide
Tsjuimoto et al. in 1985, following DNA sequence analysis of the chromosomal break-
point involved in the t(14;18)(q32;21) translocation that occurs in the great majority of
follicular non-Hodgkins lymphomas (NHL) (17). Bcl-2 provided researchers with the
first example of a human proto-oncogene that contributes to the expansion of neoplas-
tic cells by preventing cell death, rather than accelerating proliferation (18). A diverse
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number of malignancies have been shown to exhibit high levels of Bcl-2 expression
including melanoma, prostate, and cholangiocarcinoma (Fig. 1), making this protein an
attractive candidate for pharmacological inhibition.

1.2. Bcl-2 Blocks Apoptosis by Stabilizing Mitochondrial Membrances
In 1990, Chen-Levy and Cleary, as well as Stanley Korsmeyer’s group indepen-

dently identified Bcl-2 as a 24 to 25-kDa membrane-bound protein localized to mito-
chondria, implicating an involvement in the regulation of oxidative phosphorylation,
electron transport, or metabolite transport. Bcl-2 was the first oncogene discovered to
be associated with this organelle (13,19), residing on the cytoplasmic face of the outer
mitochondrial membrane and less abundantly at the endoplasmic reticulum and outer
nuclear envelope (11).

The first evidence that Bcl-2 function involves modulation of apoptosis, was pre-
sented by two groups in 1991 (Korsmeyer and Cory and coworkers) who showed inde-
pendently that Bcl-2 could protect from multiple forms of apoptotic stimuli in T cells
of transgenic mice (20,21). In the thymus, the site of T cell development, Bcl-2 expres-
sion is normally localized to the mature thymocytes (which express either the acces-
sory molecule CD8 or CD4) in the medulla. In the transgenic mice, Bcl-2 was
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Fig. 1. A schematic representation of the mitochondrial permeability transition pore (MPTP) within
the mitochondrial membrane. The VEDAC and ANT portions are within the outer and inner mem-
brane respectively. The Bcl-2 protein and the mitochondrial benzoziazepine receptor (MBZR) keep
the MPTP in the closed position. Down regulation of the Bcl-2 protein by antisense oligonucleotides
and MBZR ligands such as PK11195 lead to “opening” of the MPTP, release of Cytochrome C into
the cytosol and subsequent induction of apoptosis via the Caspase 9 (intrinsic) pathway.



redirected to CD4 and CD8 positive cortical immature thymocytes, which are usually
susceptible to a high death rate required for self-reactive deletion during immune sys-
tem ontogeny. Bcl-2 protected the CD4+CD8+ thymocytes from glucocorticoids, radia-
tion, anti-CD3, and γ irradiation-induced apoptosis (20,21). However, Bcl-2 was not
able to prevent clonal deletion of T cells recognizing endogenous superantigens.

The ability of Bcl-2 to inhibit γ irradiation-induced apoptosis stimulated investiga-
tions by Hockenbery et al. in 1993 based on the then understood mechanism of
action of hydroxyl radical production by ionizing radiation (22). It was postulated
that because γ irradiation produces reactive oxygen species capable of damaging
macromolecules including DNA, proteins, and lipid membranes, and this could be
blocked by Bcl-2, that Bcl-2 may in some way be acting as an antioxidant. In their
seminal study of Bcl-2 function, Hockenbery et al. demonstrated the ability of Bcl-2
to completely protect against oxidative stress induced by low concentrations
(0.25–0.5mM) of hydrogen peroxide. In the same year, Bredesden’s group showed
that Bcl-2 could block the cytotoxic effects of organic hydroperoxide tert-butylhy-
droperoxide (23). Importantly, the antioxidant effect of Bcl-2 was shown not to pre-
vent the formation of dangerous production of peroxides during cell treatment with
hydrogen peroxide (detected using the oxidation sensitive fluoresence probe 5,6 car-
boxy-2′, 7′-dichlorofluorecein-diacetate), but rather, to block their damaging effects
including lipid peroxidation.

Significant advances in the understanding of the mode of biochemical mode of
action have been achieved, although the precise mechanism of death suppression
remains to be elucidated. Thus, Bcl-2 localizes in the outer mitochondrial membrane
to regions of contact between the outer and the inner mitochondrial membrances that
are spanned by a multimeric protein complex known as the mitochondiral megachan-
nel, or permeability transition pore complex (PTPC) (Fig. 2). This structure comprises
outer membrance porin (voltage dependent anion channel [VDAC]), peripheral ben-
zodiazepine receptor (PBR), while the inner membrance part comprises the adenine
nucleotide translocator (ANT), and cyclophilin D. Opening of the PTPC is involved
in two critical events associated with apoptosis. Increased outer membrane permeabil-
ity results in the nonspecific diffusion of intermembrance space pro-apoptotic pro-
teins into the cytoplasm (including cytochrome C and apoptosis-inducing factor),
which triggers apoptosis through ATP-dependent activation of death effector serine
proteases termed caspases via the formation of a trimeric activation complex with
procaspase 9, APAF 1, and cytochrome C. This is often referred to as the mitochondr-
ial caspase 9 pathway. 

Increased inner mitochondrial membrane permeability, mediated by opening of the
PTPC (high conductance state termed permeability transition), dissipates the proton
gradient (∆Ψm) utilized by complex V to generate ATP and serves to uncouple oxida-
tive phosphorylation and increase reactive oxygen species production (24,25). Bcl-2
prevents increases in both outer and inner membrane permeabilization during apoptosis
(26,27), a process that is induced by death agonists homologues such as Bax (28–32).
Anti-apoptosis activity of Bcl-2 is mediated through direct physical contact with
VDAC, via the BH4 domain, and can inhibit cytochrome C release via this conduit
(33,34). Bcl-2 is predicted to form a functional cation channel, on the basis of homol-
ogy with Bcl-XL structure, determined by X-ray, and also functional single channel
conductance studies. Tsujimoto has suggested that Bcl-2 inhibits apoptosis by mediat-
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ing proton leak across the outer mitochondrial membrane proton-specific channel that
serves to stabilize ∆Ψm (35).

1.3. Bcl-2 Family Tunes Cellular Apoptosis Threshold
The functional antagonism between Bcl-2 and the pro-apoptotic agonists, such as

Bax, occurs following their mobilisaton from the cytosol to mitochondrial contact sites
during apoptosis (36,37). This has been likened to a cellular rheostat (apopstat); the
stoichiometric balance of death agonist to antagonist determining cellular apoptotic
threshold (38). Overexpression of either death agonist or antagonist is sufficient to sub-
stantially modify cellular apoptosis threshold (20,21,38–40). Conversely, suppression
of the expression of an up-regulated death antagonist could potentially impart apopto-
sis sensitization by altering the cellular apostat.

2. INHIBITION OF POLYPEPTIDE SYNTHESIS AS A STRATEGY 
FOR MODULATING Bcl-2 ACTIVITY

In 1977, Paterson and colleagues provided the first evidence that formation of an
antisense DNA-mRNA heteroduplex could effectively arrest translation in a cell-free
system (41). In the following year, Stephenson and Zamecnik reported the first study
detailing the inhibition of Rous sarcoma viral replication using a tri-decamer synthetic
ASO, d(A-A-T-G-G-T-A-A-A-A-T-G-G), complementary to the reiterated 3′ and 5′
terminal sequences of the virally encoded 35S RNA in infected chick embryo fibrob-
last cultures (42,43). Evidence for the existence of natural reverse complementary
nucleic acids as regulators of prokaryotic gene expression was obtained by Simons and
Kleckner in 1983 and by Mizuno et al. in 1984 (44,45). This was later to be reinforced
in eukaryotic cells by Izant and Weintraub in 1984 who demonstrated the ability of
antisense RNA to regulate gene expression (46). These studies collectively initiated the
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Fig. 2. Percentage of various malignancies presenting with raised Bcl-2 protein levels.



field of antisense oligonucleotide (ASO) technology, which grew explosively during
the last decade.

ASOs exploit Watson-Crick DNA-RNA interactions to selectively bind mRNA, on
the basis of sequence. The backbone of these ASOs are usually chemically modified to
protect them from nuclease enzyme breakdown. The first generation of modification
was to replace the oxygen molecule (phosphodiesters) with a sulfur molecule (phos-
phorothioates), and it is these that have largely been moved to the clinic. Through
selective hybridization and formation of a heteroduplex, gene expression is disrupted at
the level of translation. From thermodynamics, Khan and Coulson estimated that at
37°C and physiological ionic strength, a minimum size of 12 bases was required for a
phosphodiester oligoucleotide to form a stable heteroduplex with its target. Statistical
considerations dictate that a minimum ASO length of between 12 and 15 bases is
required to recognize a gene, since there are approximately 3 to 4 billion bp in the
human genome with the expectation of any one 17-base sequence occurring only once
(47). In a typical interaction between complementary 18-mers, the Gibbs free energy of
binding induced by a single mismatch varies from +0.2 to +4.0 kcal/mol/modification
at 100 mM NaCl; this implies that a single base mismatch could result in a change in
affinity of approximately 500-fold.

2.1. Role of mRNA Structure in ASO Binding
Fresco first showed in 1960 that single-stranded RNA folds back onto itself in struc-

tures stabilized by hydrogen bonds between complementary bases (48). The conforma-
tional constraints arising from RNA–RNA duplex formation within large RNAs result
in the formation of complex 3-dimensional structures. There exist very few well-estab-
lished tertiary RNA structures. With the development of fast computing technology, it
has been possible to design RNA folding algorithms that can predict secondary struc-
tures with minimum free energy (49). However, such algorithms are of no use in pre-
dicting the conformation adopted by secondary folded RNAs. Tertiary structural
prediction has classically relied upon X-ray crystallography. It is the RNA tertiary
structure that imposes restrictions on the accessibility of binding sequences for ASOs.

