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Foreword

Volume 63 of “Progress in Drug Research” is devoted to recent developments
in targeted cancer therapy. Significant advances in the fields of molecular and
tumor biology over the past decade have led to this exciting new era in can-
cer therapeutics with an intensive effort in rationally-designed cancer thera-
peutic strategies directed against selective molecular targets. These selective
approaches may ultimately lead to tailoring treatments to individual patients
where molecular biomarkers of sensitivity to therapy are identified, produc-
ing better tolerated therapies with less side effects than past experiences with
cytotoxic cancer chemotherapy, and reducing cancer to a controlled, chronic
state. This volume contains eleven chapters, including updated reviews on
a range of targets, such as tumor angiogenesis, apoptosis/cell survival path-
ways, and various inhibitors of cyclin-dependent kinases, cyclooxygenase-2
(COX-2), epidermal growth factor receptor (EGFR), and histone deacetylases
(HDAC). Additional topics, including target validation, polypharmacology
and potential synergy of involving multiple targets, antisense approaches,
animal models for preclinical development of targeted agents, and obstacles,
including development of resistance are also presented. In addition, the par-
ticular challenges involved in translating preclinical data to clinical applica-
tion are discussed. It gives me great pleasure to present this new volume.
I would like to express my gratitude to the chapter authors, to Birkhauser
Verlag and, in particular, to Dr. Beatrice Menz and Ms. Gabriele Poppen for
their assistance in compiling and editing this volume.

April 2005 Richard M. Schultz
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Dawn of a new era in molecular cancer therapeutics

1 Introduction to the new paradigm
(molecular phenotype determines response)

The era of cancer chemotherapy began in the 1940s with the initial use of
antifolate drugs and nitrogen mustards. The clinical use of these cytotoxic
(cell-killing) chemotherapeutic agents against malignant tumors is success-
ful in many cases, but suffers from major drawbacks: One being the lack of
selectivity which leads to severe side effects and limited efficacy; the other
being the emergence/selection of drug resistance. Traditional chemotherapy
often debilitates patients with severe nausea, diarrhea and/or opportunistic
infections. Moreover, cytotoxic chemotherapy is known to cause a range of
long-term health problems to survivors, including hearing loss, heart dam-
age, joint problems and memory impairment. Despite these limitations and
the emergence of targeted agents with more tumor selectivity, many oncolo-
gists believe that these traditional agents will continue to be used for at least
a decade due to the high unmet needs of the disease.

Cancer drug therapy is undergoing a major transition from the previous
pregenomic cytotoxic era to the new postgenomic targeted era [1-6]. New
cancer drugs that target tumor cells and leave normal healthy cells alone are
just beginning to change the face of cancer treatment. The assessment of
their efficacy will differ in terms of response however from that of traditional
chemotherapy, since targeted treatments with cytostatic effect do not usually
lead to reduction in tumor mass. Truly, the new knowledge of the regulation
of cell growth and biochemical changes that lead to malignancy has created
many new opportunities for targeted cancer drug discovery. Even if oncolo-
gists can’t cure some tumors, they hope to use the new targeted therapies to
turn them into chronic illnesses that are managed, for example, like diabetes.

One of the most frustrating aspects of traditional cancer treatment is the
lack of knowledge why particular drug therapies help some patients yet fail to
work in, or even significantly harm others. Researchers involved in the new
field of individualized cancer care are seeking ways to predict in advance
through genetic markers and molecular profiling whether a patient will re-
spond to a given treatment. This should lead ultimately to a day when cancer
care is commonly tailored or personalized to a particular patient’s genetic
make-up. For example, two teams of Boston (USA) scientists working sepa-
rately at Massachusetts General Hospital and the Dana-Farber Cancer Institute
recently announced they had found that lung cancer patients with specific
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genetic mutations were highly likely to respond to the new drug Iressa (gefi-
tinib), while those without the mutations were not responsive [7-10]. This
finding explains why the drug, which targets the cancer-fueling epidermal
growth factor receptor (EGFR), only works in about 10 percent of these pa-
tients, those with abnormal EGFR genes. This discovery will help doctors
determine whether to try Iressa versus another therapy in a particular patient.

Ultimately, oncologists should gain the ability to target the targeted ther-
apies for optimizing patient outcomes.

Some examples of currently marketed, targeted drugs for cancer therapeu-
tics are shown in Table 1. They represent several definitions (or subgroups)
for the term targeted therapy [4, 11, 12]: 1) drugs requiring a diagnostic “eligi-
bility” test, such as Trastuzumab in HER2/neu over-expressing metastatic
breast cancer [13-15], Imatinib in bcr/abl-positive chronic myelogenous
leukemia [10, 16, 17], and Cetuximab in EGFR over-expressing metastatic col-
orectal cancer [18-20]; 2) drugs targeting a specific pathway, such as Gefitinib
targeting EGFR in lung cancer [7-9]; Bevacizumab targeting vascular en-
dothelial growth factor (VEGF) in colorectal cancer [21-23], and Bortezomib
targeting the proteasome in multiple myeloma [24, 25]; 3) antibody targeted
therapies for hematologic malignancies guided by the immunophenotype,
such as Rituximab (Rituxan, anti-CD20 antibody) in non-Hodgkin’s lym-
phoma [26, 27], Gemtuzumab (Myelotarg, anti-CD33 antibody) in acute
myelogenous leukemia [28], and Alemtuzumab (Campath, anti-CD52 anti-
body) in chronic lymphocytic leukemia [29]. Avastin (Bevacizumab), a mon-
oclonal antibody therapeutic, is the first cancer drug to specifically target
angiogenesis and does so by neutralizing VEGE.

A tremendous diversity of targets is available for potential cancer therapeu-
tics. There are more than 100 distinct types of cancers and tumor subtypes,
and tumorigenesis itself is a multistep process that involves a series of prema-
lignant changes. The complex signaling pathways in tumor progression, the
multiple stages in tumor growth, the dependence on the tumor microenvi-
ronment, the development of tumor cell invasion and metastasis formation,
and the interaction of the tumor with complex cell types presents numerous
targets for therapeutic intervention in cancer. Identification of the next gener-
ation of therapeutic targets for cancer drug development from among the
products of the ~40000 genes in the human genome represents the para-
mount challenge for “post-genomics” drug discovery. The aim of this article is
to give a brief introduction to the field of targeted cancer therapeutics.
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2 |dentification of new molecular targets

Cancer is a stepwise process in which mutations in regulatory genes and epi-
genetic effects eventually progress to result in the loss of control of normal
gene expression and, ultimately, cellular function [30]. Epidemiologic stud-
ies suggest that between seven and nine genetic or epigenetic changes must
accumulate in a single cell to result in the acquisition of the spectrum of
events required to become a clinically evident cancer. At the cellular level,
the genetic and epigenetic changes must be “fixed” in the genome and in-
herited by daughter cells of the original clone. The corollary to this concept
is that the spectrum of genetic changes that accumulate in a patient’s tumor
determines the aggressiveness of the tumor, which tumors will have high
metastatic potential, which individuals will have a good or poor outcome,
and which patients will respond to particular chemotherapy or molecular
therapy approaches [31]. There is mounting evidence that each patient’s
cancer has a unique subset of molecular pathogenetic derangements, even
for tumors that appear similar morphologically [32-34]. The identification
of appropriate targets is based on a detailed understanding of the molecular
changes underlying cancer.

In their paper entitled “The Hallmarks of Cancer” [35], Hanahan and
Weinberg suggest that most or perhaps even all malignant cell types manifest
six essential cellular alterations, referred to as acquired capabilities: self suffi-
ciency to growth signals, insensitivity to growth-inhibitory signals (anti-
growth), evasion of programmed cell death (apoptosis), limitless replicative
potential, sustained angiogenesis, and tissue invasion and metastasis. The au-
thors concluded “With holistic clarity of mechanism, cancer prognosis and
treatment will become a rational science, unrecognizable by current practi-
tioners”. The oncology portfolio in most companies can be broken down
across these six acquired capabilities of tumors [36].

Ross and colleagues identified seven features of the ideal anticancer target
[11]: 1) crucial to the malignant phenotype; 2) not significantly expressed
in vital organs and tissues; 3) a biologically relevant molecular feature; 4)
expression reproducibly measurable in readily obtained clinical samples; 5)
expression correlated with clinical outcome; 6) clinical response in a signifi-
cant proportion of patients whose tumors express the target when target in-
terrupted, interfered with, or inhibited; 7) minimal responses in patients
whose tumors do not express the target.
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High-throughput, global (genome-wide), unbiased technologies are rapidly
developing a plethora of cellular events that correlate with patient outcomes
[1, 37, 38]. Gene expression profiles from primary tumors are now being used
to generate models that can be highly predictive of patient outcome [39, 40].
True cancer profiling is a complementary combination of genomics, transcrip-
tional profiling, and proteomics [41]. These technologies include methods to
globally assess changes at the DNA level (comparative genomic hybridiza-
tion), loss of heterozygosity, DNA methylation (restriction landmark genomic
scanning and methylation assays), RNA (transcriptional profiling and serial
anaysis of gene expression), and protein level (2-dimensional gels, mass spec-
trometry, and protein and antibody arrays) [1, 42-52]. DNA microarrays have
provided detailed molecular information, which is useful for target identifica-
tion, prognostics and treatment options [42-46]. On the other hand, protein
microarrays provide insights into cell signaling events that are evolving and
adapting within a cell or a tumor [47-49]. A combination of laser capture mi-
crodissection (LCM) of tumors with multiplexed phosphoproteomic analysis
using reverse phase protein microarray technology is being used to identify
protein molecular signatures of individual tumors, including the in vivo state
of multiple kinase-driven signaling pathways [37]. Currently, many efforts are
concentrating on modulating cellular signaling pathways in cancer [53, 54].
Arrays that utilize LCM-procured cancer epithelial cells can assay the func-
tional status of the pathways of interest and may be used to rapidly identify
which target should undergo pharmacologic intervention, as well as assess
how effective in mitigating changes in the deranged pathways a given therapy
has become. These tools are illuminating the molecular derangements of indi-
vidual tumors, even if these tumors have similar morphological characteris-
tics, and assist in identifying new biomarkers for early detection/monitoring
of the patient’s tumor and new molecular targets for therapy.

3 Target validation

Initially core banked tumor tissue resources with annotated clinical follow-
up are required to correlate expression or alteration of the candidate gene
with clinical outcome. Those candidate targets with defined aberrant expres-
sion and/or genetic alteration, along with strong correlation with clinical
prognosis, should be given the highest priority for development of new anti-
cancer agents. The most commonly used strategy to validate a target once it
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has been shown to be aberrant or mutated in tumors is to alter its levels of
expression or function, either in cell lines or in animal models, and to deter-
mine its effects on tumor development and growth. This can be accom-
plished by increasing or decreasing levels of expression or altering function
by using chemical genetic approaches [55].

Target identification and validation can involve knocking down the tar-
get to see the desired biological effect in cells using approaches such as gene
knockouts (even sophisticated “inducible knockouts” [56]) and RNA-based
methods like small interfering RNA (siRNA) [57] or antisense RNA. The re-
cent development of strategies to conditionally knock out the function of
genes in a tissue specific manner has enabled investigators to engineer mice
to demonstrate that the targeted inactivation of specific oncogenes can be
effective in inducing sustained regression of tumors [56]. Genetic demon-
stration that loss of function is associated with a reduction in tumor forma-
tion or growth rate has been taken as support for the validity of a putative
drug target. Expression of a potential target gene in a transgenic mouse can
provide an in vivo model for evaluation of potential therapeutic strategies.
However, these processes are time-consuming and fraught with technical
and conceptual difficulties [31]. For example, if the levels of gene expression
or activation assessed in the model systems do not match those present in
tumors, the subsequent results may be noninformative. Similarly, multiple
genetic aberrations may collaborate to generate the tumorigenic phenotype.
Moreover, Higa [58] pointed out that the complexities involved in the path-
ways do not allow for a simple linear model (coupling cell surface message
reception to nuclear gene expression) for signal transduction. Instead, a
highly integrated circuit is comprised of numerous molecular components
(some perhaps with overlapping, redundant, or compensating functions)
that are harmoniously programmed to communicate a multitude of internal
signals that control the cellular response.

Besides the validation of the target, the validation of the disease model
creates a huge bottleneck in drug discovery. Studies of animal models are
fraught with concerns that they may not reflect the pathophysiologic state
of human tumors [59, 60]. This reinforces the requirement to validate the
target in human clinical samples prior to investing the large time and mon-
etary requirements for drug development. Validation of a model requires
both a detailed understanding of the underlying scientific assumptions along
with evidence of correspondence between the observed model disease phe-
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notype and the human disease condition. Target validation is a process
through which the proof of the causative role of the molecular target in a
disease is discovered. However, the discovery of effective drugs requires a sub-
stantially different answer: Can the system, after perturbation by a small mol-
ecule or other therapeutic agent, return to a normal state, or counter the dis-
ease phenotype, to alleviate the symptoms [61]? Moreover, targets can only
be considered fully validated when tested in patients in suitably designed
clinical trials. Translating bench science to the clinic and feeding information
from clinic back into discovery helps drive oncology research [62].