Theoretical binding affinities for single-stranded nucleic acid interactions predicted
between DNA and RNA using nearest neighbor rules are very large, yet are measured
as several orders of magnitude lower in practice (50). Accessibility of some ASO
sequences to their cognate binding sites underlies this discrepancy. Not all sequences
bind their RNA due to restrictions of tertiary structure. The design of ASOs, based
solely on predicted melting temperature from primary sequence, is essentially an ineffi-
cient method with an estimated <25% successes rate (51). Empirical methods have
been designed to enable the rapid determination of accessible sites, including degener-
ate reverse transcription polymerase chain reaction (RT-PCR) with primer extension
analysis (52,53), oligonucleotide arrays (54,55), or by using a brute force approach
involving synthesis of nonoverlapping ASOs (chromosome walking), and determining
mRNA down-regulation in cells (56).

2.2. Degrading the Message: Phosphorothioate ASOs Utilize Nucleases
Several post-hybridization processes are implicated in ASO-mediated translational

inhibition and can be classified as either passive (occupancy-mediated disruption of
physiological RNA processing) or active (ASO-mediated degradation of target
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mRNA). ASO hybridization with the initiation codon has been an extensively used
approach to sterically block the protein and ribosomal interaction necessary for
translation. Owing to the conformational heterogeneity in this region between differ-
ent mRNAs, only a few sequences have been shown to bind to sites to which they
were designed. The role of steric translation arrest in ASO action was examined in a
cell-free system by Gee et al. (57). A series of high affinity ASOs were designed to
target and sterically hinder the ribosomal translation initiation complex associated
with translation of the N protein of vesicular stomatitis virus. Only ASOs binding
irreversibly to their target (via covalent modification using platinated peptide nucleic
acid derivatives) or inducing ribonuclease H (RNaseH)-mediated mRNA degradation
were shown to inhibit translation; reversible hydribridization per se was not shown to
be sufficient in this cell-free system.

RNaseH is a ubiquitous enzyme, which degrades the RNA strand of an RNA–DNA
heteroduplex. A considerable amount of evidence supports a role for this protein in
mediating the effects of ASOs, including the direct demonstration of RNaseH-medi-
ated target mRNA cleavage by ASOs (58,59) (Fig. 3). Several isoenzymes have been
identified in eukaryotic cells, and the highest concentrations are localized to the
nucleus. Two human RNaseH enzymes have been cloned that exhibit homology to the
Escherichia coli RNase H1 and H2 proteins (60,61). RNaseH can recognize tetramers
(62) and a single ribonucleotide in a deoxyribonucleotide sequence hybridizing with its
complementary strand (63), but does not recognize oligonucleotides with 2′ sugar
modifications (such as 2′-fluoro or 2′-O-methyl) (64,65). Backbone modifications such
as phosphorothioates (PS) are good substrates for RNaseH (66,67), whereas
methylphosphonates are not (68).
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Fig. 3. Schematic representation of the mode of action of antisense oligonucleotides.



Although phosphorothioate ASO-RNA heteroduplexes are effective RNaseH sub-
strates, the phosphorothioate modification forms relatively less stable duplexes com-
pared with phosphodiester (PO) ASOs. However, 2′ sugar modifications, such as
2′-0-methyl, exhibit a high binding affinity and have been exploited in chimeric mole-
cules possessing a combination of RNaseH activating PS and 2′ sugar modifications to
increase binding affinity (69,70).

2.3. ASOs are Large Molecules
PS ASOs retain the negatively charged backbone of unmodified DNA. Cellular

uptake precedes initially via an electrostatic interaction with cell surface proteins. This
is followed by endocytosis leading to a punctate distribution of ASO in endosomes and
lysosomes, where sequestration limits interaction with target mRNA. Direct intracyto-
plasmic delivery of oligonucleotide by microinjection, results in immediate nuclear
trafficking, effectively bypassing the endosomal compartment (71–73). The elimina-
tion of the phosphate backbone and associated negative charge in methylphosphonates
has been shown to enhance cellular uptake by increasing hydrophobicity (74), but this
is associated with a reduction in aqueous solubility and removes RNase H sensitivity.
Electrostatic neutralization of the net negative charge associated with PS ASOs can be
achieved by complexation with a positively charged hydrophobic lipid such as N-(1-
2,3-dioleyoxy)propyl-n,n,n-trimethylammonium (DOTMA), to form a high molecular
weight lipoplex. Cationic lipid–ASO preparations were shown by Bennett and cowork-
ers in the early 1990s to be associated with enhanced uptake of ASO, and a consequent
enhancement of antisense potency in down-regulating ICAM-1 protein expression
(75). Dissociation of the lipoplex occurs prior to entry of the ASO into the nucleus and
was first demonstrated by Marcusson et al., who used both fluorescently labeled
cationic lipid and ASO to monitor intracellular trafficking (76). These investigators
confirmed uptake of lipoplex into endosomal compartment, which counterstained with
the endocytic marker TMA-DPH. Fluorescent ASO dissociated from the endosomal
lipoplex after 1 h, staining the nucleus and reaching a peak at 4 h (coinciding with
maximal protein kinase c-α mRNA reduction). However, fluorescently labeled cationic
lipid remained within the endosomal compartment and did not distribute to the
nucleus. Bennett and collegues have demonstrated that ASOs undergo nucleocytoplas-
mic shuttling that is both ATP and temperature sensitive in vivo (77).

Several enhancers of ASO intracellular entry have been developed that enable
effective concentrations of oligonucleotide to be in the nanomolar range, and include
liposomes (78), streptolysin-O (79–82), dendrimers (83), polycations (84), conjuga-
tion with a hydrophobic moiety such as cholesterol (85), peptides (86), aggregation
with ligands for cell surface receptors (87), electroporation (88), and cationic por-
phyrins (89).

2.4. ASO Uptake In Vivo
Few studies have rigorously examined the cellular and subcellular fate of ASOs in

vivo, despite numerous reports of in vivo efficacy in the absence of cationic lipid,
implying a difference between the trafficking of oligonucleotides in tissue culture vs in
vivo. Graham et al. investigated the nuclear, cytosolic, and membrane distribution of a
PS ASO in rat liver cells, following administration as an intravenous bolus at a doses of
10 mg/kg and greater (90). Differential uptake of ASO was observed with 80% of total
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dose to the organ in parenchymal (Kuppfer and endothelial) cells, compared with only
20% in hepatocytes. Although the nonparenchymal cells exhibited nuclear, cytosolic,
and membrane levels of ASO, this was not observed in hepatocytes below 25 mg/kg.
Following doses higher than 25 mg/kg, nonparenchymal cells exhibited saturation of
uptake, while the hepatocytes continued to accumulate ASO at significant levels in the
nucleus and other compartments (90). The saturability of binding of ASO in endothe-
lial cells was shown to be associated with polyinosinic acid inhibitable and
polyadenylic resistant binding to plasma membrane scavenger receptors SR-AI/II (91).
However, in scavenger receptor knock-out mice, ASO was still shown to be taken up by
tissues, implicating non-SRAI/II mechanisms (92).

3. ASOs CAN SUPPRESS Bcl-2 EXPRESSION IN VITRO AND IN VIVO

In 1990, Reed and coworkers demonstrated that ASOs, designed to target the
mRNA of Bcl-2, could specifically suppress the proliferation of lymphoma and
leukemia cells in culture compared with scrambled control oligonucleotides (93). PO
and PS and ASOs designed to hybridize with the initiation site of Bcl-2 transcripts (5′-
CAG CGT GCT GCG CCA TCC TCC CC-3′) were tested with 697 leukemic cell cul-
tures in serum free medium, which was used in the experiments to minimize nuclease
activity. Concentration-dependent inhibition of proliferation was shown for the ASO
by 24–48 h, which was not seen with either scrambled (containing the same base com-
position) or the sense controls. PS ASOs exhibited 5- to 10-fold potency compared
with PO ASOs. No effects were observed within the first 24–48 h, and the concentra-
tion required to achieve marked suppression of cell growth with PS ASOs was approx-
imately 25 µM. These effects were associated with a concentration-dependent
reduction in Bcl-2 protein (measured by quantitative immunofluorescence assay) with-
out alteration in human lymphocyte antigen diabetic retinopathy (HLA-DR) control
levels, suggesting a specific ASO targeting of Bcl-2; 70% reduction in Bcl-2 was
observed by 4 d of culture with a 25 µM concentration of PS ASO.

Kitada et al. demonstrated that enhanced chemosensitivity was associated with anti-
sense down-regulation of Bcl-2 (94). PS and PO Bcl-2 ASOs were delivered to
SUDHL4 lymphoma cells expressing Bcl-2 at a high level due to t(14;18)(q21;q32),
complexed with cationic lipid (lipofectin) a 1:1 mixture of DOTMA, and dieleoylphos-
phatidylethanolamine (DOPE). A single treatment of cells with 75–300 nM ASO pro-
duced a sequence-specific reduction in the expression of bcl-2 within 24 h, as
measured using a semiquantitative RT-PCR assay. Reduction in Bcl-2 expression var-
ied from 66% to as little as 10%, compared to cells treated with control oligonu-
cleotides, and required 72 h as a consequence of the long protein half-life (10–12 h).
Although the ASO exhibited negligible cytotoxicity by itself, it enhanced ara-c-,
methotrexate-, and dexamethasone-induced cytotoxicity after administration after 2 d
of treatment with Bcl-2 ASO.

Further evidence for a sequence-specific effect of Bcl-2 ASO was elegantly
demonstrated by Kitada et al., who stably transfected the interleukin 3-dependent cell
line 32D.C13 with either Bcl-2 or the viral Bcl-2 homologue BHRF-1, which pos-
sesses only 22% homology, but can support survival of the 32D.C13 cell line in the
absence of interleukin 3. Bcl-2 ASO, in combination with cytotoxic therapy, pro-
duced no significant difference in the 32D-BHRF-1 cells, but significantly enhanced
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sensitivity in the 32D-Bcl-2 cells. Similar results were obtained by using an antisense
Bcl-2 plasmid construct in the t(14;18)(q21;32) lymphoma cell line RS11846, which
was chemosensitized in the presence of ara-c following induction of Bcl-2 antisense
via the metallothionein promoter. Corroborating evidence for the chemosensitizing
potency of ASO-mediated Bcl-2 down-regulation was provided by Campos et al., in
CD34 positive acute myeloid leukemia (95). Several in vitro studies have since
demonstrated chemosensitizing efficacy associated with Bcl-2 down-regulation in a
variety of cell types.