Pharmacodynamic evaluation of drug effects has become an integral fea-
ture of molecular targeted drug development. Gleevec targets specific kinases
and has established a paradigm for the treatment of tumors whose growth is
acutely dependent on specific kinase targets. Chronic myeloid leukemia is
driven by the mutant kinase fusion protein Bcr-Abl, which displays constitu-
tive activation of the Abl kinase, whereas gastrointestinal stromal tumors are
caused by activating point mutations in the c-Kit and platelete derived
growth factor (PDGF) receptor a-kinases. Gleevec effectively blocks the ac-
tivity of all three kinases and produces dramatic clinical responses in all
three situations in a manner that correlates precisely with the presence of
these mutations in the tumor [5, 63]. The polypharmacology (inhibition of
multiple mutant kinases) of Gleevec point to the requirement to fully under-
stand target validation, since off-target effects may be responsible for antitu-
mor activity in certain tumor models or individual patients. Gleevec has been
extensively studied from the pharmacodynamic standpoint in preclinical
models [64]. The Abl kinase is currently viewed as one of the best validated
molecular targets in the new era of cancer drug discovery and development
[17, 59, 65, 66]. Similarly, point mutations in the EGFR domain kinase do-
main are associated with clinical responses to Iressa in non-small cell lung
cancer [7-9, 67] (thereby explaining the rather modest 10% response in all
patients). These experiences clearly show that clinical responses to kinase in-
hibitors occur in tumors bearing specific activating mutations that drive tu-
mor progression. The caveats/challenges for developing further therapies
targeting mutant kinases have previously been reviewed [5, 68, 69]. Clinical
studies with imatinib demonstrate the importance of identifying a molecu-
lar target that can be inhibited and that also provides a critical transforming
signal for tumor cells. The requirement for accurate genetic diagnosis wher-
ever possible is also emphasized (see next section).
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4 Molecular diagnostics and patient selection
for targeted therapies

The clinical development of targeted agents is particularly problematic be-
cause the current clinical trial paradigms were not developed for targeted
therapeutics, which may be cytostatic rather than cytotoxic and also may
not show toxicity at levels that effectively inhibit the target in the tumor tis-
sue [70]. The question of whether patient enrollment should be restricted to
patients whose tumor expresses the target of interest has been raised. For ex-
ample, trastuzumab (Herceptin) only appears active in patients whose tu-
mors over-express HER2 (30% of breast cancer patients). Had the trials been
performed in all breast cancer patients, the effects would have been diluted
with a large number of nonresponders. Indeed, modeling studies indicate
that the effects of trastuzumab would not have been detected if all breast
cancer patients had been included in the trials [31]. Dancey suggested that
tumor imaging modalities for targeted agents may also play an important
role in drug development [71]. Novel trial designs and approaches need to be
implemented to fulfill the promise of individualized molecular medicine.
Moreover, it is necessary to link targeted therapeutics to molecular diagnostics
to identify individual patients most likely to respond to the targeted thera-
peutics under development. In this regard, accurate and reproducible assays
must be developed to identify target patient populations, and these assays
need to be validated in clinical trials, especially by analyzing the correlation of
target expression (or over-expression) with clinical response to therapy. A
strong commitment in clinical translational research is needed for parallel de-
velopment of diagnostics/biomarkers along with investigational therapeutics.
If the assay for a putative target does not identify a population that benefits,
then therapy is not targeted [6, 68]. Similarly, if the target is known, but no re-
liable biomarker exists, therapy is not targeted. It is possible that more than
one marker may be needed for testing, since the presence of the target might
be necessary but not sufficient for antitumor activity. Moreover, if the treat-
ment is effective but antitumor activity is not restricted to the population that
expresses the target, therapy is again not targeted. Using molecular diagnos-
tics to select the patient population most likely respond has important impli-
cations in statistical design and cost of clinical trials.

Hortobagyi [68] presented several important considerations for the future
clinical development of targeted therapies: 1) select critical targets, i.e. those

10
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that drive the cancer cells’ malignant behavior; 2) define molecular predic-
tor(s) of response or resistance before clinical trials start, if possible; 3) de-
velop relevant diagnostic test(s); 4) phase I studies should include proof of
principle: in vivo inhibition of the target by the agent under investigation
which requires, in most instances, tissue sampling at multiple times; 5) phase
I studies should identify optimal (or effective) biological dose, rather than
maximum tolerated dose; 6) evaluation of targeted therapies in unselected
patient groups is wasteful; 7) phase II studies should not start until a targeted
population can be confidently identified and an optimal biological dose has
been identified (for some phase II studies, biological endpoints might lead to
the most relevant assessment of activity); 8) endpoints of clinical trials need
to be redefined (response rate does not necessarily predict patient benefit);
and 9) for phase III studies, progression-free and overall survival should be
optimal endpoints. It is critical that the clinical development of targeted
therapy is concentrated in proof-of-principle trials to show that the drug
reaches the tumor in sufficient concentrations to inhibit the target. Develop-
ment of these newer therapeutic agents will require a cultural change in on-
cology, so that empirical trials are replaced by rational methods of drug
development based on sound scientific principles.

5 Resistance to targeted agents

Although the development of molecular targeted antitumor agents is rapidly
changing cancer therapeutics, drug resistance to these novel agents remains
a real clinical concern [5, 69, 72-74]. For example, three broad mechanisms
of resistance may inhibit the antitumor activity of imatinib in chronic
myeloid leukemia [69]: 1) decreased intracellular levels of imatinib; 2) in-
creased expression of the kinase; or 3) intrinsic changes in the kinase that
affect its drug interaction or kinase activity. MDR1 overexpression causing
drug efflux has been shown to cause imatinib resistance in Ph+ cell leukemia
lines in vitro [75]. Increased levels of Bcr-Abl kinase, related to genomic am-
plification of the gene, or increased levels of expression have been observed
[76, 77]. Moreover, exposure to low levels of imatinib in vitro promoted the
development of genomic amplification, whereas effective drug levels did not
[76]. Finally, mutations of Bcr-Abl may impair imatinib binding and appear
to be the most common mechanism of resistance encountered in clinical
practice [77-80]. In CML patients treated with imatinib, emergence of resist-

11
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ance due to mutations at amino positions 250-255, which form the adeno-
sine triphosphate-binding loop (P-loop), produced an especially poor prog-
nosis with 12 of 13 patients (92%) dying at a median of 18 weeks from the
detection of the mutation [79]. It is possible that mutations conferring
resistance are present in a small number of leukemic cells in CML prior to
treatment and are positively selected by imatinib therapy [81]. Recent pre-
clinical studies have identified second generation dual Src/Abl kinase in-
hibitors that retain activity against nearly all the imatinib-resistant mutants
[82], raising the possibility that future therapy with dual inhibitors and/or
cocktails of inhibitors may prevent the emergence of resistant subclones. It
is also possible that the ongoing development of new targeted therapies may
be useful in combating resistance from classical cytotoxic chemotherapy or
radiation therapy [5, 83-85].

6 Concluding remarks

Exciting new research on the molecular pathways and mechanisms that con-
trol tumor cell growth and differentiation has resulted in a quantum leap in
our understanding of the fundamental nature of cancer cells and has sug-
gested valuable new approaches to cancer diagnosis and treatment. Indeed,
the field of molecular therapeutics has clearly arrived, but patients and prac-
titioners are yearning for this approach to have a broader impact. The suc-
cesses of the past few years with Herceptin, Gleevec, and Iressa have exem-
plified the potential utility of innovative molecular therapeutics in the
clinic. Developments in high throughput screening, structural biology, and
microarray technology are increasing the speed of drug discovery. Drugs
acting on a wide range of new genome-based molecular targets are now in
preclinical and clinical development [53, 54, 68, 86-93]. We are progressing
in the direction of customized cancer care for the individual patient due to
the genetic make-up of their malignancy.

In a recent review, Seynaeve and Verweij [94] posed the following ques-
tion in their title: “Targeted therapy: ready for prime time?” I believe that
the answer is a resounding “yes” and look forward to the exciting develop-
ments of the future!

12
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Obstacles and opportunities in the clinical development of targeted therapeutics

Glossary of abbreviations

DLTs, dose limiting toxicities; EGFR, epidermal growth factor receptor; FT, farnesyltransferase;
GIST, gastrointestinal tumor; MTD, maximally tolerated doses; NSCLC, non-small cell lung
cancer; PDGFR, platelet-derived growth factor receptor; VEGF, vascular endothelial growth
factor.

1 Introduction

Cancer is a genetic disease arising from somatic mutations in cells that con-
fer a survival advantage and invasive properties characteristic of the malig-
nant phenotype [1]. The similarity between intracellular processes within
malignant cells and those within normal host cells makes therapeutic ap-
proaches without substantial host toxicity challenging. Moreover, many of
the mutations contributing to carcinogenesis affect gene products that are
also important for normal cells. The inter- and intra-tumor heterogeneity as
well as the inherent redundancy and overlap in biological response path-
ways, such as signal transduction and apoptosis, contribute to the complex-
ity of selecting suitable drug targets. Nevertheless, increased knowledge of
tumor biology has made the selection of drugs designed against specific mol-
ecules important in cancer pathogenesis possible. Research efforts exploiting
distinctive ‘molecular signatures’ to improve tumor selectivity of cancer
chemotherapy drugs has led to the emergence of new classes of drugs that
have already revolutionized cancer therapy in recent years. Understanding
key issues relevant to clinical application is thus vital to the continuing de-
velopment of these and other novel targeted therapies.

2 Selection of valid targets

Genetic aberrations in cancer may be conceptualized as either ‘gain-of-func-
tion’, such as the activation of oncogenes, or ‘loss-of-function’, such as the
inactivation of tumor suppressor genes and DNA methylation [2]. It has
been proposed that neoplastic clones select out key oncogenic pathways and
genomic stability that lead to the loss of multiple cross-checking signaling
pathways present in normal cells. This ‘oncogene addiction’ [3] lends itself
to therapeutic manipulation as cancer cells have reorganized aberrant onco-
genic signaling networks, the deprivation or interruption of which will be
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lethal, but normal cells should be left unharmed as there is redundancy in
the proto-oncogenic counterparts.

Ideally, the presence (or absence) of the purported target should be critical
to the survival of cancer cells but be non-critical in the function of normal
cells. Moreover, there should be unequivocal correlation of target modulation
with clinical benefit. For successful target selection, it is essential to distin-
guish potential targets that are necessary for the maintenance of the malig-
nant phenotype, from those that are simply correlative or implicated only in
the early stages of tumorigenesis [4]. It can be generally stated that poten-
tially useful targets include those that are mutated [e.g., K-ras, epidermal
growth factor receptor (EGFR), c-kit] or amplify signals (e.g., Her-2/neu)
along a proliferative pathway. Proteins that are at the site of convergence of
aberrant upstream regulators (mTOR and PTEN, MEK and K-ras) or regulators
of key malignant cell functions (e.g., ubiquitin, angiogenesis) are also rele-
vant. On the other hand, oncogenic protein overexpression per se is insuffi-
cient to prove causality in initiating or maintaining the malignant pheno-
type. Indeed, as will be elaborated upon subsequently, target overexpression
alone may not be as vital as initially perceived (e.g., EGFR, c-kit). Moreover,
tissue-specific responses and multiple opposing effects of each individual
pathway are context-dependent, such as the ras, NF-kB and TGF-f3 pathways
[5-7], and thus introduce further elements of difficulty in the process of
target selection.

Surface-expressed tumor-associated antigens are also appropriate anti-
tumor targets for immunological strategies, such as vaccines and antibodies.
However, it is important to recognize that many of the purported tumor-de-
rived proteins are in fact tissue-specific differentiation antigens that are seen
in normal tissues [8]. Targeting such a protein is thus confounded by the fact
that the intervention affects both tumor and normal cells. Moreover, tumor
cells are predisposed towards dedifferentiation, and thus may in fact express
fewer receptors, such as the expression of CD20 in B cells [9]. An ideal anti-
genic target should be expressed differentially at reasonably higher levels, if
not exclusively, in tumor cells. Its downregulation would be desired only if it
is involved in pro-proliferative or anti-apoptotic signal transduction. More-
over, it preferably should not be shed or secreted into the circulation to
avoid antibody-binding solely to the circulating soluble forms.

As has become evident over the last few years, the most rationally design-
ed drug (antisense oligonucleotides, matrix metalloproteinase inhibitors) may
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fail because of the presence of redundant pathways, mutational changes
downstream from the intended target or inability of the drug to reach its tar-
get. In the nascent stages of development of these new targeted therapeutics,
many posit that such agents should be highly specific, mainly based on the
concept of ‘oncogene addiction’. Cumulative experience with several kinase
inhibitors in fact demonstrate that the ‘targeted’ drugs with most clinical rel-
evance (consider imatinib) are in fact pleiotropic in their activity, probably a
function of the myriad interdependent and cross-talking cellular pathways.
Another inherent weakness of drug design specific to a single target, regard-
less of approach or ‘molecular promiscuity’, is the emergence of resistance
due to selection pressure.

3 Issues in clinical trials

3.1 Phase | trials

3.1.1 Determination of appropriate dose and schedule of administration
3.1.1.1 Classical dose-limiting toxicities

Systemic cancer therapy is conventionally administered at or near maxi-
mally tolerated doses (MTD) because of the long-held paradigm of a steep
dose-response curve seen with standard cytotoxic chemotherapy. Standard
approaches to phase I trial design assume that drug dose will be a significant
determinant of toxicity, and dose-limiting toxicities (DLTs) are invariably de-
fined. This may be true even for some novel agents, for example the nonspe-
cific uptake of antibody molecules into the reticulo-endothelial system (i.e.,
liver, spleen and bone marrow) imposes dose restrictions in a traditional
manner on the use of conjugated or radiolabeled monoclonal antibodies.
Another similarity to conventional chemotherapy in the determination of
schedule of drug administration is consideration of the drug effect on the
physiological function of the purported target in normal tissues. The recovery
period in normal tissues may in fact be a limiting factor to the duration of the
intervals between cycles of therapy. This is exemplified by the limitations of
prolonged inhibition of proteasome function. Traditional phase I designs are
thus appropriate with novel agents that exhibit toxicity patterns leading to
rapid occurrences of DLTs, as exemplified by proteasome inhibitors, mTOR
inhibitors, farnesyltransferase (FT) inhibitors and other multi-kinase inhibi-
tors.
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3.1.1.2 Determination of appropriate dose in the absence of classical DLTs

A number of novel agents are generally well tolerated and classical DLTs are
not observed, making the determination of MTD in the standard sense impos-
sible. Examples include the antisense oligonucleotides and monoclonal anti-
bodies. Technological and financial constraints in maintaining an adequate
supply of the agent, albeit temporary obstacles, are practical issues that neces-
sitate a more rational approach in dose determination. Similarly, physiological
limitations in drug administration, such as volume of parenteral or enteral ad-
ministration, introduce another aspect in the establishment of an optimum
biologically effective dose of relatively non-toxic targeted therapies. Con-
versely, clinical activity may be observed several dose levels below the MTD, as
demonstrated in the early trials of imatinib mesylate and gefitinib. In the
phase I trial of imatinib, a small molecule that reversibly competes with ATP
for binding to the kinase domain of the platelet-derived growth factor receptor
(PDGFR), c-Kit and Abl tyrosine kinases, an MTD was never reached as clinical
activity was demonstrated after a few dose escalations. The clinically active
dose correlated well with Abl kinase inhibition [10]. In a similar vein, even
though an MTD for gefitinib, an EGFR tyrosine kinase inhibitor, was achieved
in early phase I testing from traditional toxicity endpoints, pharmacodynamic
studies showed EGFR inactivation at doses well below the MTD [11]. Further-
more, large, randomized clinical studies demonstrated more adverse reactions
at a higher dose without corresponding benefit to study outcomes [12, 13].
Lastly, efficacy of these novel agents as chemo-preventive agents in part rests
upon minimal toxicity with chronic maintenance treatment.

Minimizing the number of patients enrolled to sub-therapeutic dose lev-
els, while ensuring patient safety, is an inherent goal in phase I trials. With
new targeted therapies that are relatively non-toxic, statistically-based alter-
native methods (to the traditional Fibonacci schema) allowing a reduction
in the number of patients treated at sub-therapeutic doses as well as a more
rapid completion of the trial are more feasible [14]. However, two elements
remain crucial. Sufficient patients must be recruited to enable the study of
inter-patient variability as well as dose-related pharmacokinetic and phar-
macodynamic effects. Secondly, for all the reasons stated earlier, non-toxic-
ity endpoints should be considered.

Table 1 summarizes the approaches other than MTD determination that
may be employed as endpoints in the phase I evaluation of novel agents.
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Table 1.
Approaches and limitations in selection of dose and schedule of administration of novel agents
with minimal classic toxicity.

Dose and schedule selection approaches Limitations

Pharmacokinetic parameters (AUC, Target levels defined from in vitro or
steady state or trough concentrations, animal xenograft studies that are not
half-life) necessarily reflective of, or that can be

directly extrapolated to, human patient
populations (e.g., different schedules,
metabolism, etc); inter-patient variability

Pharmacodynamic assays Cost, reproducibility of test, patient risk
Biochemical in vitro assays with invasive procedures, patient
Functional imaging contraindications to imaging procedures,
Metabolomics reliability of surrogate tissues

(i.e., unsatisfactory correlation using
surrogate tissues to reflect tumor tissue
effect), validity of surrogate markers

Physiological and pharmaceutical Empiric and not based on tumor biology
limitations:

e.g., maximal ingestable dose limited

by oral absorption; volume of infusate;

economical constraints on manufacturer

(i.e., maximum affordable dose)

AUC, Area under the plasma concentration time curve.

Central to this paradigm shift is the concept of a minimal biologically effec-
tive dose alluded to previously. Pharmacokinetic parameters are useful in the
early stages of clinical drug development, particularly in the absence of toxi-
city or efficacy endpoints. For example, if pharmacokinetic analyses demon-
strate a saturable absorption or drug distribution beyond a certain dose or
schedule, then there is no reason to administer higher or more frequent
doses. Monoclonal antibodies can illustrate this model. The prolonged half-
lives of monoclonal antibodies allow for intermittent administration on a
weekly schedule or even longer intervals. A concentration-exposure profile
can thus reasonably approximate interactions at the receptor level, allowing
for antibody-based dosing approaches to be estimated using pharmacoki-
netic parameters.

Dose determination can be further refined by integrating pharmacody-
namic endpoints. For example, the dose of bevacizumab currently utilized in
the clinic is 5-10 mg/kg. It has been demonstrated, however, that as little as
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0.3 mg/kg could remove all circulating free vascular endothelial growth fac-
tor (VEGF) from the blood [15]. Doses of >1 mg/kg produced serum levels of
bevacizumab in the target range of 210 pg/ml, the trough plasma concentra-
tion necessary to achieve maximal tumor inhibition in preclinical models, for
at least 14 days. On the other hand, there is suggestion of a dose response. In
metastatic non-small cell lung cancer (NSCLC) and metastatic renal cell carci-
noma, a direct dose-response relationship can be observed [16, 17]. In col-
orectal cancer, however, this is not apparent [18]. The context-dependent
relationships can also be observed in the development of agents such as ima-
tinib and other EGFR-directed therapies [10, 12, 13, 19]. The complexity in
dose determination described here is due, at least in part, to the fact that
circulating drug levels may differ significantly from concentrations achieved
in the tumor.

3.1.2 Functional imaging

To ameliorate this problem, non-invasive imaging techniques are increas-
ingly being incorporated into early phase clinical trials, not only to demon-
strate biological activity, but also to aid in the pharmacodynamic determi-
nation of a biologically effective dose. Digital contrast-enhanced magnetic
resonance imaging (DCE-MRI) can demonstrate alterations in tumor blood
flow relevant to the development of anti-angiogenesis agents [20, 21]. Deter-
mining metabolic phenotypes of cancer cells may also be helpful in monitor-
ing tumor growth and regression. PET scan can demonstrate rapid changes
in tumor viability within a few hours of drug administration [22]. Features
of high-throughput analysis and full automation enable a ‘metabolomic’
approach to be potentially feasible and practical [23]. Pattern-recognition
models have been used to generate ‘metabolic fingerprints’ to analyze bioen-
ergetic status and temporal changes in metabolites associated with numer-
ous cell processes, such as lipid metabolism in apoptosis [24, 25]. Metabolic
profiles may thus also serve as surrogate markers for the pharmacodynamic
monitoring of tumor responses to therapy and in dose determination. Future
research can help further characterize specific metabolic profiles that may be
used not only to monitor response to therapy but also to predict response or
resistance as well as understanding mechanisms of toxicity.

26



Obstacles and opportunities in the clinical development of targeted therapeutics

3.1.3  Biochemical assays in tumor or surrogate tissue

Although demonstrating target modulation in tumor tissue is the pharmaco-
dynamic benchmark in dose determination, clinical settings with minimal
tumor burden (e.g., adjuvant therapy, chemo-prevention), tumor tissue in-
accessibility and other practical limitations to repeated tumor biopsies or
imaging studies require the use of surrogate tissues. Peripheral blood mono-
nuclear cells are easily obtained and are by far the most commonly utilized
surrogate tissue for assays. Biochemical assays may measure the effect on the
intended target directly, such as inhibition of FT by FT inhibitors, or indi-
rectly through detection of expected changes downstream of the intended
target, such as the accumulation of unfarnesylated proteins with FT inhib-
itors [26]. However, a surrogate marker rationally chosen to predict an in-
tended effect may not consistently exhibit changes in response to therapy,
and may be subject to inter-individual and inter-assay variability [27, 28].
More importantly, drug effects in surrogate tissues may have no relationship
to effects in tumor tissue.

These difficulties highlight the uncertainties of using target modulation
as an endpoint. Ideally, the targeted pharmacodynamic endpoint will have
been shown to correlate with tumor response in animal models before its
use for dose finding. However, primary drug targets are seldom known with
certainty before phase I trials commence. For example, FT inhibitors were de-
signed to inhibit the post-translational modification of ras, which they do,
yet they exhibit activity against ras-independent tumors. Similarly, sorafenib
was developed as a raf kinase inhibitor, but its antitumor activity in clinical
testing seems more consistent with its activity as an inhibitor of VEGF recep-
tor tyrosine kinase. It is, hence, important to point out that, whereas failure
to observe an effect on the target or its downstream intended pathway most
likely is an indication of drug ineffectiveness or inadequate dosage, the con-
verse is not necessarily true — compounds with successful demonstration of
target inhibition may not have any clinical activity despite satisfactory phar-
macokinetic properties if the putative target is irrelevant to tumor response.
Indeed, an inherent weakness of all surrogate endpoints is the assumption of
a predictive relationship between the surrogate measure and the desired out-
come. Two approaches can be recommended for dose selection in phase I
trials of novel agents in the absence of traditional DLTs. First, while a number
of novel agents may not yield traditional DLTs in cycle 1 of therapy, chronic
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toxicities precluding the administration of these agents chronically are in-
variably encountered. Incorporation of chronic toxicity determination into
the definition of MTD will allow for a rational selection of phase II doses. In
the exceptional cases where this approach is not feasible, the incorporation
of functional imaging studies should be considered. This approach, when
feasible, is valid since drug effects on tumor are measured in situ.

3.2 Phase II/Ill trials
3.2.1 Study designs and endpoints

Phase II studies in oncological practice serve to screen for agents that possess
sufficient antitumor effect to warrant further investigation, thus minimizing
the risk of conducting resource-consuming randomized phase III trials with
ineffective therapies. Evaluation of cytotoxic anticancer drug efficacy in
phase 1II trials has historically utilized tumor size reduction as an endpoint.
Drugs are considered active when an equal or greater proportion of tumor
shrinkage among patients is seen compared to currently available regimens.

The current thrust in the development of novel agents that can inhibit tu-
mor growth, prevent metastasis or induce a state of tumor dormancy without
effecting a measurable reduction in tumor volume has presented new prob-
lems in efficacy evaluation. Because of the difficulties encountered when
assessing activity of a cytostatic compound in phase II trials, many pharma-
ceutical companies have moved directly from phase I to phase III testing.
This is not prudent. As stated earlier, phase III trials have significant costs
associated with them, both for patients and for sponsors. It comes as no sur-
prise consequently, that there has been a spate of negative studies in recent
years of many of these targeted therapies. It has long been recognized and
recently reinforced that traditional phase II trial designs have to be modified
to incorporate measures of antitumor effects that may indicate the potential
for meaningful clinical benefit other than alterations in tumor size.

Several single-arm designs appropriate for the testing of novel agents
have been described [29]. Enrollment of different tumor types in a single
phase II study is a feasible variation from the traditional disease-specific par-
adigm [30]. Since the standard single-arm phase II studies are uncontrolled,
one way of minimizing associated biases is the use of randomized designs.
The candidate drug with the best observed outcome is selected for future
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testing among the group, regardless of the magnitude of the observed ad-
vantage over other treatments. This is determined by ranking and selection
methods [31] in which formal statistical comparisons are not done and a
standard treatment group is not required. As originally intended, this simple
design provides a high probability of taking the superior treatment forward
even when the observed superiority in efficacy occurred purely by chance.
Sample sizes are kept small as the selection design makes no attempt to dis-
tinguish the false positive from the true positive. Hence, follow-up phase III
studies where statistical error rates are properly controlled are mandatory.
Unfortunately, randomized phase II selection designs are frequently misin-
terpreted and misused, leading to a lack of conclusive data from phase III
trials that are delayed or omitted [32, 33]. This is particularly true when con-
trol arms and hypothesis testing are included, when in fact such settings give
rise to an unacceptably high risk of false-positive results [32, 34]. Never-
theless, randomized phase II designs should be feasible as long as the results
are interpreted in their proper context and the relevant phase III trials pur-
sued.

Another approach that attempts to address the limitations of single-arm
designs is the enrichment/re-randomization design, the first description of
which is credited to Amery and Dony [35]. This type of design selects subjects
for participation in a randomized comparison phase of a study on the basis of
their prior response during a preliminary, often an open-labeled titration,
phase of the same study. Many authors have proposed similar experimental
designs under different names and with different goals. The randomized dis-
continuation approach is one such design relevant to cytostatic agents that
has been employed [36]; in this, the investigational drug is given to all pa-
tients enrolled in the pre-randomization stage, but the random treatment
assignments of discontinuing or continuing therapy are determined only for
patients who tolerate treatment and exhibit stable disease. To facilitate pa-
tient compliance, resumption of therapy after placebo failure is allowed.
Patients who experience a complete or partial response would not enter the
randomization stage but would instead continue receiving therapy until tox-
icity or disease progression. This design claims the advantage of allowing
every patient to be treated to the best possible response prior to randomiza-
tion, and, among post-randomization patients, the ability to distinguish dis-
ease stability as being due either to the antitumor activity of the cytostatic
agent under evaluation or to the natural history of the disease. The total

29



Grace K. Dy and Alex A. Adjei

sample size required, however, could be larger than that required in a standard
design. Moreover, potential biases are seen in several aspects [37]. Treatment
un-blinding may arise during the randomization phase when the active drug
has a known side effect apart from its purported antitumor activity that the
placebo drug does not exhibit, or when cross-over treatment to active agent
must resume for placebo failures. A more serious flaw arises when treatment
effects are underestimated due to a carryover treatment effect through the
randomization stage from the first treatment stage.