3.1. Experimental Bcl-2 Suppression In Vivo
The ability of Bcl-2 down-regulation to prevent the in vivo formation of t(14;18)

human lymphoma xenografts in severe combined immunodeficient (SCID) mice was
first reported in 1994 (96). DOHH2 lymphoma cells containing the t(14;18) transloca-
tion were treated ex vivo with a 10 µM concentration twice at 48-h intervals, resulting
in a reduced Bcl-2 expression as detected qualitatively by immunohistochemistry and
quantitatively by flow cytometry. Associated loss of viability (cytotoxicity) post-treat-
ment was observed in DOHH2 cells, but not in NFB1 normal fibroblast cells lacking
Bcl-2 expression. The effect of Bcl-2 down-regulation on tumorigenicity was evaluated
in SCID mice by generation of xenografts using DOHH2 cells that had been treated in
vitro with ASO to prevent engraftment as detected by peripheral blood PCR to t(14;18)
(across the IgH promoter/Bcl-2 junction). In contrast, control oligonucleotide pre-
treated DOHH2 cells went on to produce tumors by 28 d.

The first direct evidence for in vivo chemosensitizing efficacy of Bcl-2 ASO was
reported by Jansen et al. (97), who showed that a combination of the ASO G3139 (5′-
TCT CCC AGC GTG CGC AT -3′) infused at 5 mg/kg for 14 d in the absence of
cationic lipid and dacarbazine (5 d at 80 mg/kg/d injected intraperitoneally) resulted in
the eradication of 518A2 melanoma xenografts in SCID mice. Several similar studies
have reported similar findings in different model systems (98–100). ASO G3139 has
been shown to bind to an accessible region in the Bcl-2 mRNA transcript in its native
conformation using an oligonucleotide array (unpublished observation).

4. CLINICAL Bcl-2 ANTISENSE THERAPY

The first reported clinical study of ASO therapy targeted Bcl-2 in patients with NHL
(101). Nine patients diagnosed with relapsed NHL of any histological grade, and evi-
dence of high Bcl-2 expression on lymph node biopsy samples, were treated with a con-
tinuous subcutaneous infusion of G3139 (Genasense™; Genta Inc, USA), increasing
from 4.6 mg/m2 to 73.6 mg/m2. Two patients showed reduced tumor size visualized by
computerized tomography (one complete response and one minor response), and in two
of five patients studied, reduction in the expression of Bcl-2 was observed. The study
was extended to 21 patients (102) and showed Bcl-2 reduction in the blood, bone mar-
row, or lymph nodes in 7 of the 16 patients assessed, supporting antisense activity of
G3139 in the clinical setting. G3139 (Genasense) has subsequently been entered into
ongoing randomized phase 3 clinical trials globally for advanced malignant melanoma,
myeloma, and chronic lymphatic leukemia (CLL), combining the Bcl-2 antisense with
chemotherapy. The antisense is currently administered by continuous intravenous infu-
sions over 5–7 d (doses range from 3–7 mg/kg/d depending on the tumor type) with the
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aim of reducing Bcl-2 protein levels in the tumor cells before administering the
chemotherapy. The CLL studies suggest increased sensitivity to Genasense (O’Brien,
American Society of Hematology presentation Dec., 2001) suggesting a dose above 4
mg/kg/d will cause toxicities. Phase 2 trials were for prostate, breast, colon, and acute
leukemia. In general, Genasense is a well-tolerated compound with minimal toxicites
within the dose range required to produce the required reduction of Bcl-2 protein, mak-
ing this a promising therapy for the oncology clinic to overcome chemotherapy resis-
tance. The use of chemotherapy after Bcl-2 down-regulation does not appear to produce
prolonged marrow suppression, but does give more selective antitumor efficacy.

5. Bcl-2 ANTISENSE OR OLIGONUCLEOTIDE TOXICITY? 
WHY SEMANTICS MATTERS, AND WHY IT DOES NOT

The polyanionic property of PS ASO, has been shown to be associated with binding
to several different types of cell surface protein, including CD11b/CD18/Mac1 (103),
basic fibroblast growth factor (bFGF), platelet derived growth factor (PDGF)
(104,105). Binding to PDGF and bFGF can block their interaction with their receptors
at pharmacologically relevant 50% inhibitory concentrations (IC50) of 5 mM and 200
nM, respectively (106). Polyanionic binding to bFGF was exploited by Jansen and
coworkers, who showed that melanoma growth in a SCID-hu mouse model could be
reduced by a nonantisense mechanism that could be inhibited in vitro by the addition
of bFGF at 1 ng/mL (107).

Numerous sequence-dependent nonspecific effects have been reported for PS ASOs.
The G-quartet, defined as a series of contiguous guanosine residues, has been shown to be
antiproliferative in a sequence-independent manner (108). This implies that for antisense
experiments, in which the ASO but not the control oligonucleotide possesses a G-quartet,
antisense efficacy could be erroneously interpreted (106). Evidence suggests that
sequence-specific antiproliferative effects can be demonstrated in vivo despite the exis-
tence of a G-quartet in the ASO, as evidenced by the lack of potency of a Q-quintet con-
taining control oligonucleotide (109). A large body of evidence supports an immune
stimulatory role for CpG motifs, in which the 5′ end is flanked by two purines and the 3′
side is flanked by two pyrimidines (110). Oligo CpG regions can potently stimulate NK
cell lytic activity and have been shown to be abundant motifs in bacterial DNA (110,111).

ASOs are metabolized by enzymic hydrolysis intracellularly, leading to stepwise
release of 5′ monophosphate deoxyriboucleotides (dNMPs). Vaerman et al. have shown
that the 3′ sequence of the ASO determines a nonantisense effect associated with antipro-
liferative activity, with the exception of a terminal cytosine at either the last or penultimate
base position (112). The cytotoxicity of released dNMPs varies, such that dCMP is not
toxic, whereas dGMP, dTMP, and damp are toxic at 5–10 µM concentration. Furthermore,
dCMP can inhibit the toxicity of dGMP, dTMP, and dAMP (112). Thus, despite a sub-
stantial body of evidence supporting sequence-specific effects of PS ASOs, with regard to
antitumor activity, several factors may interact to mediate antiproliferative effects, thus
complicating the interpretation of true antisense activity as the only relevant underlying
mechanism. This is clearly important if an agent’s dominant mode of action is to be clas-
sified as antisense and may impact on efforts to rationally develop more potent anti-Bcl-2
ASOs for therapy. Ethical constraints prevent the clinical evaluation of sequence-specific
efficacy, which must be assumed from successful preclinical experiments. This limitation
can be partly overcome in some diseases by the quantitative demonstration of protein
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down-regulation, which is measured in biopsied tissues and is consistent with antisense
efficacy (101,102). Conversely, nonantisense oligonucleotide activities that exhibit signif-
icant antineoplastic efficacy may be relevant therapeutically and so, exploited; an empira-
cle perspective in which pharmacodynamics is less important.

Genasense has, to date, been shown to bind specifically to the Bcl-2 mRNA and to
selectivly down-regulate bcl-2 protein production in a dose-dependent manner and
induce apoptosis on its own and with synergy when chombined with chemotherapy.
These effects have been consistent from in vitro to in vivo to the clinic. These findings
suggest that in this case, the effects are largely due to a true ASO effect.

6. SUMMARY

Bcl-2, the first mitochondrial oncoprotein, remains a valid target for pharmacologi-
cal inhibition. ASOs have provided target validation for this molecule in experimental
models of cancer, and the protein down-regulating efficacy of clinically administered P
ASO has been demonstrated. Several clinical trials are currently in progress to deter-
mine the therapeutic effiacacy of the Bcl-2-specific ASO, G3139 (Genasense). Sup-
pression of Bcl-2 gene expression (or its anti-death homologues) may only be the first
of several new approaches for inhibiting this protein, which may be anticipated with
increased understanding of its biochemical function.
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A

AA, see grades of malignancy, anaplastic
astrocytomas

acidosis, 163
activated Ki-ras, 231, 232, 238
activated Ki-ras-disrupted cells, 239
activated oncogene expression, 225
activated oncogenes, 198
activated Ras, 233
activated RAS oncogene signal, loss of, 412
acute lymphocytic leukemia (ALL), see

cancers
acute myelogenous leukemia (AML), see

cancers
ADAMTS proteins, 193
adaptor proteins, 337
adenine nucleotide translocator (ANT), 455
adenomas, precancerous, 22
adenomatous polyposis coli (APC), 136, 160
adenosone triphosphate (ATP), 303
adhesion, cell-cell, loss of, 266
adhesion molecules, 174
adrenal development, 391
aerobic regrowth, 113
AKT, 56, 57, 58, 316, 335, 336
Akt phosphorylation, 118
alkylating agents, 301
ALL (acute lymphocytic leukemia), see

cancers
allogeneic stem cell transplantation, 302
alterations, conformational, 56
AML (acute myelogenous leukemia), see

cancers
amplification of centrosomes, 263
analyses

differential gene expression, 84
DNA transfer, 48

anastomosis, 173
anchorage-dependent growth, 332
anchorage-independent growth, 159, 231
aneuploidy

Mad2, 263

mutational theory, 20
aneuploidy, 19, 263
Angelman syndrome, 140
angiogenesis

inhibitors, circulating, tumor-specific
release, 193

inhibitors, 193, 195
intussusceptive, 173
systemic inhibition, 194
tumor, 188

angiogenesis, 84, 162, 172, 177, 178, 185,
190, 193, 196, 238, 265, 266

angiogenesis inducers and inhibitors, 238
angiogenesis phenotype, 399
angiogenic

competence, 192
growth factors, redundant, 190
inhibitors, 316
phenotype, influence on selection, 204
phenotype, 195
response, 196
switch, 179, 194, 238

angiogenic, 156
angiopoietins, 175, 265
angiostatin, 177, 193, 265, 266
aniogenesis inhibitors, generation of

circulating, 204
anionic phospholipids, 370
anoikis, 156, 157, 158, 160, 161, 164, 195
anoikis resistance, 196
anoikis-resistant (AR) phenotype, 195
anti-angiogenic agents, 181
anti-angiogenics, 202
anticancer agents

Gleevec, 322
Herceptin, 322
oncogene-targeting, 201
Rituximab, 322

anticancer agents, 204
anti-death homologues, 463
anti-vascular effect, 400
antiangiogenic therapy, vascular

dependence in, 200
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antibody-dependent cellular cytotoxicity
(ADCC), 333

antigen-specific cytotoxic T cells, 435
antigenic target, ideal, 437
antigens

abnormal, 434
unique, 433

antiprotease (serpin) (ATIIL) plasma-
derived, 194

antisense oligonucleotide (ASO) technology,
456, 457

antisense OPN expression, 222
antithrombin III (aaATIII), antiangiogenic

form, 193
antithrombin III (aaATIII), 194
apaf-1, 115
APC gene, 197
APCs, 434
apoptosis

anoikis, 156, 157, 158
cell death, 116, 197, 456
ceramide-induced, 236
in colon cancer, 316
cytochrome C-induced, 259
decreased, radiation resistance, 411
EGFR implicated in, 316
extrinsic and intrinsic stimuli, 259
hypoxia-induced, 163, 164, 198
induced by CDK inhibitors, 144
inhibiting, 335
inhibitors of (IAPs), 155
Myc-mediated, 233
rate of, 235
suspension-induced, 82

apoptosis, 153, 156, 229, 236, 239, 258, 314,
383, 453

apoptosis (programmed cell death), 195
apoptotic pathways, 154
apoptotic threshold, 195
apoptosis, reduced sensitivity, 113, 114, 115
arresten, 193
ASO, see antisense oligonucleotide

technology
ASO, 461, 462
ASO enhancers

aggregation with ligands for cell surface
receptors, 459

cationic porphyrins, 459
conjugation with hydrophobic moiety, 459
dendrimers, 459
electroporation, 459

liposomes, 459
peptides, 459
polycations, 459
streptolysin-O, 459

ASO-mediated translational inhibition, 457
ASO therapy, 461
astrocytoma, 188
astrocytoma cells, 357
astrocytomas

germline predisposing syndromes, 364
glioblastoma multiforme (GBM), 363
mean life expectancy, 365

astrocytomas, 363, 365
ataxia teleangiectasia (AT), 22
ATP levels, 162
ATRA, 301
autocrine regulation

autocrine loops, 50, 60, 314
growth factor circuitry, 182
growth factor loops, 84

autophosphorylation, HER-2, 336
axtaxia telangiectasia (AT), 262

B

B lymphocytes, 434
BAD, 335
Bak expression, 156
basement membrane, see BM
basic fibroblast growth factor, see bFGF
Bax, 158, 160
Bcl-2, 113, 115, 164, 453, 461
Bcl-2 mRNA, 463
Bcl-2 proteins, 155
Bcr-Abl, 201, 303
Bcr-Abl fusion protein, see also translocation

gene products, Philadelphia
chromosome

BCR-Abl fusion protein, 438
Bcr-Abl tyrosine kinase activity, 307
Beckwith-Wiedermann syndrome (BWS), 387
bFGF (basic fibroblast growth factor),

176, 462
biological on/off switches, 353
blast-crisis patients, 306
blood circulation, 223
blood coagulation, cancer-induced

abnormalities, 192
Bloom's syndrome, 22
BM (basement membrane ), 153, 156,

161, 164
bone marrow, 200
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brain-specific angiogenesis inhibitor 1
(BAI1), 193

BRCA 1 and 2, 262
BRCA mutant, 263
break point mutations, 442
breast cancer, see cancers
BWS syndrome, 388

C

c-abl fusion, 441
c-Flip, 159
c-myc, 233
c-myc mRNA, 231, 233
c-src, 186, 187
C-tail, 56
C225, side effects, 318
C225, 317
CAAX, 80
cadherin, 187
cancer

as a disease, 171
acute leukemia, 462
acute lymphoblastic leukemia (ALL),

201, 299, 393, 441
in Down's syndrome patients, 394

acute megakaryoblastic leukemia, in
Down's syndrome patients, 394

acute myeloid leukemia (AML), in
Down's syndrome patients, 394

acute myeloid leukemia (AML), 299,
441, 460

acute promyelocytic leukemia
(APL), 298

adenocarcinoma of lung, 438
adrenal neuroblastomas, 391
AML, 201, 397
APL, 201
biliary tract, 317
bladder, 317
blood-borne, 200
breast

(BT549), 160
carcinoma, 194
chemoresistant, 339
cultured spheroids, 411
HER-2/neu, 332
Mad2, 263
metastasis, 223
node negative, 199
refractory metastatic, 337
T-47D, 191

breast, 13, 22, 26, 78, 202, 233, 256, 268,
313, 317, 338, 441, 443, 462

Burkitt's lymphoma, 298, 301
cell genotypes, alterations in cell

physiology, 230
cell growth, optimal, 196
cell viability, 196
cervical, 114, 115, 140, 445
cervix, squamous cell carcinoma

(SCC), 410
cervix, 78, 317
cholangiocarcinoma, 454
colon

Mad 2 , 263
Mtase activity, 263
progression, 220

colon, 233, 317, 443, 462
colon cancer, nonpolposis (HNPCC), 21
colon cancer, 14
colon carcinoma, 267
colorectal

advanced, 199
carcinoma, 175, 189
hereditary non-polyposis (HNPCC), 260
tumors, 230

colorectal, 240, 267, 438
colorectum, 317
dormancy stage, 172
endometrium, 268, 317
epithelial, 316, 317
esophagus, 317
Ewing sarcoma, 267
exocrine pancreas carcinomas, 230
gastric, 443
genitourinary, 443
glioblastoma, 254
glioma, 52, 268
glioma (U251), 160
head and neck, 317, 410
hematopoietic, Mtase activity, 263
hematopoietic, 200, 201
HNPCC, 261
intestinal-type gastric, 317
invasive squamous cell carcinoma of

epidermis, 264, 265
Kaposi sarcoma, 52
kidney, 268, 317
leukemia

chronic lymphatic (CLL), 461
chronic myelogenous (CMI), 299,

323, 441
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chronic myelomonocytic (CML),
201, 300

(CML), clinical phases, 302
myeloid, 230
T cell prolymphocytic (T-PLL), 395

leukemia, 200, 297, 298, 301, 460
liver, an EGFR negative tumor, 317
lung

Mtase activity, 263
p53 mutations, 440
small-cell, 267

lung, 78, 233, 317
lung adenocarcinoma, 230
lung adenoma, 257
lymphoma, T cell anaplastic large cell

lymphoma, 300
lymphoma, 262, 298, 460
lymphomas, 257
malignant gliomas, 317
malignant nephroblastoma, see Wilm's
mammary tumors, 264
mantle cell lymphoma, 298
melanoma, spontaneous/cutaneous, 254
melanoma, 191, 194, 254, 267, 454
multiple myeloma, 201, 267
multistep process, 313
NCI-H69 human lung carcinoma, 193, 194
neuroblastoma, carcinogen-induced rat, 48
neuroblastoma, 267
non-Hodgkins lymphoma (NHL) 221, 323
osteosarcoma, 48
ovarian, HER-2/neu, 332
ovarian, 78, 161, 317, 441, 443
pancreatic, 78, 267, 317, 438, 443
pancreatic carcinoma cells (Capan-1), 158
pancreatic carcinoma, 203
papillary thyroid, 317
papillary thyroid gland, 317
parotic gland, 202
pediatric compared to adult, 383
plasma cell leukemia, 201
progressive leukemic splenomegaly, 201
prostate, 268, 317, 454, 462
renal carcinoma, 162
sarcomas, 254, 257
skin carcinogenesis, 264
stomach, 317
thyroid, 78
uveal melanoma, 174
Wilm's tumor, predisposition for, 388
Wilm's tumor, 267, 384

cancer cells
collective multicellular properties, 172
escape from primary tumor, 223
proliferative capacity, 254

canstatin, 193
carboxylterminal sequence (CCKVL), 355
carcinogenesis

chemical skin, 257
clonal, in children, 383
Knudson's two-hit mechanism, 384, 385
multistage, molecular analysis, 245

carcinogenic interventions, 388
cardiac myocytes, 343
cardiotoxicity, 342
caretakers, see tumor suppressor genes
caspases

activity, 236
caspase3, 9, 10, 316
caspase9, 115, 335

caspases, 154, 155,
CbI, 337
CDK inhibitors

Alsterpaullone (9-nitro-paullone-9NP), 142
CVT-313, 141
flavopiridol, 143, 144, 145
isopentenyladenin, 141
Kenpaullone (NSC 664704), 142
Myrecetin, 143
Olomucine, 141, 142, 143, 144
oxindole I, 143
purvalanol, 143
Roscovitine, 141
UCN-01, 145