Regardless of the statistical design chosen for phase II evaluation of novel
targeted therapies that exhibit cytostatic activity, the key issue is defining
the endpoint used in ascertaining drug efficacy. In these cases the standard
benchmark of objective tumor size reduction may not be entirely relevant.
Rate of early disease progression [38], time to disease progression or progres-
sion-free survival [39-41] have been suggested. However, the incorporation
of stable disease as a measure of drug activity has often been criticized. This
is highlighted by the fact that, unlike objective tumor responses that rarely
occur in the absence of treatment, stable disease per se may be attributable
to inherent tumor biology and does not necessarily imply drug activity.
Incorporating quality-of-life or clinical-benefit endpoints in such circum-
stances may be useful. Moreover, the results from pivotal trials of novel ther-
apies such as imatinib, erlotinib, cetuximab and bevacizumab still support
the idea that tumor regression continues to be a valid predictor of ultimate
survival outcomes. A number of purported failures of study design are in-
deed not valid. There has been a tendency for investigators to term ineffec-
tive agents “cytostatic” without any supporting data. In a number of cases,
these agents lead to brisk tumor shrinkage in preclinical systems. It is fair to
say that there are very few truly cytostatic agents in clinical development at
the present time.

The demonstration of rapid achievement of tumor dormancy using FGD-
PET imaging in gastrointestinal stromal tumors (GISTs) that antedate subse-
quent tumor size reduction with conventional imaging modalities such as
CT scan and MRI [22] holds promise for functional imaging as a future tool
that may be explored. Further refinements of such modalities to elicit drug-
specific information on tumor activity, as well as validation of their use as
surrogate measures of clinical outcome, are needed. Lastly, more opportuni-
ties should be provided for an expanded phase II trial of an agent that
demonstrates promising activity, in which more patients are accrued to per-
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form transcriptional profiling and validate biological assays for predicting
drug sensitivity, as discussed in the next section.

3.2.2 Selection of target patient populations

The concept of targeted rationally based therapy is not new, and has been
exploited in hormone-dependent malignancies. The availability of novel
agents should be accompanied by more opportunities to precisely identify
patient populations most likely to respond to the drug, adding another di-
mension to the meaning of targeted therapy. Acceptability of therapeutic
risk vary in different cancer settings, which thus mandates more stringent
criteria for adjuvant or chemo-preventive trials. While screening may limit
enrollment, ‘enrichment’ in clinical trials of the target patient population
would reduce the number of subjects required for clinical trials to demon-
strate efficacy, and widen the benefit-risk ratio. This was certainly the case
for trastuzumab, a humanized IgG1 monoclonal antibody against the HER2/
neu receptor overexpressed in approximately 25% of invasive breast cancer
[42]. The pivotal studies that led to its FDA approval showed striking im-
provement in survival and objective responses limited to HER2-overexpress-
ing cancers [43, 44]. It is conceivable that such activity would be missed in
an unselected group of patients. This readily represents the current dilemma
of other novel agents in that treatment effects may be diluted in an unse-
lected population if only a small subgroup of patients is likely to respond.

A major challenge in administering new target-specific drugs is the ability
to predict the outcome of therapy, which encompasses tumor response, clin-
ical toxicity and resistance. Despite intensive research, validated biological
markers predictive of response to targeted therapies are multifactorial and
not always apparent. Emerging evidence from various studies show that the
paradigm of target overexpression in tumor samples as criteria for patient se-
lection may be erroneous. A distinction early on should be made between
predictive markers of treatment response and prognostic markers of clinical
outcomes. Although therapeutic approaches designed against poor prognos-
tic markers intuitively should correlate with improved outcomes, such a re-
lationship is not consistently observed due to a variety of tumor-, drug- and
host-related factors. Increased EGFR expression is common in lung cancers,
but neither EGFR expression levels nor phosphorylation state correlate with
response to EGFR-directed therapies. In contrast, the chimeric neutralizing
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EGFR antibody cetuximab is beneficial only in EGFR-expressing colon can-
cer. Imatinib mesylate shows remarkable activity in c-kit-positive GISTs, yet
are not effective in small cell lung cancers that overexpress c-kit.

Some of the discernible differences in drug response may be attributable
to pharmacogenetic variability independent of the tumor phenotype. Il-
lustrative of this statement is the experience with rituximab, a chimeric
monoclonal anti-CD20 IgG1 used in the treatment of B lymphoproliferative
malignancies. Cytotoxic effector cells such as natural killer cells and macro-
phages bear receptors for the Fc portion of the IgG (FcyR), linking IgG-sensi-
tized tumor cells to inflict antibody-dependent cell-mediated cytotoxicity
(ADCC), an important mechanism in the eradication of tumor cells by ritux-
imab [45]. A single nucleotide polymorphism at position 158 of FcyRIIla
(FCGR3A) molecule seem to affect activity of anti-CD20 monoclonal anti-
body. Human IgG1 binds more strongly to the homozygous FcyRIlla -158V
(valine) natural Kkiller cells than to homozygous FcyRIlla -158F (phenylala-
nine) or heterozygous natural killer cells [46]. The genotype homozygous for
FcyRIIIa -158V (VV) is associated with higher clinical and molecular response
to rituximab [47].

More commonly, the determinants of response to therapy are not only tu-
mor-dependent, but are also defined by the inherent characteristics and lim-
itations of the individual agents. For example, truncated receptor variants
may preclude the use of monoclonal antibody approaches. Nevertheless, a
recurring theme is the correlation of the presence of activating mutations in
the oncogenic protein, which ultimately reflects oncogenic dependence by
various malignancies, with response to kinase inhibitors. Clinical activity of
imatinib in GISTs is highest in tumor with activating mutations at exons 9
and 11 of the Kit gene [48]. In about a third of GISTs expressing wild-type
Kit, imatinib’s efficacy can be explained by the presence of intragenic muta-
tions in the PDGFRA gene that yields a constitutively active PDGFR [49].
Activating mutations that involve the ATP-binding pocket of receptor tyro-
sine kinases may confer hyperresponsiveness to cognate ligands, explaining
the ~10-fold increased sensitivity of tumors with EGFR kinase domain muta-
tions to gefitinib [50, 51]. Although it is tempting based on these data to se-
lect patients with tumor harboring such mutations, our current information
is incomplete as responses were also seen in tumor samples that do not har-
bor mutations. As it is, we cannot definitely exclude the possibility of thera-
peutic benefit to patients without kinase mutations.
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3.2.3 Combination of novel agents with standard chemotherapy agents

Cellular damage induced by cytotoxic chemotherapy activates survival path-
ways for cancer cells to escape death. Moreover, emergence of resistance
clones to single-agent therapy, whose main mechanism of action is directed
against one specific target in a tumor, is likely to occur due to selection pres-
sure, regardless of the drug’s molecular promiscuity. It has been hypothe-
sized that combination of novel agents with cytotoxic chemotherapy will
result in enhanced antitumor effects.

Four phase III well-designed and adequately powered trials, with over
4000 NSCLC patients combined, comparing the combination of the EGFR
tyrosine kinase inhibitors and standard chemotherapy to standard
chemotherapy alone did not meet either the primary endpoint of survival or
the secondary endpoints of time to disease progression or response rates,
thus indicating that concomitant administration of these agents does not
add clinical benefit to conventional chemotherapy in NSCLC [52-55].

These results were unexpected as preclinical data supported such combi-
nations [56, 57], and both gefitinib and erlotinib demonstrate single-agent
activity in NSCLC [12, 13, 58]. The reasons for these surprising results are
unclear, but several explanations have been offered. Schedule-dependent an-
tagonism could have occurred. Both novel agents possess anti-proliferative
effects and cause G, cell cycle arrest [59, 60]. It may be that continuous ki-
nase inhibition could render tumor cells less sensitive to cytotoxic agents.
Indeed, intermittent gefitinib administration is significantly superior to con-
tinuous dosing in combination with paclitaxel in preclinical studies [61].

On the other hand, interim results from a multicenter phase III combina-
tion chemotherapy trial of gemcitabine and erlotinib or placebo in locally
advanced or pancreatic cancer met its primary endpoint, demonstrating sta-
tistically significant improvements in overall survival with the combination
[62]. In irinotecan-refractory EGFR-expressing metastatic colorectal cancer,
clinical benefit is also shown upon combination of cetuximab with irinote-
can [63].

Echoing similar discrepancies and context-dependent clinical activity is
the combination of anti-angiogenic agents with cytotoxic chemotherapy.
Whereas bevacizumab improves overall survival in combination with
chemotherapy in colorectal cancer, this endpoint is not met in the phase III
trial of combination chemotherapy in metastatic breast cancer in spite of

33



Grace K. Dy and Alex A. Adjei

improved objective tumor responses [64]. Of note, the colorectal cancer
study was in front-line advanced disease, whereas the breast cancer study
was in the third-line setting. Another unresolved issue is the optimal se-
quence of combination therapy.

As discussed above, the desired clinical endpoints are not consistently
met despite preclinical proof. In some instances, the schedule of drug treat-
ment utilized in clinical trials does not reliably re-produce the preclinical
schedules. For example, the preclinical studies of gefitinib and paclitaxel uti-
lized pulse dosing of gefitinib [61], whereas in clinical studies, gefitinib was
administered continuously [53]. Another contributing factor to these results
relates to the inherent limitations of the preclinical models used to validate
therapeutic rationale. An almost obligatory component in the progress to
clinical development of new anticancer agents is the initial screening using
panels of disease-oriented human tumor cell lines grown in vitro or
xenografted in vivo with the assumption that such cell lines might possess
tissue-specific targets not exhibited in murine-based tumor models, and thus
would more adequately reflect the behavior of human cancer. Although
there are data to suggest that the human tumor xenograft model is a good
predictor of clinical activity of cytotoxic anticancer drugs [65], the appropri-
ateness of this paradigm is subject to question in the evaluation of contem-
porary targeted agents that focuses heavily on various signaling and gene ex-
pression pathways, the responses to which are highly dependent on micro-
environmental conditions. The fidelity of human tumor cell lines to the
original tumor phenotype is likely confounded by variability over successive
passages, time and nature of selection pressures. For example, xenografts de-
rived from cell lines generally demonstrate a more homogeneous, undiffer-
entiated histology and, on occasion, loss of the target receptors/proteins. It
has been demonstrated that cell lines demonstrate a significant shift towards
higher growth rate and reduced drug response, such as to EGFR signal trans-
duction inhibitors, in comparison to primary cultures of surgical tumor
specimens [66]. This is consistent with the variation seen in specific gene ex-
pression pathways that may account for drug resistance and increased prolif-
eration in cell lines, despite overall gene expression patterns that correlated
with their histological origins [67].

On the other hand, although xenografts derived directly from patient tu-
mor specimens appear to better retain the morphological and molecular
properties, the chief disadvantage in their use is the technical difficulty in es-
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tablishing such xenografts. Alternatives to these transplantation models are
animals that naturally develop cancers with features relevant to the human
disease, such as companion animals. Recent advances have made possible
the creation of genetically engineered mice that develop cancers with an or-
der of progression that mimic their human counterparts in a wide variety of
organs. The limited use of genetically engineered mice in preclinical drug de-
velopment may in part relate to the spontaneous, asynchronous and mostly
protracted nature of tumor development. Nonetheless, as chronic treatment
may be foreseen with the new targeted agents, the use of genetically engi-
neered mice may help predict side effects that may not be uncovered with
the relatively brief treatment duration in early clinical trials. Full phenotypic
expression, however, may take years to manifest. An example is seen with
anti-EGFR strategies. Cardiac valvular abnormalities and ventricular hyper-
trophy took over 60 years to surface in EGFR mutant mice [68]. Moreover,
species-specific and drug-dependent variations in metabolism and organ
toxicity in preclinical animal models compared to humans is a well-estab-
lished fact. In addition, there are instances where animal models are likely
inappropriate for evaluating clinical outcomes with certain therapeutic in-
terventions, such as anti-angiogenic strategies when the vasculature is of
murine origin. Despite these issues, spontaneous cancer models are feasible
[69, 70] and hopefully will play a major role in bridging the gap between
previous in vivo models and human clinical trials.