CDK inhibitors (CDIs), 133
cdks, see cylin dependent kinases
cell-cell adhesion, 82
cell-cell adhesion molecules, 238
cell-cell contact, 185, 187
cell-cell interactions, 184
cell cycle, differentiation, terminal, 04.1
cell-ECM interactions, 157
cells

accounting, 223, 224
cell cycle

arrest, 268
checkpoints, 257
G1 phase, 85, 159
G2/M phase, 356
machinery, 77
progression, 77, 78, 84
regulators, 135
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cell cycle, 257
death

antagonist gene, see Bcl-2
programmed, see apoptosis

differentiation, 144, 229, 236, 331, 335
embryonic stem (ES), 248
endothelial

activation, 174
procoagulant properties, 193
progenitors (EPCs), 174, 201

endothelial, 157, 172, 200
ES, 199
functions

death, 353
proliferation, 353

functions, 353
hypoxia-resistant, 198
migration, 316
motility, 184
NIH 3T3, 118
parental A431, 203
proliferation, rate, 235
proliferation, 78, 316, 331, 334, 335
receptors

bombesin, 314
integrin, 314

shape, 78, 84
sorting, 200
surface receptors, 77, 314
survival, 78, 84, 86, 335
transducers, 221

cellular arm of immune system, 434
cellular DNA, 220
Central Brain Tumor Registry of the US, 363
central nervous system, see CNS
ceramide, 236
cervical cancer, see cancers
cervical intraepithelial dysplasia, see CIN
CGH, see comparative genomic hybridization
chemoresistant, 393
chemoresistant clones, 383
chemosensitivity, 365
chemotherapeutic agents

adriamycin, 400
cisplatinum, 400
vinblastine, 400

chemotherapy, pediatric tumors, 383
chemotherapy, 365
cholesterol lowering drugs, see statins
chorioallantoic membrane metastasis

assay, 224

chromatin regulation, 264
chromosomally integrated heterogeneously

staining regions (HSRs), 392
chromosomes

14 rearrangement, 395
bacterial artificial (BAC), 247
instability, 22, 20, 262, 14, 26, 261
Philadelphia, 298, 299, 397
rearrangement, 435
segregation, abnormal, 263
segregation, during mitosis, 263
symmetry

diploidy, 20
tetraploidy, 20
triploidy, 21

transfer, 354
translocation, 298, 436
translocation product, 438
trisome 8, 397
yeast artificial (YAC), 247

chronic myelogenous leukemia (CML), see
cancers

Ciba Geigy (now Novartis), 303
CIN (cervical intraepithelial dysplasia),
444, 445
CIN, see chromosomal instability
cisplatin, with trastuzumab, 338
CKI, see inhibitors, CDK
clinical

developments, EGFR in cancer
treatment, 313

response, translated from immune
response, 445

trials
BCR-ABL break point antigens, 442
chemotherapy with trastuzumab, 339
Her2/neu antigens, 443
phase I/II, 358
protein kinase inhibitors (PKIs), 202
protein prenylation inhibitors, 202
ST1571, 307
therapeutic efficacy of G3139

(Genasense), 463
vaccination, 440
vaccine, 440, 445

trials, 337, 355, 438
clonal dominance processes, 195
clonal evolution processes, 195
CML (chronic myeloid leukemia), see cancers
CNS (central nervous system), 363
coagulation factors, 193
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coagulopathy, cancer, 192
Coley's toxins, 433
comparative genomic hybridization (CGH), 6
complementary determining region

(CDR), 332
complementary mechanisms, 204
computerized tomography, 461
congenital immunodeficiency diseases

ataxia-telangiectasia (A-T)19.13
congenital hypogammaglobulinemia, 395
Wiskott-Aldrich syndrome, 395

contiguous guanosine residues, see G-quartet
control oligonucleotide, 462
Courtney-Mills soft agar clonogenic

assay, 410
COX-2, 78, 84
Cre recombinase, 248
Cre recombinase expression, 251
cross-talk

oncogenes and hypoxia, 185
Ras and Rho, 77
Ras and Rho family GTPases, 83

CTL, 439, 441, 444
CTL (cytotoxic T lymphocytes), 433
CTL response, 442
cultures, 3-dimensional, 195
cycle cell arrest, 239
cyclin D1, 78, 84, 85, 136, 256
cyclin D1 expression, 316
cyclin D2, 137, 138
cyclin dependent kinases (cdks), 4, 133
cytochrome c, 114, 154, 158
cytogenetic response, 302
cytokine receptors, 300
cytokines, 173
cytoplasm (actin cytoskeletal

organization), 77
cytoskeleton, structure regulation, 335
cytotoxicity, 202

D

death receptors, 371
dexamethasone, 301
diacylglycerol (DAG), 370
dieleoylphosphatidylethanolamine

(DOPE), 460
differentiation, see cells
diploidy, see chromosome symmetry
directed therapy, see therapy, targeted
disease progression, 177, 191
DNA

aneuploid, 261

double-strand breaks, 262
elements, Ras-responsive, 77
FISH, 344
methylase (Mtase), 263
polymorphisms, 392
probes, 385
repair system, 383
sequences, 260

dormancy, see cancer stages
dose-dependent, 336
Down's syndrome, 394
downstream effector targets, 77
doxorubicin, 343
drugs

all-trans retinoic acid (ATRA), 298
cytoreductive anticancer, 204
cytotoxic, 338
subcutaneous ara-C, 303

E

E-box elements, 116
E-cadherin, 238, 266, 267
E2F transcription factor, 85
ECM, 156, 157, 266
ectodomains, 54
effector pathways, see pathways
effector proteins, see proteins
EGF ligands, 85
EGF motif, 50
EGFR

as a cancer therapeutic target, 322
as a cellular receptor, 314
activation, 316
antagonists, 317
antagonists

in cancer prevention, 323
in cancer treatment, 323
translational studies, 323

cancer therapeutic target, 313
DER cells, 233
epidermal growth factor receptor (EGFR),

107, 313, 358
Erb2/HER-2/Neu, 78
ErbB-1, 48, 50, 54
ErbB-1 ligands, 61
and HER-2/neu, 338
inhibition, 316
mitogenic activity, 316
oncogene, 203
as an oncogene receptor, 314
association with poor prognosis, 317
variations, 317
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overexpression, 313, 314, 317
phosphylated, 314

EGFR, 55, 157, 178, 254, 314, 331, 337, 442
eIF-4E translation factor, 184
embryonal isoforms, 267
embryonic death, 262, 255, 301
embryonic fibroblasts, 263
endogenous antigenic oncoproteins, 435
endogenous gene alteration, 435
endosomal compartment, 459
endosome/liposomes, 434
endostatin, 193, 265, 266
endothelial cells, see cells
endocrine gland vascular endothelial growth

factor (EG-VEGF), 175
enzyme-linked immunosorbent assay

(ELISA), 343
enzymes

ubiquitin-conjugative (E2), 139
ubiquitin ligase, 139
ubiquitin-activating (E1), 139

enzymes, 139
epidermal growth factor (EGF), 78, 232
epidermal growth factor receptor, see EGFR
epiregulin, 232, 233
epithelial adhesion, 156
epithelial cells

dog kidney (MDCK), 157
prostate, 235
Ras-transformed, 83

epithelial cells, 157, 164
ERK, sustained activation, 83
ERK, 81
estrogen receptor (ER), 136
ethylnitrosourea, 332
eukaryotic homologues, 260
eukaryotic initiation factor, 58
exogenous antigenic oncoprotein, 438
exogenous antigenic oncoproteins, 436
experiments

antisense, 462
fusion cell, 20, 21
ras-knock-in, 180
ras-knock-out, 180
in vitro immunoprecipitation, 386

experiments, bone-marrow reconstitution, 265
external growth signals, absence of, 221
extracellular matrix (ECM)-degrading

proteinases, 264, 265
extracellular ligands, 77
extracellular matrix (ECM) proteins, 156, 173
extracellular matrix substrates, 238

extracellular proteases, 238
extracellular regulated kinase (ERK), 335
extravasation, 223
extrachromosomal double-minutes

(d-mins), 392

F

F-box protein, 140
FACS, 199
FADD, 158
FAK, 157, 187
farnesyl isoprenoid lipid modification, 354
farnesyl pyrophosphate, see FPP
farnesyltransferase (Ftase), 181, 353, 354
farnesyltransferase inhibitors (FTIs), 184
Fas, 115, 155
FAS-associated death domain (FADD), 158
FDA, trastuzumab, 342
fetuses studied, 390
FGF, 49
FGF molecules, 54
FGF3 (fibroblast growth factor 3), 108
fibroblast cultures, chick embryo, 456
fibroblast growth factors (FGF), 238, 254,

265, 266
fibroblasts

NIH3T3, 185
primary, 233

fibroblasts, 184
fibronectin fragment, 193
fibrosarcoma, ras-induced, 189, 190
FISH, 343, 345
FISH (fluorescence in situ hybridization), 5
FKHR gene, 389
floxed polyadenylation sites, 249
fluorescence-activated sell sorter (FACS), 198
fluorescence in situ hybridization, see FISH
fluorescent dye, see Hoechst 33342
focal adhesion kinase (FAK), 157
Food and Drug Administration (FDA), 345
foreign transforming gene, 435
FPP (farnesyl pyrophosphate), 354, 355
French-American-British Classification

(FAB), 395
Friend virus complex, 200
FTase, see farnesyltransferase
FTI

anti-FTase drug, 355
cytostatic agents, 202
not anti-Ras drug, 355

FTI, 354, 357
FTI (farnesyltransferase inhibitor), 353
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FTIs, as cytostatic agents, 202
FTIs, 201, 203
fusion protein, 303
fusion proteins, 436

G

G-quartet, 462
G0/G1 phase, 336
G1 arrest, 316
G1 arrest signals, 234
G1 phase, 316
gatekeepers, see tumor suppressor genes
GBM

angiogenesis, 369
primary and secondary, 365, 366
proliferation, 369
radiation resistance, 369

GDP, 79
Genasense (G3139), 461
gene

E1A, 115
ETO, 397
hepatic leukemia factor (HLF), 397
MTCP1, 395
von Hippel Lindau (VHL), 263

gene amplification, 435, 229
gene array expression analyses, 78
gene co-expression

Ha-ras and c-Myc, 255
Wnt-1 and FGF3, 255

gene FANCG, 395
gene function, genetic modulation, 245
gene targets, 78
gene TCL1, 395
gene transcription, 182
genes

activated H-ras, 412
mutL, 260
mutS, 260
ras-responsive, 178
Trk-A, 392
Trk-B, 392
Trk-C, 392
tumor suppressor, 155

Genesense, 463
genetic alterations, accumulation, 229
genetic disease progression, 198
genetic events, transforming, 193
genetic instability, 263
genetic lesions, cancer-associated, 193
genetic syndromes