3 Conclusion

In this genomic era, new discoveries rapidly inundate and overwhelm our
ability to test and rank individual cancer gene products according to their hi-
erarchical importance. Appropriate target selection and drug selection using
more stringent criteria serve as a crucial initial step in the success of new drug
development. Full characterization of the cellular function of a frequently
dysregulated or abnormal protein and its pathway is imperative to validate
the therapeutic value of a potential target. Ideally, such a target should be dif-
ferentially expressed in tumor tissue compared to normal cells. There should
be more effort invested in improving and conducting more comprehensive
preclinical evaluation, particularly in the identification of pharmacodynamic
markers of drug efficacy in preclinical animal models, which may subse-
quently be applied in the clinic. Development of assays to test target inhibi-

35



Grace K. Dy and Alex A. Adjei

tion in tumor tissue is essential, as many of these drugs are relatively non-
toxic and the conventional phase I design of MTD in determining dose may
not be as relevant, or needed. However, because of the existence of redun-
dancy in cellular pathways, drugs with pleiotropic targets will prove to be
more versatile and clinically effective. Mechanism-based combination ther-
apy with other novel agents likewise is warranted. Results from preclinical
models, although certainly valuable, do not reliably reproduce treatment
effects seen in human cancer and should be interpreted carefully.

New paradigms in clinical trial design and endpoints are needed. As in
preclinical evaluation, documentation of target inhibition should be incor-
porated in early clinical trials. The incorporation of functional imaging stud-
ies is gaining acceptance and efforts should continue in further refining these
tests. As investigators strive to improve the efficiency of phase I clinical trials,
provisions for adequate pharmacokinetic studies should be maintained, not
only to aid dose escalation, but also to clarify important pharmacological de-
tails that may otherwise not be studied in later phases of drug development.

The large number of negative phase III studies suggest that phase II testing
remains relevant in determining an agent’s clinical efficacy before deciding
on further development. Consequently, novel phase II designs and modifica-
tion of efficacy endpoints should be adopted and reassessed to avoid such
high-profile ‘failures’.

On the other hand, early stopping rules should be routinely incorporated
in phase III designs to avoid committing large numbers of patients to trials
unlikely to yield positive results. With genomic and proteomic technology
becoming increasingly available, it is imperative that molecular signatures of
prognosis [71], prediction of response [72] and toxicity [73, 74] be established
to aid in the selection of the most suitable target patient populations for spe-
cific agents. Ultimately, the final determinant of success remains a clinically
significant impact on survival, the “ne plus ultra” of all measured outcomes.
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Tumor models for preclinical development of targeted agents

1 Introduction

The in vivo efficacy testing of potential new anticancer therapies is one of the
most important, most misunderstood and most maligned phases of drug de-
velopment in oncology [1, 2]. The criticism that currently used tumor mod-
els are not representative of human disease of the same histological type is
frequently heard; however, those in the field are well aware of the significant
impact of results from such studies on whether a new agent moves forward
or not, and on the selection of diseases where new agents are anticipated to
have activity. For many years both syngeneic tumor models and human tu-
mor xenograft models were ‘black boxes’ that the investigator, without di-
rect knowledge, hoped were generic representations of broad swatches of
human malignant disease. Single tumor lines were often taken to represent
all breast cancers, all lung cancers or all prostate cancers. As molecular biol-
ogy techniques have been refined and targeted therapeutics have come to
the fore, analysis of both syngeneic and human xenograft tumor tissues
have allowed some light into the ‘black boxes’. It is now possible to select tu-
mor cell lines that are known to express the anticipated molecular target of
the test agents. The Developmental Therapeutics program NCI/NIH (http://
dtp.nci.nih.gov/mtargets/mt_index.html) has measured thousands of mo-
lecular targets in the NCI panel of 60 human tumor cell lines. The measure-
ments include protein levels, RNA measurements, mutation status and en-
zyme activity levels.

2 HER-2/neu and Herceptin™

Among the first signal transduction inhibitors proven to be therapeutically
useful in the treatment of human cancer is the humanized mouse mono-
clonal antibody to HER-2 designated trastuzumab (Herceptin™), which neu-
tralizes the activity of the p185HER2 growth factor receptor [3]. Several hu-
man tumor cell lines were shown to have high endogenous expression of the
HER-2/Neu receptor, including SKOV-3 ovarian carcinoma, and SKBR3 breast
carcinoma and other human tumor cell lines such as MCF-7 human breast
carcinoma were engineered to overexpress the target [4, 5]. Preclinical stud-
ies, strengthened by the knowledge of the HER-2/neu expression status of
the tumor models, have been invaluable in elucidating the therapeutic value
of trastuzumab. The binding of trastuzumab stabilizes HER-2 homodimer for-
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mation, and prevents the receptor from interacting with other HER co-re-
ceptors. Trastuzumab binding induces phosphorylation of specific C-termi-
nal resides on the receptor that recruit chaperon proteins and lead to recep-
tor ubiquitination and degradation [6]. Binding of trastuzumab to the HER-2
receptor ultimately results in decreased levels of cyclin D1 and increased
steady-state levels of the cyclin-dependent kinase inhibitor p27, leading to
cell cycle arrest [7]. A consequence of these events is reduced expression and
secretion of critical angiogenic factors by the cancer cells [8]. Another anti-
tumor mechanism triggered by binding of trastuzumab to tumor cells may
be recruitment of Fc receptor-expressing immune effector cells leading to
antibody-dependent cell-mediated cytotoxicity (ADCC) [9].

HER-2 is amplified and overexpressed in 25-30% of human breast cancers
[10-13]. In NIH-3T3 cells and immortalized human breast cells, overexpres-
sion of the HER-2 gene produces a neoplastic transformation [13-17]. Pegram
et al. [18] found that transfecting human breast and ovarian cancer cell lines
with HER-2/neu did not significantly alter their response to a variety of
chemotherapeutic agents in cell culture, or when grown as xenograft tumors.
However, when human breast and ovarian cell lines that overexpress HER-2
were grown as xenografts in nude mice, their growth was inhibited by admin-
istration of a recombinant humanzied monoclonal antibody to HER-2 [19,
20]. Tumor growth was decreased in a manner that was dependent upon the
dose of the antibody. Tumor growth resumed when the antibody therapy was
stopped, indicating a primarily cytostatic effect of the antibody. The antibody
was an effective addition to treatment regimens in combination with cisplatin
or doxorubicin. Thus, there was an anti-proliferative effect of the humanized
recombinant antibody to HER-2 when tumors expressed the HER-2 receptor,
and there was a therapeutic advantage to administration of the anti-HER-2
receptor antibody in combination with anticancer chemotherapy. In vivo
experiments with chemotherapy with or without the humanized recombi-
nant antibody to HER-2 were conducted with HER-2/neu-transfected human
MCEF7 breast cancer xenografts in nude mice [21]. Combination regimens
with the humanized recombinant antibody to HER-2 and cyclophosphamide,
doxorubicin, paclitaxel, methotrexate, etoposide and vinblastine resulted in
additive to greater-than-additive tumor response, while combination regi-
mens with S-fluorouracil resulted in sub-additive tumor response.

Using several ovarian cancer cell lines including SKOV-3 cells that over-
expressed HER-2 (10° receptors/cell), Xu et al. [22] found that antibodies to
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Figure 1.

Antibody-dependent cellular cytotoxicity (ADCC) mediated by Herceptin. Human SKOV-3 ovar-
ian cancer cells, which express HER-2/neu in co-culture with human PBMC (100:1 or 200:1),
were exposed to various concentrations of the isotype control antibody DNP or to Herceptin, and
SKOV-3 cell lysis as determined by release of >'Cr was measured. Human HEK293 renal epithelial
cells, which do not express HER-2/neu, were treated in the same way. Two independent exper-
iments were performed; bars represent SEM.

HER-2 inhibited the growth of transfectants with high levels of HER-2
expression independent of HER-3 and HER-4 expression, and that agonistic
antibodies that bind to HER-2 alone inhibit anchorage-independent growth
of the cells. ADCC has been described as a potentially important mode of
action for antibody therapeutics in vivo. Human SKOV-3 ovarian carcinoma
cells express very high levels of Her2/neu. These cells were used as target-
expressing cells, and HEK 293 cells were used as cells not expressing the tar-
get, allowing the use of Herceptin as an antibody in an ADCC assay (Fig. 1).
The isotype control antibody was anti-dinitro-phenol (DNP). SKOV-3 cells or
relevant target cells were labeled overnight with 3'Cr, and then washed in
DMEM to remove unincorporated *!Cr. The Cr-labeled SKOV-3 cells (7 x 10%)
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were mixed with 300 ng-5 pg Herceptin in 1.4 ml DMEM. The reaction mix-
ture was divided into 12 wells of a 96-well plate (5 x 10% cells/well in 100 pl
DMEM). Human peripheral blood mononuclear cells (PBMC) or monocyte
effector cells were added to the wells at an effector: target cell (E:T) ratio of
200:1 and 100:1 in 100 pl DMEM bringing the total volume per well to 200 pl
(final antibody concentrations: 0.012-0.18 pg/well). The plate was centri-
fuged at 900 rpm for 3 min and then incubated at 37°C for 5 h or overnight
(20 h). The °'Cr released was measured using a beta counter. All samples were
assayed in triplicate with two E:T ratios. Percent specific lysis was calculated
as: % target cell lysis = 100 x (experimental cpm — spontaneous cpm)/(total
cpm - spontaneous cpm). As is evident from Figure 1, exposing SKOV-3 cells
and PBMC to various concentrations of Herceptin resulted in the lysis of
about 40% of the SKOV-3 cells, while exposing the same cultures to DNP
resulted in lysis of only about 5% of the SKOV-3 cells. On the other hand,
exposure to Herceptin was much less lethal when non-HER-2/neu expressing
HEK 293 cells and PBMC were treated with the antibody. Recently, Konecny
et al. [23] found a significant positive association between HER-2/neu and
vascular endothelial growth factor (VEGF) expression by ELISA in primary
breast tumor tissue lysates from 611 unselected patients with a median clin-
ical follow-up of 50 months. The positive association between HER-2/neu
and VEGF expression implicates VEGF in the aggressive phenotype exhibited
by HER-2/neu overexpression.

3 Epidermal growth factor receptor (EGFR)
and EGFR inhibitors

As the understanding of cancer has increased, the complexity of the molecu-
lar events that comprise malignant disease has become evident [24-28].
Interactions involved in intertwining signaling networks, including mem-
brane receptors, enzymes along with activators, deactivators and regulators,
protein-protein interactions, protein-nucleic acid interactions and small mol-
ecule effectors in multiple cell types, are all recognized targets for therapeutic
attack. Agents are targeted to specific abnormalities in the sequence and ex-
pression of genes/proteins that operate in a stepwise, combinatorial manner
to permit the malignant disease to progress [29]. Cell growth, motility, differ-
entiation and death are regulated by signals received from the environment
in either an autocrine or paracrine manner [30]. Signals may come from
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interactions with other cells or components of the extracellular matrix, or
from binding of soluble signaling molecules to specific receptors at the cell
membrane, thereby initiating different signaling pathways inside of the cell.
Cancer may be visualized as a critical perturbation of signaling pathways
[31-43]. Receptor tyrosine kinases (RTKs) are key mediators of many normal
cellular processes and of human malignant disease processes. Several signal-
ing pathways controlled by tyrosine kinases have been selected as important
targets for anticancer therapeutic intervention [45-48]. Kinase inhibitors can
be antiangiogenic through activity in the malignant cells and other cells
that secrete angiogenic factors and by blocking intracellular signal transduc-
tion in cells that respond to angiogenic factors (Fig. 2).

The EGEFR is targeted by both monoclonal antibodies to prevent ligand
binding, and small molecule inhibitors of the tyrosine kinase enzymatic
activity to inhibit auto-phosphorylation and downstream intracellular sig-
naling by the receptor [49-57]. The inhibitors of EGFR are grouped amongst
the ‘targeted’ cancer therapeutics, even though EGFR is widely expressed in
normal tissues. EGFR mRNA is found at fairly low levels in a variety of breast,

Anti-Angiogenic Targets for Kinase Inhibitors
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O

Fibroblast | Secrete angiogenic factors

Tyrosine Kinase Inhibitors
A block secretion
Macrophage/
Infiltrating cell

Serine-Threonine Kinases
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——————————————————— inhibitors block
Endothelial cell intracellular

gm signal transduction

Pericyte | Tyrosine Kinase Receptors
(VEGFR1, VEGFR2, PDGFR)
block receptor signaling

Figure 2.
Schematic of antiangiogenic kinase targets in a variety of cell-types involved in malignant disease.
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lung, prostate and other cancer cell lines, and is found at higher levels in
some breast (MD-MBA-468) and ovarian (OVT1) cancer cell lines. The murine
MAD 225 antibody, a mouse monoclonal antibody to EGFR, was shown to
have antitumor activity against human A431 epidermoid carcinoma and hu-
man MDA-MB-468 breast carcinoma grown as xenografts in combination
with doxorubicin or cisplatin [58-61]. The humanized MAb 225 antibody
C225 has been studied alone and in combination with gemcitabine, topote-
can, paclitaxel and radiation therapy in several human tumor xenograft
models [62-65]. In the fast growing GEO human colon carcinoma, C225
(10 mg/kg, i.p., 2x weekly for 5 weeks) produced a tumor growth delay of
24 days; topotecan (2 mg/kg, i.p., 2x weekly for 5 weeks), a camptothecin
analog, produced a tumor growth delay of 14 days and the combination reg-
imen produced a tumor growth delay of 86 days (Fig. 3) [62]. At least part of
the activity of C225 can be attributed to antiangiogenic activity [66-68].
Bruns et al. [63] implanted L3.6pl human pancreatic carcinoma cells into the
pancreas of nude mice, and, beginning on day 7 post tumor cell implantation,
treatment was initiated with C225 (40 mg/kg, i.p., 2x weekly for 4 weeks),
gemcitabine (250 mg/kg, i.p., 2x weekly for 4 weeks) or the combination.
The animals were sacrificed on day 32 at completion of the treatment regi-
men; therefore, no definitive endpoints could be assessed. Gemcitabine ap-
peared to be most effective against the liver and lymph node metastasis, and
C225 appeared to be most effective against the primary disease. The combi-
nation regimen appeared to be more effective than either treatment alone.
Combination treatment regimens including C225 with radiation therapy
appeared to produce at least additive tumor growth delay in two head and
neck squamous carcinoma xenograft models [52, 55, 65]. C225 has under-
gone three consecutive phase I clinical trials, a phase Ib clinical trial, several
single agent and combination phase II and phase III clinical trials, and has
received FDA approval as Erbitux [42, 59, 67-69].

Among the several small-molecule ATP-binding site competitive inhib-
itors of EGFR kinase activity, ZD1839 (gefitinib, Iressa) has reached clinical
approval [70-73]. ZD1839 has been studied in combination with cisplatin,
carboplatin, oxaliplatin, paclitaxel, docetaxel, doxorubicin, etoposide, ral-
itrexed and radiation therapy in human tumor xenograft models [67-69,
74-77]. The contribution of ZD1839 to the anticancer activity of combina-
tion treatment regimens is due, at least in part, to activity as an antiangio-
genic agent [69, 78]. When nude mice bearing the fast growing human GEO

50



Tumor models for preclinical development of targeted agents

5
—&— Control
—O— Topotecan
4 —¥— MAb C225
—— Combination
E
L
o 3
£
=
o
>
S 2
£
=
-
1
0 T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Days
Figure 3.

Antitumor activity of topotecan and MAb C225 on established GEO human colon carcinoma
xenografts. Mice were injected s.c. in the dorsal flank with 107 human GEO colon carcinoma
cells. After 7 days (average tumor size, 0.2 cm?3), mice were treated i.p. with topotecan alone
(2 mg/kg/dose, twice weekly on days 1 and 2 of each week for 2 weeks) or with MAb C225 alone
(0.25 mg/dose, twice weekly on days 3 and 6 of each week for 5 weeks), or with both drugs with
the same sequential schedule. Each group consisted of ten mice. The experiment was repeated
three times. Data represent the average of 30 mice for each group; bars represent SD. Student’s
t-test was used to compare tumor sizes among different treatment groups at day 29 after tumor
cell implantation. MAb C225 vs control (P < 0.001); topotecan vs control (P < 0.001); topotecan
followed by MAb C225 vs control (P < 0.001); topotecan followed by MAb C225 vs MAb C225
(P<0.001); topotecan followed by MAb C225 vs topotecan (P < 0.001).

colon carcinoma were treated with ZD1839 daily for 5 days per week for
4 weeks at doses of 50, 100 or 200 mg/kg i.p., tumor growth delays of 4, 6
and 18 days, respectively, resulted [67, 68]. The 100 mg/kg dose of ZD1839
was selected for combination studies. Using the GEO colon xenograft tumor
model, Ciardiello et al. [67, 68] found that ZD1839 administered daily i.p.
for 5 days per week for 4 weeks produced a 6- to 10-day tumor growth delay,
while standard regimens for paclitaxel (20 mg/kg), topotecan (2 mg/kg) and
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tomudex (12.5 mg/kg) resulted in 9, 7 and 10 days of tumor growth delay,
respectively. The combination treatment regimens of ZD1839 with each cyto-
toxic agent resulted in 33, 27 and 25 days of tumor growth delay, respectively.
Sirotnak et al. [74] administered ZD1839 (150 mg/kg) p.o. daily for 5 days for
2 weeks to nude mice bearing A431 human vulvar epidermoid carcinoma,
A549, SK-LC-16 or LX-1 human non-small cell lung carcinomas or PC-3 or
TSU-PR1 human prostate carcinomas, as a single agent or along with cisplatin,
carboplatin, paclitaxel, docetaxel, doxorubicin, edatexate, gemcitabine or
vinorelbine. ZD1839 was a positive addition to all of the treatment combi-
nations except gemcitabine, where it did not alter the antitumor activity
compared with gemcitabine alone, and vinorelbine where the combination
regimen was toxic. For example, in the LX-1 non-small cell lung carcinoma
xenograft, ZD1839 (150 mg/kg, p.o.) produced a tumor growth delay of
8 days, paclitaxel (25 mg/kg, i.p.) produced a tumor growth delay of 16 days
and the combination treatment regimens resulted in a tumor growth delay
of 26 days. Working in the human GEO colon carcinoma, Ciardiello et al. [69]
found that ZD1839 (150 mg/kg, i.p., daily for 5 days per week for 3 weeks;
total dose 2250 mg/kg) was a more powerful antiangiogenic therapy than
paclitaxel (20 mg/kg, i.p., once per week for 3 weeks; total dose 60 mg/kg)
and that the combination treatment regimen was most effective. Expanding
upon these studies, Tortora et al. [79] examined combinations of an anti-
sense oligonucleotide targeting protein kinase A, a taxane and ZD1839 in
the fast growing human GEO colon carcinoma xenograft. The tumor growth
delays were 8 days with the taxane IDN5109 (60 mg/kg, p.o.), 20 days with
ZD1839 (150 mg/kg, p.o.), 23 days with the antisense AS-PKAI (10 mg/kg,
p-o.), and 61 days with the three agent combination treatment regimen.
Naruse et al. [80] found that a subline of human K562 leukemia made resist-
ant to the phorbol ester TPA and designated K562/TPA was more sensitive to
ZD1839 administered i.v. or s.c. to nude mice bearing s.c. implanted tumors
than was the parental K562 line. Given these results, it is unlikely that
ZD1839 would be a highly effective single agent in the clinic, but it could be
a useful component in combination treatment regimens.

ZD1839 was evaluated in five phase I clinical trials including 254 pa-
tients, and it appeared that response to ZD1839 did not correspond to tumor
EGFR expression [81]. A phase I study of 26 colorectal cancer patients
showed that ZD1839 could be combined safely with 5-fluorouracil and leu-
covorin [73, 82]. Two large multicenter phase III clinical trials of ZD1839
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(250 or 500 mg daily) in combination with carboplatin/paclitaxel or cis-
platin/gemcitabine as first-line treatment in non-operable stage III and stage
IV non-small cell lung cancer patients were conducted [81, 83, 84].

Like ZD1839, OSI-774 (erlotinib, Tarceva) is a small molecule ATP-com-
petitive inhibitor of EGFR kinase function of the 4-phenylamino-quazoline
class [71]. The antitumor activity of OSI-774 was explored in two human tu-
mor cell lines known to overexpress the EGFR and known to be sensitive to
antibodies to EGFR, the LICR-LON-HNS head and neck carcinoma (HNS;
[85-87]) and A431 epidermoid carcinoma [60, 88]. For administration of
OSI-774 to animals either by i.p. injection or by oral gavage (p.o.), the com-
pound was formulated in a vehicle containing 10% DMSO by volume [89].
By either route, OSI-774 produced a significant dose-related inhibition of
EGEFR tyrosine phosphorylation in HNS tumors collected 1 h after adminis-
tration of the compound. Orally administered OSI-774 was tested in nude
mice bearing s.c. implanted HNS tumors. When the compound was given
daily beginning on day 4 post tumor cell implant and continued until day
24, doses of OSI-774 between 1.6 and 6.2 mg/kg produced tumor growth de-
lays of 2-10 days, while doses of the compound between 12.5 and 100
mg/kg produced tumor growth delays of 32-38 days (Fig. 4) [89]. OSI-774
was then evaluated in the HNS tumor beginning treatment when the tumors
were well established, on about day 18 post s.c. tumor implantation and
continuing daily until about day 38. Doses of the compound between 2.9
and 5.7 mg/kg produced tumor growth delays of 0-8 days and doses between
11 and 92 mg/kg result in a tumor growth delay of about 30 days (Fig. 4).
Finally, nude mice bearing a human A431 epidermoid carcinoma s.c. xeno-
graft were treated orally, beginning day 4 post tumor cell implantation, with
OSI-774 daily until day 24. While treatment was on-going, the tumor growth
delays produced by doses of the compound between 3.1 and 12.5 mg/kg
were 0-7 days and at doses between 25 and 100 mg/kg were =14 days (Fig. 4).
OSI-774 was tested in two phase I clinical trials using daily or weekly oral
dosing [90]. The dose-limiting toxicities were rash and diarrhea, and the
final recommended dose was 150 mg/day. Three phase II clinical trials ex-
plored the efficacy of OSI-774 (150 mg/day) in non-small cell lung cancer,
ovarian cancer and head and neck cancers. The single agent activity of
OSI-774 was modest. Subsequently, a number of phase III clinical trials were
initiated in non-small cell lung cancer in combination with cisplatin and
gemcitabine (TALENT), with carboplatin and paclitaxel (TRBUTE), in second-
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line therapy with docetaxel and as second/third-line monotherapy [90-92].
OSI-774 was successful in meeting the clinical goals in the TRIBUTE phase II
trial.

The deregulated tyrosine kinase activity of the BCR-ABL fusion protein
has been established as a causative molecular event in chronic myelogenous
leukemia (CML). The BCR-ABL fusion protein has proven to be an ideal tyro-
sine receptor kinase target for pharmacological inhibition. STI571 (Gleevec;
Glivec; CGP57148B) is a potent inhibitor of the Abl tyrosine kinase that is
present on the malignant cells in 95% of patients with CML. The STI571 se-
lectively Kkills v-Abl- and Bcr-Abl-expressing cells and has antitumor activity
as a single agent in animal models at well-tolerated doses [71, 93-101].
Unlike many other tyrosine kinase inhibitors that are cytostatic, STI571 is
cytotoxic toward CML-derived cell lines as demonstrated in colony forma-
tion assays using the surviving fraction endpoint [102]. In cell culture STI571
adds to the cytotoxicity of other cytotoxic agents, such as etoposide, in the
cells that express the BCR-ABL mutation [102-104]. In cell culture studies
modeling combinations that may be used for bone marrow pre-transplanta-
tion conditioning regimens, using the BV173 and EM-3 BCR-ABL-positive
cell lines with an MTT growth inhibition endpoint, Topaly et al. [105] found
that STIS71 produced greater-than-additive growth inhibition in combina-
tion with radiation therapy and produced additive to less-than-additive
growth inhibition with busulfan and treosulfan by the combination index
method. Mice reconstituted with P210 (BCR/ABL)-transduced bone marrow
cells succumb to a rapidly fatal leukemia [106]. When these animals were
treated with STI571, survival time was increased. In contrast to the poly-
clonal leukemia in control mice, STI571-treated mice develop a CML-like
leukemia that is generally oligoclonal, suggesting that STI571 eliminated or
severely suppressed certain leukemic clones. None of the STI571-treated mice
were cured of the CML-like myeloproliferative disorder, and STI571-treated
murine CML transplanted with high efficiency to fresh recipient animals.

Progression of CML to acute leukemia (blast crisis) in humans has been
associated with acquisition of secondary chromosomal translocations fre-
quently resulting in the NUP98/HOXA9 fusion protein. Dash et al. [107] de-
veloped a murine model expressing BCR/ABL and NUP98/HOXA9 to cause
blast crisis. The phenotype depends upon expression of both mutant pro-
teins, and the tumor retains sensitivity to STI571. Despite the success of
STI571, resistance can develop to this agent in the clinic [108-111].
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STIS71 is not a specific inhibitor of BCR/ABL and is, indeed, also a potent
inhibitor of other tyrosine kinases including the receptor tyrosine kinase KIT
and the platelet-derived growth factor receptor (PDGFR). About 90% of ma-
lignant gastrointestinal stromal tumors (GISTs) have a mutation in c-kit, lead-
ing to KIT receptor autophosphorylation and ligand-independent activation.
Initial clinical studies have found that about 50% of GISTs respond to STI571
[112-117]. PDGFR is expressed in several human cancers and is also expressed
by tumor endothelial cells, thus, enabling STI571 to be used as an antiangio-
genic agent.

4 Genetically engineered mouse models

The wide-spread use of genetically engineered murine cancer models for test-
ing potential therapeutics has had a difficult beginning for several reasons.
The first is that of maintenance in producing large breeding colonies with
sufficient animals to perform efficacy testing. Second is that the tumor nod-
ules arising in these mice generally occur at ‘old-age’ so that large numbers of
animals must be housed for long periods before they can be used in experi-
ments. Third is that many of the models develop tumor nodules originating
from a single gene alteration and are overly responsive to therapy. The hy-
pothesis is that the transformation of a normal cell to a malignant tumor cell
occurs as a result of a relatively small number of critical genetic changes
[118]. Transgenic models of mammary, pancreas, prostate, stomach and lung
adenocarcinoma have been developed by genetically engineering mice that
express polyoma middle T (MMTV) alone or along with activated neu or
Wntl, c-myc (WAP) alone or along with TGF-a, elastase-T antigen (ET), or
prostate steroid binding protein alone or along with T antigen [119]. Several
approaches have been applied to genetically engineered models of brain tu-
mors; these include embryonic stem cell-mediated transgenesis, injection
of cells producing an oncogene by infection with a retroviral victor, and
targeted gene disruption [120].