Bloom's, 388
Denys-Drash, 388
Frasier, 388
Incontinetia pigmenti, 388
Perlman, 388
Sotos, 388

genomic instability, 453, 260
genomic integrity, 260
genomic regions, 247
genotoxic carcinogen, 137
Genta Inc., USA, 461
geranylgeranyl transferase 1 (GGTase-I), 181
germinal alterations, 384
Gleevec, 201
glial-derived neurotrophic factor (GDNF), 48
glioma-derived angiogenesis inhibitory

factor (GD-AIF), 193
gliomas

age of onset, 363
male:female ratio, 363

glucose, high rate of consumption, 163
GLUT-1, 162
glutamine, 163
glycolysis, 163, 118, 162
Golgi apparatus, 434
Gorlin's syndrome, 106
grades of malignancy

anaplastic astrocytomas (AA), 364, 365
GBM, 364, 365
low grade astrocytomas (LGA), 364
pilocytic astrocytomas, 364

grades of malignancy, 364
growth

inhibition, 236
selective advantage, 195
signals, imbalanced, 313

growth factor
androgen-induced (FGF8), 52
deprivation, 196
insulin-like (IGF), 260
polypeptide, 176
receptor tyrosine kinases, 174

growth factor molecules, 3-dimensional, 50
growth factor/oxygen/metabolite deprivation,

tolerance of, 197
growth factor receptor, fibroblast, 48
growth factors

angiogenic, 200
EGF-like, 50
gasses, metabolites, perivascular diffusion

rate of, 197
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insulin-like (IGF-1), 50
isolation of, 49
polypeptide, 47

growth factors, 173
GTP binding and hydrolyzing proteins

(GTPases), 79
GTP-bound conformation, 118
GTPase-activating proteins (GAPs), 221
guanine nucleotide exchange factors (GEFs),

79, 221, 57

H

H-Ras, 78, 189, 195
expression, 393
isoform, 202
mutated, 183, 187, 192, 357
oncogene, 178
oncoprotein, 200
transgene, 191

Ha-Ras, 254
gene, 137

Ha-Ras, 117
HaCat, 159, 158
HCT116 cells, 232, 233
hematopoietic malignancies, 358
hemostasis

deregulated, 193
deregulation, 204

hemostatic/fibrinolytic events, 192
hemostatic proteases, 187
hemostatic system, 193
heparin, sulfated polysaccharide, 52
Heparin, 54
hepatocyte growth factor (HGF), 176
HER-2/neu

alteration, detection, 344
alteration, 333
amplification, detection, 343
and EGFR, 338
expression, in adult myocardium, 342
gene, 331

HER-2/neu, 333, 334, 336, 337
HER-3, 331, 333
HER-4, 331, 333
HER2/neu, 438, 442
Herceptin, see trastuzumab
hereditary predisposition to cancer, 388
heregulin, 336
heterogeneity

conformational, 458
genetic cancer cell, 193

heterotypic cellular components, 171
heterozygosity, loss of, 267
heterozygous animals, 255, 262
HIF-1, 118
HIF induction, 117
HKe3 cells, 233, 235, 238
HNPCC, see colon cancer, nonpolposis
Hoechst 33342, 198, 200
homeostatis, cell, 133
homologous recombination, 354
hormones, 187, 50, 61
host-tumor interaction, 316
HPV, 443
human anti-mouse antibodies (HAMAs), 333
Human Genome Project, 48
human lymphocyte antigen (HLA), 439
humanized monoclonal antibody

technology, 317
humoral arm of immune system, 434
HUVEC (human umbical vein endothelial

cells), 179, 158
hypervascular, 200
hypophosphorylated pRB, 234
hypoxia, 113, 114, 118, 161, 162, 185, 198
hypoxia inducible transcription factor
(HIF-1), 162, 163
hypoxia response, impaired, 199
hypoxia response mechanism, 187
hypoxic, 156
hypoxic conditions, 153

I

IAPs, see apoptosis, inhibitors of
IEC-18 cells, 159, 178, 187
IGF-IR (insulin-like growth factor I receptor),

335, 336
IGFR (insulin growth factor receptor), 314
IHC, see immunohistochemistry
immune

reconstitution, 435
responses

cellular, 436
humoral, 436

surveillance, 435
system, 433, 434

immunity
cell-mediated, 434
humoral, 434

immunocompromised patients, 444
immunodeficiencies, 262
immunohistochemistry (IHC), 343
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immunohistochemical analysis, 342, 343
immunostimulant, nonspecific, 433
immunosuppressive drugs, 395
infectious tumor viruses, 435
inflammatory cytokines, 187
inhibitors

Bcr-Abl tyrosine kinase, 297
CEP-701, 202
direct angiogenesis inhibitors, 204
farnesyl transferase, 236
Gleevec/STI-571, 202
Herceptin/Trastuzumab, 202
histone deacetylase, 301, 302
INC-C225, 202
Iressa, 202
oncogene-directed signal transduction,

203, 204
oncogenic protein kinases, 202
Tarceva/OSI-744, 202
thrombospondin-I, 238
trichostatin A, 301

INK4a, 239
inner mitochondrial membrane

permeability, 455
insulin growth factor receptor, see IGFR
integrin linked kinase (ILK), 187
integrins, 156, 157
interferons (IFNs), 177, 266
interleukin (IL)-8, 176, 177
internal tandem duplication (ITD), 300
International Neuroblastoma Staging

System, 390
intertumoral heterogeneity, in radiosensitivity,

410, 411
intracellular antigens, 436
intracellular calcium, 370
intraluminal bridges, 174
intratumoral cell segregation, 199
intravasation, 223
invasion, complex process, 238
ionizing radiation, sensitivity toward, 262
I=open reading frame (ORF) mutation, 435
ischemia, 196

J

juxtracrine loop, 50

K

K-Ras
4A and B, 78
mutant oncogene, 193

K-Ras, 180, 181, 189

karyotype, hyperdiploid or triploid model, 390
karyotypic abnormalities in leukemic cells of

children, 394
keratinocytes, human neonatal, 158
kinase

mitogen-activated protein (MAPK), 57
phosphatidylinositol 3' (P13K), 56
receptor tyrosine (RTK), 47

kinase activity, 334
kinases
PI(3), 118
Raf-1, 117
Ras, 117
serine/threonine, 55
kininostatin, 193
knock-out mice, p53, 257, 258
Krebs cycle, 163

L

leukemia, chronic myeloid (CML)01.3
Li-Fraumeni syndrome, 188, 257, 262, 388
Liddle syndrome, 140
ligand binding, 47, 54
ligand-bound growth factor receptors, 337
ligand-dependent activation of

HER-2/neu, 335
ligand-mediated endocytosis, 337
ligand recognition, 54
ligands, auto-stimulatory, 50
ligand-independent activation of

HER-2/neu, 334
lipid kinases, 82
lipoplex, 459
LOH

model, 394
tumor specific, 388

long terminal repeat (LTR), 257
Lovastatin, 203
low-affinity NGF receptor (LNGFR), 391
lumen formation, 173
lymphangiogenesis, 267
lymphatic circulation, 223
lymphoid organs, 200

M

mad dimers, 116
Mad1, 28
Mad2, 26, 27, 28, 29
major histocompatibility complex, see MHC
malignancies, see cancers
malignancy, early pathogenetic events, 307
malignant transformation, 202, 236, 301



Index 479

MAPK
activation, 354
pathway, 185

MAPK, 314, 118, 317, 183, 157
maspin, 193
maternal origin of extra chromosome, 394
matrix components, 171
matrix metalloproteinase (MMP), 264, 78
max dimers, 116
maximum tolerated doses (MTD), 400
Mayo Clinic, 433
MDCK, 157, 159, 82
Mdm2, 258
MEK, 187, 183, 222, 185, 81
melanoma xenografts, 461
melanomas, in mice, 108
membrane ruffling, 184
Memorial Sloan Kettering Cancer

Center, 442
meningioma, 268
metabolic stress, 195
metastatic

ability, Ras-mediated, 221
disease, 338, 339
dissemination, 265, 172
hematogenous, 223
macro, 223
macroscopic, 225
mechanisms, 219
phenotype, 221, 223
potential, 332
process, 222, 223, 238, 224
properties, 224
redirection of tumor cell, 266

metastatic, 78, 222, 223
metastasize, 161
metronomic dosing regimens, 400
MHC

class I, 442, 436, 434
class II, 442, 439, 434
(major histocompatibility complex), 434

mice
chimeric, 248
immunodeficient, 193
knock-out, 245, 248, 249
knock-out of MSH2, 261
nude, 161, 196
SCID, 203
transgenic, 245, 249

microarray targets, 7
microsatellite instability (MSI)14, 22

microsatellite instability (MIN), 260
microvascular density (MVD), 199
MIN, MMR defects, 261
MIN, see microsatellite instability
mismatch repair (MMR), 260
mitochondria pathway, 154
mitochondrial oncoprotein, 463
mitogen-activated protein kinase, see MAPK
mitogenic signaling, 334
mitotic activity, 195
mitotic checkpoint control, 263
mitotic spindle checkpoint gene, see

Mad1, Mad2
MMPs (matrix metalloproteinases), 78, 84
MMR, see nucleotide mismatch repair
model, murine erythroleukemia, 200
models

cell adhesion (CAM), 267
knock-in strategies, 300
knock-out strategies, 300
transgenic mouse, 266

molecular alteration, 332
molecule, IgG, 333
monosomy 5, 398
mouse mammary tumor virus (MMTV), 257
mRNA splicing, 182
mRNA stability, 182
mRNAs, 249
MSH for mutL homologue, 261
MSH for mutS homologue, 260
MSI, see microsatellite instability
multidrug resistance phenotypes, 316
multifocal mammary adenocarcinomas, 257
multiple genetic alterations, 197
murine EGF fragment, 193
mutagenesis, proviral insertional, 48
mutational theory, see aneuploidy
mutations

age-dependent, 229
point, 60
rate, nucleotide, 21

myc, 115-117
Myc/Ras, 163

N

N-acetylcysteine (NAC), 184
N-myc

amplification, 391, 392
expression, 393

N-myc, 392
N-Ras, 78, 358
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National Cancer Institute (NCI), 142
natural killer (NK) cells, 333
NCAM, see embryonal isoforms
necleophosmin-anaplastic lymphoma kinase