The more recently developed approaches allow the use of latent, condi-
tional and inducible alleles to better mimic appropriate expression of hu-
man genes in engineered mice [121]. Chromosome translocations, latent
alleles and tissue-specific and temporally regulated mutations provide a bet-
ter model of human disease [122]. Multiple mutations are often intro-
duced into animals by interbreeding. The Cancer Genome Anatomy Project
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(http://cgap.nci.nih.gov) established by the National Cancer Institute in
1997 is cataloging all cancer-related changes in both human and mouse tu-
mors using EST and SAGE cDNA sequencing methods to examine large pro-
portions of the genome for aberrant expression and sequence alterations.
While most current transgenic oncomouse models fail to produce malignant
disease, as defined by ability to metastasize, future generations of genetically
engineered animal models will likely be moving closer to true disease mod-
els [123].

The main focus of cancer research and tumor model development has
been on the alteration in cells that enable enhanced growth properties, eva-
sion of apoptotic signals, immortality, and invasive and metastatic properties
to become malignant. The roles of the microenvironment, that is stromal
cells including stromal fibroblasts and inflammatory cells that support/pro-
mote tumor growth, are also an area of active investigation [124]. It is evident
that early and persistent inflammatory responses observed in or around
many solid tumors have an important role in establishing a molecular envi-
ronment supportive of neoplastic progression by providing growth factors,
cytokines, chemokines and other factors that alter tissue homeostasis [124].
The phenomenon designated as epithelial to mesenchymal transition (EMT),
which refers to the breakdown of epithelial cell homeostasis leading to ag-
gressive cancer progression, can be promoted and potentially driven by mol-
ecules secreted by stromal cells [125]. An example of the power of stroma on
tumor growth is the prostate carcinoma and bone-stroma interaction [126].
In a cell-based three-dimensional co-culture assay system established with
prostate cancer cells and bone cells, both genotypical and phenotypical
responses were observed; responses that were demonstrated when tumor ep-
ithelial cells were co-cultured with bone stroma.

5 Conclusions

The cancer research community realizes that human cancer in its limitless
forms is a very difficult disease to model and very difficult to treat. The no-
tion of ‘targeted’ therapeutics that would selectively block molecular
processes required for tumor growth, but that are not expressed by or needed
by normal tissues, has generally not had the successes hoped for. There have
been, however, subgroups of patients whose malignant disease has responded
very well to specific ‘targeted’ therapeutics, and in a few cases a molecular al-
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teration or expression of the target can account for those responses. Examples
of these cases may be expression of specifically mutated EGFR and responses
to erlotinib or gifitinib, and expression of HER-2/neu and responses to
Herceptin. These findings have encouraged the development of diagnostic
tests that can be applied to select patients with the best chance of responding
to a specific targeted agent. Clinical colleagues again turn to preclinical mod-
els with questions to be answered before an appropriate clinical trial design
can be defined for a particular agent [127]. Question such as: (1) Can any se-
rious toxicity be predicted based upon preclinical data?; (2) Can single agent
activity including tumor regression be predicted from preclinical efficacy
data?; (3) Is there a clear molecular target?; (4) Does inhibition or neutraliza-
tion of the target molecule correlate with tumor response in the preclinical
efficacy models?; (5) Can inhibition or neutralization of the target be de-
tected in tumor materials or in surrogate tissues in preclinical models?;
(6) Are there surrogate measurements that can be correlated with target inhi-
bition? The answers to these types of questions test the value of preclinical
models, but also influence the selection of targets and therapeutic agents to
address those targets.
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Angiogenesis inhibitors: what is the clinical future?

Glossary of abbreviations

SFU, 5-fluorouracil; bFGF, basic fibroblast growth factor; GI, gastrointestinal; MVD, micro-
vessel density; PR, partial response; PDGFs, platelet derived growth factors; SD, stable disease;
VEGE, vascular endothelial growth factor.

1 Introduction

Angiogenesis inhibitors have been developed for clinical use and subse-
quently have entered clinical trials in the past two decades. The clinical in-
troduction has been based on preclinical experiments initiated in the begin-
ning of the seventies by Dr. Folkman. This surgeon hypothesized that tumors
need new vessels to grow and to metastasize [1]. The process of new blood
vessel formation is called angiogenesis. Angiogenesis is not only required for
tumor development, but is also involved in embryonic development and
wound healing, and in other diseases like atherosclerosis, rheumatic disease
and psoriasis [2].

Blood vessels are required for the delivery of oxygen, nutrients, and growth
factors, etc., and to carry off waste products. In addition, in tumor develop-
ment, metastatic cells use blood vessels to escape a primary tumor. Stim-
ulation of new blood vessel formation is regulated by growth factors that
stimulate vascular cell proliferation, migration and tube formation. On the
other hand, angiogenesis inhibitors have been found to keep the vasculature
quiescent by preventing vascular cell proliferation and migration. These pro-
and anti-angiogenic factors have been discovered in preclinical studies [3].
The angiogenic stimulation in tumors is caused by oncogene-driven tumor
expression of angiogenic factors or by downregulation of angiogenesis in-
hibitors by oncogenic changes.

Clinical studies that confirm the role of angiogenesis in tumor develop-
ment include studies that show high expression of angiogenic factors by tu-
mors, downregulation of angiogenesis inhibitors and the finding that highly
vascularized tumors have a more progressive phenotype, including a higher
metastatic rate.

The vascularity of tumors is assessed by the determination of microvessel
density. In 1992, the first prospective study on tumor microvessel density
(MVD) and outcome of patients showed that the MVD was an independent
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prognostic factor for survival and metastasis formation in breast cancer [4].
Thereafter, in many other clinical studies the MVD has been found to be of
predictive value for disease outcome for several tumor types [5, 6].

The expression of angiogenic growth factors, mainly vascular endothelial
growth factor (VEGF), has also been found to be predictive for survival and
metastasis formation [7].

Downregulation of angiogenesis inhibitors has been detected, but these
clinical studies are not as clear as in preclinical experiments. As hypothe-
sized by Hanahan and Folkman in 1994 [8], the balance of pro- and anti-an-
giogenic factors determines whether tumors start to grow and disseminate.
Based on the preclinical and clinical data showing that angiogenesis is re-
quired for tumor development, many pharmaceutical companies directed
part of their anticancer drug development programs to develop angiogenesis
inhibitors.

Many different anti-angiogenic approaches have been taken, which we
discuss in this chapter. The clinical results of angiogenesis inhibitors thus far
are summarized and future directions discussed. In addition, we give insight
into the clinical problems that have been observed with this type of agents,
including a new toxicity spectrum.

2 Preclinical background

Several growth factors are involved in new vessel formation. The most im-
portant angiogenic growth factors are VEGE, basic fibroblast growth factor
(bFGF), platelet derived growth factors (PDGFs), hepatocyte growth factor
and the angiopoietins [9]. Tumors have been shown to secrete some of these
factors or to induce production. Based on preclinical studies, especially the
corneal neovascularization assay, Folkman and Shing [10] stated that the
process of angiogenesis does not occur without accurate stimuli. In the
corneal neovascularization assay, a pellet with a certain angiogenic growth
factor and a placebo as control is implanted in the avascular cornea of a
mouse, rabbit or rat. Within a few days after implantation, neovasculariza-
tion from the limbus in the direction of the pellet has been observed for
several factors as named above [11].

These findings led to the opposing principle as well, namely the blocking
of angiogenesis by inhibitors. Indeed, the discovery of angiogenesis inhib-
itors closely followed the discoveries of stimulators. Exciting was the discov-
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ery of a tumor suppressor gene that regulated the secretion of thrombos-
pondin, an endogenous angiogenesis inhibitor present in the matrix and
platelets [12]. Many endogenous inhibitors, such as the CXC-chemokine
platelet factor-4, the plasminogen fragment angiostatin and an 18-kDa part
of collagen XVIII, named endostatin, were discovered [13, 14]. In parallel,
synthetic angiogenesis inhibitors were developed based on the biochemical
pathways that were elucidated by the various groups working on angiogene-
sis [15]. The driving force to discover synthetic angiogenesis inhibitors was
the clinical perspective that these compounds may be able to suppress
human tumor development in a non-toxic way. Another strong motive was
that by attacking the vasculature, chemotherapy-induced drug resistance
may be circumvented, because endothelial cells are considered to be geneti-
cally more stable than tumor cells [16].

Although many different aspects in the biochemical process of angiogen-
esis have been elucidated, one intriguing question of how, when and why a
dormant (silent) tumor becomes angiogenic has not been explained thus far.
In 1996, Folkman and Hanahan [8] proposed that this switch is dependent
on the balance between angiogenic stimulators and inhibitors. The cause of
a switch from the anti-angiogenic state into a pro-angiogenic state in dormant
tumors is presumably regulated multifactorially, and depends on genetic and
environmental factors. In a transgenic mouse model of pancreatic islet car-
cinogenesis Hanahan and co-workers showed that after 3-4 weeks up to 50%
of the islets become hyperplastic. After 10 weeks, part (8-12%) but not all of
the hyperplastic islets become angiogenic by switching on angiogenesis in the
normal quiescent islet capillaries. This switch is associated with further tumor
expansion and is accompanied by expression of angiogenic factors, but none
of these factors could specifically explain why only 8-10% of the islets be-
come angiogenic while the other islets remain hyperplastic [17].

In another preclinical model of tumor dormancy, Udagawa et al. [18] ele-
gantly showed that certain experimental tumors remain viable after implan-
tation into mice, but do not progress. By transfection of these tumor cells
with pro-angiogenic genes (VEGF or ras), the angiogenic balance changed
and tumors started to expand.

The current dogma is that in a dormant tumor, the apoptotic rate of tu-
mor cells outweighs the proliferation rate of these cells, while after the angio-
genic switch, the tumor cell proliferation by far exceeds the apoptotic rate of
the tumor cells [19].
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One of the genes that may play a major role in the regulation of angio-
genesis in tumors is the gene that regulates expression of the Id proteins. This
family of proteins (Id1-Id4) is involved in the control of cell growth, senes-
cence, differentiation and neoplastic transformation by preventing transcrip-
tion factors from binding DNA by direct physical interaction [20]. It turned
out that Id1/Id3 null mice are not viable, but by retaining one copy of Id1 or
Id3 embryonic death is prevented. Interestingly, tumors hardly grow and fail
to metastasize in these mice [21]. In addition, the tumors in these mice were
not able to recruit circulating endothelial cells into their newly formed
vasculature. However, bone marrow transplantation, with full alleles of Id1
and Id3, circumvented this problem [22]. Recently, it has been shown that
Id1 represses thrombospondin expression [23], indicating that TSP1 plays a
role in prevention of recruitment of circulating endothelial cells.

Although several genes may play a role in the angiogenic switch, none of
them can explain why and how the switch occurs at a certain time point.
One may presume that environmental factors (for example smoking) may
also be a trigger causing the switch. In in vitro assays, hypoxia, a low pH, iron
deficiency and hypoglycemia stimulate VEGF expression and subsequent en-
dothelial cell proliferation, and may also stimulate the in vivo angiogenic
process [24-26].

Weinberg and Hanahan [27] summarized the essential hallmarks of can-
cer and named sustained angiogenesis as one of them. The other essential
differences of tumor cells compared to normal cells include self sufficiency
in growth signals, insensitivity to growth inhibitory signals, evasion of pro-
grammed cell death, limitless replicative potential and tissue evasion and
metastasis. These characteristics of tumor biology are regulated by genetic
changes in the tumor cells. Both the dominantly acting oncogenes as well as
the inactivation of tumor suppressor genes by a mutation are involved in the
development of tumors. Inactivation of tumor suppressor genes may be
caused by methylation of nucleotides in the promotor sequence that control
the expression of these genes [28].

3 Clinical significance of tumor angiogenesis

Tumor dormancy is eventually the most important cause of death in cancer
patients. Although initial therapy of cancer is in general adequate, 90% of
cancer patients die of distant metastasis [29]. Sometimes these metastases be-
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come detectable within a few years after initial therapy, but others are found
only after 15-20 years. The initial therapy including surgery, radiotherapy
and sometimes systemic adjuvant therapy, cannot prevent tumor recurrence
in some patients. There are at least two reasons that may explain this clinical
problem. Firstly, it might well be that dormant metastasis have such a low
proliferation rate that they are insensitive to the adjuvant therapy. Secondly,
some of these micrometastases (sometimes single tumor cells) may not be
reached by the systemic therapy because they are too far away from the blood
supply or lying within fibrotic tissue [30].

A clinical example of tumor dormancy is a local recurrence of breast can-
cer many years after mastectomy. Such recurrences occur in 5-30% of pa-
tients. Demicheli et al. [31] found in a group of 122 breast cancer patients
that long intervals between mastectomy and recurrence cannot be explained
by uninterrupted constant growth of local tumor cells that were left behind
after mastectomy, and confirmed these findings in a group of 1173 patients
a few years later [32]. They proposed, based on statistical analysis of these
122 patients, that tumors recur after a period of tumor dormancy followed
by a more rapid regrowth. A possible explanation of this phenomenon is
that these dormant tumors have not yet made the switch to a pro-angio-
genic phenotype and remain in an anti-angiogenic state.