(NPM-ALK), 300
necrosis, p53 cells, 114
neoplasia, childhood, 400
neoplasms, slow-growing carcinomatous, 383
neoplastic cells, 453
nerve growth factor (NGF), 391
neuroblastoma, pediatric, 383
neural crest differentiation, 391
neuregulins/heregulins, 334
neuregulins (NRGs), 51
neuroblastoma, 389, 390, 393
neurofibromatosis, 388
neurofibromatosis type 1, see NF-1
neurotrophic growth factor (NGF), 50
neurotrophin, 54
neurotrophin family

brain-derived neurotrophic factor
(BDNF), 392

neurotrophin-3 (NT-3), 392
neurotrophin-4/5 (NT-4), 392
NGF, 392

neurotrophin family, 392
neutrophils, 184
New York Heart Association (NYHA), 343
NF-1 (neurofibromatosis type 1), 103
NF-κB, 117
NF1-GAP, 78
NGF, 54
NHL, 462
NIH 3T3 cells, 82, 221, 225, 157, 81
Nijmegen breakage syndrome (NBS), 262, 22
non-RMS soft tissue sarcoma (NRSTS), 388
non-small cell lung cancer (NSCLC), 358
nonexpressors, 195
nongenotoxic stresses in tumor

microenvironment, 115
Novartis, see Ciba Geigy
nucleotide mismatch repair (MMR) 21, 22

O

oncoprotein, HPV (human papilloma virus),
114, 115

oncogenic Ras, 83
oligonucleotides, 462, 460
oncogene

activated, 194, 203
antagonists, 194
anti-, 102

cellular, 195
changes, 201
chimeric, 298
cooperative effects, 255
defined, 21, 101
erb, 48
gain, 313
gain of function, 229
H-Ras, 219
Ha-Ras, 234
how acquired, 435
lesions, 192
linked to metastatic ability, 219
MDM2, 366, 367
myc, 399
point mutation, 54
proto, 48, 102
Ras, see also Ras, 221
retroviral, 48
role, 164
signal pathways, 219
src, 101
targeted drugs, 200
transforming, 220
virus

Epstein-Barr, 436
expression in murine retina, 256
hepatitis B (HBV), 436
hepatitis C (HCV), 436
human papilloma virus (HPV), 436

oncogenes, 171, 185, 186, 187, 190, 193,
200, 313, 389, 435

oncogenesis, 189, 78, 81
oncoprotein expression, level of, 435
oral chemotherapy agents
busulfan, 302
hydroxyurea, 302
oral chemotherapy agents, 302
outer membrane permeability, 455
outer membrane porin, see VDAC
oxygen deficiency, 113

P

P21-activated kinase 1 (PAK), 335
P53

gene mutation, 239
loss of function, 260
mutation, 440
mutation types, 440
mutations, Wilm's, 386
wild-type, 357

P53, 116, 155, 188, 258, 436



Index 481

P53 tumor suppressor gene, 113, 115
PAP2 cells, 224
papilloma virus, human, see HPV
paracrine growth factors, 187
paracrine loops, 50, 60
paraneoplastic syndrome, 192
parenchymal cells, 460
Parkinson's disease, 140
PARs, see protease activated receptors
pathological specimens, 386
pathways

biochemical, 56
cellular regulatory, 181
Drosophila EGFR (DER), 59
effector, 80
intracellular apoptosis-regulating, 198
intracellular signaling, 80
mitogen-activated protein kinase

(MAPK), 254
NGF/trk-A, 392
oncogenic signaling, 202
p53, 115
p53-independent, 259
phosphoinositol 3 kinase (PI3K), 254
PI(3) kinase/Akt/KIF-1, 118
PI3K/Akt effector, 82
pRb disruption, 255
Rac/NADPH, 184
Raf-independent, 81
Raf/MEK/ERK, 81
RalGDS effector, 82
Ras-MAPK, 58, 59
Ras-mediated signaling, 84, 188
tumor angiogenesis, 192

patient characteristics, 410
patients

human immunodeficiency virus (HIV), 444
positive lymph nodes, 342
premenopausal, 342
with prior radiation, 342
renal transplant, 444
tumors estrogen/progesterone receptor-

negative, 342
PD98059, treatment with, 183
PDGF (platelet derived growth factor), 462,

52, 254, 178
PDK-1, 56
peptide growth factors, 84
peptides, high affinity binding, 444
peptides, 442
pericytes, 173
peripheral benzodiazepine receptor (PBR), 455

peripheral blood lymphocytes, 232
peripheral blood mononuclear cells

(PBMC), 445
perivascular concentration gradients, 198
perivascular cuff, 197, 196
PEX domain, 193
pharmacological inhibition, 463, 454
phenotype, transformed, 47
Philadelphia chromosome, 3, 5, 201
phorbol esters, tumor-promoting, 370
phosphate and tensin homologue deleted on

chromosome ten, see PTEN
phosphatidylinositol 4, 5 bisphosphate, 82
phosphorylation, 55, 56
phosphotyrosine residues, 117
PI-3-kinase, 155, 158, 160, 118, 82, 81, 335
pigment epithelium-derived factor

(PEDF), 193
PKB cells, 156, 157, 160
PKI-166 (protein kinase inhibitor-166), 317
plasma membrane targeting, 80
plasma proteins, proteolytic cleavage, 193
plasminogen activator system, 264
platelet derived growth factor, see PDGF
pleiotrophic phenotype of AR variants, 196
polyphosphoinositide, 57
PML, 188
pRB phosphorylation, 255
preclinical studies, HER-2/neu, 333, 337
predictor, relapse-free and overall

survival, 332
pro-angiogenic phenotype, direct induction

in cancer cells, 203, 204
procoagulant properties, 174
prognosis

in children, 383, 399, 384, 390
immunocompromised patients, 444
MVD marker, 199

programmed cell death, see apoptosis
prolactin fragment 16 KD, 193
promoter sequences, 77, 78
proteases, 173, 174, 193
protein

abnormally expressed native, 434
adaptor, 56
effector, 80
ErbB, 51
Grb2, 254
isoforms, 177
kinase B (PKB), 155
kinase inhibitor-166, see PKI
mutant, 434
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osteopontin (OPN), 222
point mutated, 438
point mutated proteins, ras, 438
posttranslational protein

modifications, 182
Sos, 254
Tet-activator, 248
Tet-operator, 248
viral, 434

proteomics, 78
proto-oncogenes, 155, 153
PTCH (receptor patched), 106
PTEN, 156, 160, 268, 316

Q

Q-quintet, 462
quantitative immonuofluorescence assay, 460

R

Ra1, 80, 81
Rac 1, 184
radiation, 365
Raf, 81, 155, 157, 185, 187

phosphorylates, activated, 81
Ras-mediated translocation of, 81
serine/threonine kinases, 80, 81

Ral, 82
Rap, 80, 187
Ras, 77, 79, 80, 353, 354, 410

activated, radiation resistance, 411
activity, 77, 162, 225, 314, 85, 412, 84
conformation, 57
direct effectors, 182
effector domain mutants, 222
effector pathways, 37, 314
effects on cell morphology, 38
expression, 179
focus formation, 82
GTP bound, 82
induced maintenance of micrometastases

growth, 225
isoforms H- and K-, 180
mediated multiple effector pathways, 235
mediated oncogenesis, 84
mediated radioresistance, 240
mediated transformation, 86
mutant, 184, 185, 190, 192, 194, 201, 439
mutation, 220
oncogenic, 182, 183, 82, 78
pharmaceutical targeting of, 354
role in survival, 39
signaling, 35, 36, 224, 234, 78, 222, 354

structural analysis, 36
tumor type correlation, 78

Ras, 35, 118, 155, 157, 160, 185, 197, 230,
436, 200, 159, 177

Ras-raf-mek-MAPK pathway, 316
rate of translation, 182
Rb (retinoblastoma gene), 12, 102, 85, 233
RB1 locus, 385
reactive oxygen intermediates (ROI), 184
reactive oxygen species (ROS), 164
receptor

activation, 56
dimerization, 54, 55
enhanced chemosensitivity (REC), 338
mediated endocytosis, 337
orphan, 48
overexpressions, 60
patched, see PTCH
receptor interactions, 54
tyrosine kinases (RTKs), 175, 78

regulators
normal responses, 255
positive and negative, 314, 59

relapse, 306, 307
remissions

APL, 298, 299
complete, 358

response, 47
restin, 193
restriction fragment length polymorphism

(RFLP), 385
retinal pigment epithelial cells, 184
retinoblastoma, 384, 10
retinoblastoma gene, see Rb
retrovirus, expression, 300
retroviruses

Hardy-Zukerman 4 strain, 48
with no oncogene, 48
Susan McDonough strain, 48

revascularization, neointima, 141
reverse transcription polymerase chain

reaction (RT-PCR), 343
RFLP analysis, 394
rhabdomyosarcoma (RMS), 388, 389
rheostat, cellular, 456
Rho, 80
RhoB, 358
RhoC, 184
RhoGTPases, 82
RIE-1 cells, 85
Rip1Tag2 transgenic mice, 267
RNaseH enzyme, 458
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rous sarcoma virus, see RSV
RPTK (receptor protein tryosine kinase), 367
RSV (rous sarcoma virus), 102
RTKs, 48, 49, 50, 54, 55, 57

S

S phase, 336
SCID (severe combined immunodeficient)

mice, 461
sequential analysis of gene expression

(SAGE), 174
serine proteases, see caspases
serum response factor (SRF), 83
severe combined immunodeficient mice, see

SCID mice
SHH (sonic hedgehog), 106
signals

attenuation, 58
cascades, 178, 56
events, 185
growth and differentiation, 314
growth factor/receptor tyrosine kinase, 254
integrin-induced, 157
molecules, 82
pathways, 158, 22, 160
Ras-mediated, see Ras
Ras-to-VEGFR, 181
receptor, cellular, 193
transduction, 77

transduction cascades, 254, 257
transduction inhibitors, 172, 201, 302
simian virus 40, see SV40
Smac/DIABLO, 155
small molecular weight mediators, 173
SMO (smoothened), 106
sodium phenylbutyrate, 301
somatic cell knock-out mice, 231
sonic hedgehog, see SHH
specific tumor targets, 445
spindle checkpoint, 25
Src

oncogenic, 155
v-Src, 160

Src, 118, 158
Src-vSrc, 162
statins, 203
stem cell factor (SCF), 48
steroidogenic organs, 176
stromal cell recruitment, 204, 254
studies

gene expression cloning, 78
gene knock-out, 175

immunodeficient mice, 193
initial phase I, 357
Japan, 391
phase I multicenter safety study of

C225, 318
phase II trial, metastatic colorectal

cancer, 319
phase II trial exploring C225 plus

irinotecan, 319
Quebec, 391

subcellular trafficking, 78
surgery, head and neck tumors, 410
surrogate assay

novel imaging, 323
skin biopsy, 323
tumor biopsy, 323

survival of patient, decreased, 313
SV40T, 104
synergistic cytotoxicity, trastuzumab, 338

T

T cell receptor, see TCR
TAA

endogenous, 435
exogenous, 435
tumor-associated antigens, 433-438, 445

target agents, 307
Tcf-Lef, 160
TCR (T cell receptor), 434
TEL-platelet-derived growth factor receptor

(PDGFR) fusion tyrosine kinase, 300
telomerase

catalytic subunit, 229
pharmacological inhibitors, 259
role in tumorigenesis, 259

telomerase, 14, 234
telomere, 236, 237

erosion, 259
length, 259
maintenance, 237

teratoma, 189
tetraploidy, see chromosome symmetry
TGF (transforming growth factor), 366,

78, 254
therapeutic

antibody, 337
approaches, disease progression, 189
resistance, 384
targets, 219

therapy, 164
anti-oncogene, aimed at growth phase, 225
causal or symptomatic, 204



484 Index

chemotherapy with trastuzumab, 339
combination, 306, 307
first-line irinotecan-based, 319
local (surgery), 224
oncogene-based, 224
oncogene-targeted, 110
systemic, 224
targeted (directed), 297, 300
targeted vaccine, 440
time window, 224
tumor vasculature, 172

thrombospondins (TSPs), 177, 193, 265
tissue cytogenetic and molecular analysis, 389
tissue factor (TF), 193
tissue homeostatis, 254
tissue perfusion, 172
TNF (tumor necrosis factor), 116
TNFR, 158
TNP 470, 265, 266
toxicities, dose-limiting, 400
toxicity, trastuzumab, 342
toxicity, 301
TPA, 235
transcription factor, E2F1, 257
transcription factors, forkhead family

(FH), 335
transformation

neoplastic, 47, 48
Ras-mediated, 77

transformation in RMS, p53-dependent, 388
transforming growth factor, see TGF
transgene expression, embryonic

development, 247
transgenic mice, 264, 300
transient leukemoid reaction (TLR), 394
translocation, nuclear, 117
translocation gene products, Philadelphia

chromosome, 441
transmembrane receptors, 231, 232
trastuzumab

approved, 342, 345
toxicological profile, 337

trastuzumab, 333, 336, 337, 343, 345
treatment

anthracycline, 342
C225 with radiation, 317

treatment with bacterial extracts, 433
treatments

anti-angiogenic, 200
trastuzumab/anthracycline, 333

triploidy, see chromosome symmetry

trisomy 21, see Down's syndrome
trk-A expression, 390
trk-B expression, 393
trk-C expression, 393
tropomyosin (TM), 78, 84
tumorigenesis, 232, 435
tumor

angiogenesis
epigenetic factors, 185
genetic factors, 185
indirect regulation, 204
oncogene-driven, 192

angiogenesis, 78, 192, 201, 203, 316
antigens, 433
blood vessel formation, 195
cell growth, EGFR implicated in, 316
cell growth, 173, 316
cell invasion, 78, 84, 316
cell killing, radiation-induced, 409
cell metastasis, 316
cell motility, EGFR implicated in, 316
cell proliferation, 393
cell properties, how induced, 177
cells

limitless replicative potential, 236
pro-angiogenic properties, 193
procoagulant properties, 193

chemically induced epidermal, 135
development, tetraploidization, 20
development, 21
endothelial markers (TEMs), 175
evolution, see tumor development
expansion, exponential, 177
expansion, 174, 196
exponential expansion, 172
growth

dose-dependent inhibition, 304
persistent, 314

growth, 203
histotypes, 189
inhibitory antibodies, 337
invasion, 173, 203
maintenance, Ki-ras, 230, 240
maintenance, 191
metastasis, defined, 219
metastasis, 203, 267
migration, 173
model

Rip1Tag2, 266
WM239 human malignant

melanoma, 199



Index 485

motility
component of metastasis, 316
component of tumor invasion, 316

necrosis factor (TNF) receptor, 155
neovascularization, 172
onset, 203
osteogenic sarcoma, 385
parenchyma, 193
peripheral neuroectodermal (PNET), 384
progression

angiogenesis, 264
formation of metastases, 264
hyperplasia with high proliferation, 264
invasion into surrounding tissue, 264
molecular models, 251
multistep process, 220
tissue remodelling, 264

progression, 153, 193, 202, 203, 259,
264, 266

rapidly proliferating
noncarcinomatous, 383

recurrence, increased, 313
relapses, 202, 203
specific environment, 153
suppressor, Rb, 256
suppressor gene

p53, 440
p53 mutations, 257
von Hippel-Lindau (pVHL), 162

suppressor genes
anti-oncogenes, 102
gatekeepers, 14
inactivated, 194
loss, 313
loss of activity, 153
loss of function, 229
p53, 15
role, 164
targets, 193

suppressor genes, 14, 220, 313, 389, 435
suppressor genes caretakers, 14
survival, 173
tumor-associated antigens, see TAA
vascular interactions, 203
vascularization, 201
vasculature, 171, 173
volume, 172

tumor microenvironment, 116
tumor necrosis factor, see TNF
tumorigenesis

late stage, 266

mouse and human, 245, 246
skin, 254
trasgenic mice, 258

tumorigenic, 161
tumorigenic clones of IEC-18 cells, 200
tumorigenic phenotype, 195
tumorigenic process, see tumor development
tumorigenic properties, 224
tumorigenicity, 332
tumors

avascular growth, 196
CNS, 363
coexistence, 195
colon, 156
complex genotype, 383
core of dead cells, 161
development of second primary, 385
dysplastic intestinal polyps, 268
early stage, 199
endometrial, 268
endometrial atypical complex

hyperplasia, 268
frequency of metastatic, 363
glioblastoma, 267
immunogenicity of, 433
intermediate stage, 199
lymphoma, 268
mammary, 262
melanoma, 267
meningioma, 267
multiple genetic abnormalities,

childhood, 399
near-diploid, 392
neuroectodermal-derived, 369
ovary, 156
pediatric, 384
pituitary gland, 255
primary, 363
prostatic neoplasia, 268
radioresistant, 410
radiosensitization, 409
retinoblastoma, 256
secondary (metastatic), 363
sensitivity to angiogenesis antagonists, 200
slow growing, 199
small-cell carcinoma, 267
solid, in childhood, 383
solid, 116
solid mass, 266
solid tumor progression, 153
solid tumors, 229
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thyroid, 255
thyroid follicular carcinoma, 268

tumstatin, 193
two hit hypothesis, 103
tyrosine kinase

activity, 299, 300, 303
inhibitors, fungal-derived, 372
inhibitors synthetic (tyrhpostins), 372
type I receptor, 331

tyrosine kinase, 302

U

ubiquitin-proteasome dependent
mechanism, 434

UCLA, 333, 337
uncontrolled growth, 229
UTR (untranslated region), 180

V

v-src, 192, 195
vaccines

against cancer, 436
approaches, 437
defined antigen, 436
K-ras, 438
specific cell-mediated cancer, 437
whole tumor undefined antigen, 436

vascular
density, increase, 265
dependence, 197, 198, 200
dependence principle, 196
development, 175
endothelial growth factor (VEGF), 78,

145, 222, 238, 399
endothelial growth inhibitor (VEGI), 193
permeability, 192
structures

capillary loops, 173
endothelial channels (daughter

vessels), 173
formation, 175
host capillaries, 173
postcapillary venules, 173
vascular sprouts, 173

vascular/angiogenesis dependence, regulation
of dependence on, 204

vasculature, local, 177
vasculature, 173, 196, 238
vasculogenesis, post-natal, 174
vasostatin, 193
VDAC (voltage dependent anion channel)

455, 455
VEGF

expression, 201
inhibitors, 192
mRNA expression, 238
mRNA stability, 184
neutralizing antibodies, 192
overexpression, 184
production, endogenous, 192
ras-dependent, 203
tumor cell-derived, 191
(vascular endothelial growth factor), 357

VEGF, 54, 84, 118, 162, 175, 176, 180,
181, 182, 183, 185, 186, 187, 188,
189, 190, 193, 203, 265, 266, 267,
316, 336

vesicular stomatitis virus, 458
videomicroscopy, in vivo, 223, 224
vinblastine toxicity, 393
viral oncogene, v-akt, 335
viruses, pox, 51
viruses, 436
Volgelstein model, 4
voltage dependent anion channel, see VDAC
Von Hippel Lindau syndrome, 140

W

WAGR syndrome, 387
Warburg-effect, 162
Werner's syndrome, 22
wild-type embryonic stem (ES) cells,

189, 190
Wilm's tumor, see cancers
World Health Organization (WHO), 364

X

X-ray crystallography, 457
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