In other clinical studies the importance of angiogenesis in human cancer
has been confirmed by MVD and angiogenic growth factor expression,
mainly VEGE. It turned out that for primary tumors, the MVD in localized
areas of intense vascularization is an independent prognostic factor for over-
all survival and disease-free survival. This was first shown in breast cancer,
and it has now been confirmed in a large variety of tumor types [5, 6].

In a recent clinical study, specific gene expression signatures in breast
cancer could predict clinical outcome. Interestingly, it was clear that angio-
genesis-related genes are important for clinical outcome, for example, VEGEF,
VEGF-receptor FLT1 and metalloproteinase MMP9 [33]. This study also con-
firmed that stimulation of angiogenesis in human tumors is not solely de-
pendent on one gene-related product, but is multifactorially regulated.

4 Anti-angiogenic agents in clinical studies

Anti-angiogenic agents can be roughly categorized into four different groups
depending on their mechanism of action: (1) the growth factor pathway in-
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hibitors; (2) the direct endothelial cell cycle inhibitors; (3) agents that inter-
fere with endothelial cell adhesion; and (4) the others. We will discuss each
group separately. The growth factor pathway inhibitors include the greatest
number of agents that are currently in clinical development, and are the
only ones that have shown clinical significance in phase III trials; these will
be discussed most extensively here.

The most promising anti-angiogenic agents that are in clinical develop-
ment at this moment, are the agents that attack the VEGF pathway. Many
drug companies have focused their interest on agents known to attack at
least this pathway.

4.1 Angiogenic growth factor pathway inhibitors
4.1.1  Bevacizumab

Bevacizumab is a humanized antibody from a murine anti-VEGF antibody
mADb A4.6.1 [34]. It is 93% human and 7% murine. It has the same affinity
for VEGF as the murine antibody and causes no immune response in hu-
mans. Bevacizumab binds to all isoforms of VEGE.

In preclinical experiments, the parent murine anti-VEGF antibody as
monotherapy has been shown to inhibit tumor growth and metastasis for-
mation in several tumor models, including breast, colon and renal tumors.
In addition, it reduced tumor vascularity and increased blood vessel perfu-
sion [35].

When combined with chemotherapeutic agents, the antibody not only
caused a decrease in vascular density, but an increase in tumor chemotherapy
concentration. Combination with either Irinotecan, Paclitaxel, Capecitabine
or Cisplatin resulted in inhibition of murine tumor growth and a prolonged
survival compared to single agent therapy [34]. Furthermore, Bevacizumab in
combination with Trastuzumab, an antibody used in the clinic as an inhib-
itor of the HER2/neu receptor and Paclitaxel had synergistic antitumor activ-
ity (preliminary data by Pegram et al., UCLA).

Clinical development of Bevacizumab started in the end of the previous
century. Gordon et al. found that the maximal tolerated dose of Bevacizumab
was 10 mg/kg i.v. every 2 weeks [36]. The major side effects were asthenia,
headaches and nausea. In phase II studies, it showed a significant difference
for time to disease progression in favor of the treatment group compared to
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placebo in renal cell cancer. In combination with chemotherapy, it caused a
significantly longer disease-free survival in patients with advanced colorectal
cancer [37, 38]. This last result has been confirmed in a large phase III trial,
with Irinotecan and S-fluorouracil (5FU) plus leucovorin as the chemothera-
peutic agents, in more than 800 patients [39]. Survival of patients treated with
the combination with Bevacizumab plus chemotherapy versus chemotherapy
alone was 20.3 versus 15.6 months, respectively. Also overall response rate was
increased from 34.8% to 44.8% in the Bevacizumab group and duration of
response was significantly better in the Bevacizumab group by 3.3 months
(from 7.1 to 10.4 months). The major side effects in phase II trials were hyper-
tension, proteinuria, epistaxis, thrombosis, gastrointestinal (GI) bleeding, di-
arrhea and leukopenia. In the phase III trial, although there was a slight
increase in diarrhea and leukopenia, no confirmation of these serious side
effects were observed. The only serious concern has been a GI perforation rate
of 1.5% in the Bevacizumab group compared to 0% in the control arm.

The most compelling evidence that treatment with Bevacizumab affects
the human vasculature comes from the study of Willet et al [40]. In this
study they treated patients with primary and non-metastatic rectal cancer
with Bevacizumab alone followed by Bevacizumab plus SFU prior to surgery.
They found a significant decrease in tumor blood perfusion, tumor blood
volume and after surgery in tumor vascularity. Of course, this last result may
also be due or partly due to 5FU treatment.

Together these data resulted in the registration of Bevacizumab for ad-
vanced colorectal cancer in combination with chemotherapy as first-line
treatment. Whether these results can be improved with other treatment
strategies in colorectal cancer, for example with oxaliplatin has to be awaited.
In other tumor types, like metastatic breast cancer, non-small cell lung cancer
(NSCLCQ), renal cell cancer and pancreatic cancer, phase IlII trials are ongoing
and the results are eagerly awaited [41, 42].

Other VEGF-attacking antibodies include HuMV833 and the soluble re-
ceptor VEGF-TRAP, which are both being investigated in phase I trials.

4.1.2 HuMV833

The antibody HuMV833, has been studied in phase I in patients with ad-
vanced solid tumors [43]. This antibody has similarities to Bevacizumab be-
cause it is also a humanized version of a mouse anti-VEGF mAb. In preclini-
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cal models it inhibited tumor growth [44]. The optimum biological active
dose could not be established because of heterogeneity of the antibody
uptake and clearance by different tumors.

4.1.3 VEGF-TrapR1R2

VEGF-TrapR1R2 is a derivative of the most potent VEGF binder soluble
VEGEFR1 [435]. The soluble form of VEGFR1 has poor pharmacokinetic char-
acteristics especially because of its interactions with the extracellular matrix.
Therefore, VEGF-Trap was engineered consisting of portions of the human
VEGFR-1 and VEGFR-2 extracellular domains fused to the Fc portion of a
human immunoglobulin G1, with minimal interactions with the extracellu-
lar matrix but still very potent affinity for VEGE

In preclinical tumor models, this agent showed antitumor activity for dif-
ferent tumors, including ovary, lung cancer, sarcoma and melanoma murine
tumor models [46]. Interestingly, in one of these models the tumor endo-
thelial fenestrations disappeared upon treatment, and in another study sys-
temically given VEGF-Trap reduced ascites formation in an ovarian tumor
model [47].

In a phase I study in which VEGF-Trap was administered subcutaneously
to 30 patients with advanced solid tumors, no antibodies against the agent
have been detected, even though 14 of these patients were treated for more
than 4 months [48]. The maximum tolerated dose has not yet been reached;
so far the drug-related grade 3 toxicities included hypertension, proteinuria
and leukopenia. Fourteen of 24 evaluable patients had stable disease (SD) for
more than 10 weeks.

4.1.4 IMC-1C11

In addition to antibodies against VEGF, a chimeric antibody against the
VEGEFR-2 receptor has been developed, named IMC-1C11 [49]. In preclinical
models it inhibited not only solid tumors but leukemia as well [50]. In a
phase I study in patients with colorectal liver metastases, this antibody has
been given i.v. weekly up to 4 mg/kg without grade 3 or 4 toxicity, while
plasma values were reached that inhibit the kinase-insert-domain-contain-
ing receptor (KDR) in vitro [51]. In 7 out of 14 patients, anti-chimeric anti-
bodies were detected.
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4.1.5 SU5416, SU6668, SU0T1248

Another type of VEGF growth factor blockers includes the small-molecule
tyrosine kinase inhibitors. These inhibitors have similar mechanisms of
action. They inhibit the VEGF receptor and/or other growth factor receptors
including (the PDGFR, c-KIT, FGFRs, etc.) by preventing phosphorylation of
the receptor intracellularly upon binding of the growth factor extracellu-
larly. Consequently, the intracellular signaling cascade that is normally in-
duced by growth factors upon binding to their receptor is blocked.

Compound SU5416, administered i.v., was one of the first tyrosine ki-
nase inhibitors against the VEGF receptor investigated [52]. Because of un-
expected toxicity, especially when combined with chemotherapy (throm-
bosis), and because of the rapid development of a newer class of these
agents that could be given orally, further clinical development of this agent
was terminated [53].

The next agent of Sugen, SU6668, was an oral broad tyrosine kinase
inhibitor, inhibiting the VEGFR2, PDGFR-beta, FGFR-1 and KIT [54]. Treat-
ment with this agent resulted in serositis-like pains, fatigue and anorexia.
No clinical responses were observed and to obtain stable plasma concen-
trations the drug had to be taken thrice daily. Because of its toxicity and
the lack of response, this compound has also not been develo ped any fur-
ther.

SU11248, an oral tyrosine kinase inhibitor, against FLT3, KIT, VEGF and
PDGEF receptors was the next compound of Sugen that reached clinical trials
[55]. Preclinical studies showed a potent antitumor activity against hemato-
logical malignancies [56-58]. In a single-dose phase I trial, the activity of
FLT3 phosphorylation has been studied in patients with acute myeloid
leukemia with single doses from 50 to 350 mg. Phosphorylation was inhib-
ited in 50% of patients with wild-type FLT3 and in 100% with mutated FLT3
[59]. In a continuing dosing phase I trial, grade 3 hypertension and fatigue
were dose-limiting toxicities [60]. The dose that was found to be safe was
50 mg q.d. At a higher dose of 75 mg q.d., grade 4 fatigue, hypertension and
cardiac failure were observed. At 50 mg q.d., grade 2 toxicities were edema,
fatigue and oral ulcerations. Further clinical studies are being awaited, but
the very impressive response rate of more than 20% in this trial was encour-
aging. In a phase I/II trial in patients with metastatic GI stromal tumors
resistant for imatinib, SU11248 was administered to 98 patients daily at
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50 mg q.d. for 4 weeks followed by a 2-week off drug period [61]. So far,
among 48 patients for whom a response could be evaluated, 26 patients had
a response [6 with partial response (PR) and 20 with SD] for >6 months.
Another very promising result has been observed in patients with metastatic
renal cell cancer [62]. Of 63 patients, 32 had a durable response (SD or PR)
for more than 6 months. Grade 3/4 toxicities includes lymphopenia and
increased lipase and amylase without clinical signs of pancreatitis, and fa-
tigue/asthenia.

4.1.6 PTK787/7ZK222584

PTK787/ZK222584 is an oral tyrosine kinase inhibitor of VEGFR-2 of Novartis
[63]. It also inhibits tyrosine kinase receptors of the PDGF, c-Kit and cFms
pathways, but at higher concentrations. In preclinical tumor models, it in-
hibited several human carcinomas including colorectal cancer and prostate
cancer. One of the preclinical investigations included wound healing. It
turned out that wound healing was not affected by PTK787, while tumor
vascularization clearly diminished.

In two phase I studies, biological activity was observed by dynamic con-
trast-enhanced MRI [64]. Already 2 days after start of treatment a significant
decrease in vessel perfusion was observed in patients with hepatic metastases
from colorectal cancer. The maximal tolerated dose was 2000 mg daily. Cur-
rently, a phase III clinical trial in advanced colorectal cancer with chemo-
therapy (oxaliplatin, SFU and leucovorin) plus or minus PTK787 has just
been closed for accrual, and the results are eagerly awaited.

4.1.7 ZD6474 and AZD2171

Astra Zeneca developed two oral tyrosine kinase inhibitors (ZD6474 and
AZD2171) that affect the VEGFR pathway [65]. Both agents showed clear
preclinical antitumor activity and are now being evaluated in phase I trials.
Both agents seem to be well tolerated. Dose limiting toxicity of ZD6474 was
skin rash. This drug is now being studied in combination with docetaxel in
patients with NSCLC [66]. A phase I trial of AZD2171 is currently being per-
formed; preliminary data showed no serious toxicity up to 10 mg q.d. orally
[67]. A phase I trial of AZD2171 in combination with Iressa (a tyrosine kinase
inhibitor of the EGFR pathway) is also ongoing.
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4.1.8 CEP-7055

This agents is a dimethylglycine ester of CEP-5241, which is also a tyrosine
kinase inhibitor against the VEGFR-1 to -3 [68]. This agent has entered phase
I clinical trials and showed a promising toxicity profile [69].

4.1.9 Ribozyme

Another interesting approach to interfere with the VEGF-signaling cascade
has been developed by Pavco et al. [70]. These agents inactivate mRNA for
the VEGFR-1or -2 by cleaving it intracellularly. The chemically stabilized
synthetic ribozyme against the FLT-1 VEGFR mRNA has entered clinical tri-
als [71]. This agent is given i.v. and could be given up to doses of 30 mg/m?
[72]. Headache and somnolence were observed as possible related adverse
events in only four patients. A clinical phase II study has been performed in
which this agent was combined with chemotherapy for metastatic colorectal
cancer [73].

4.2 Direct inhibitors of endothelial cells
4.2.1 Angiostatin and endostatin

Angiostatin and endostatin are both endogenous endothelial cell inhibitors
that were discovered in the laboratory of Dr. Folkman [14, 74]. Despite their
very promising preclinical activity, neither had a clinical activity of any im-
portance [75]. Endostatin did cause tumor regression in several murine tumor
models [76], and a combination of endostatin and angiostatin was even more
active in curing mice. Whether the lack of response in humans is due to the
difference between mice and men, or to drug instability when produced in
large amounts, or whether there is another reason for these disappointing
results remains unclear thus far.

4.2.2 ABT-510

A more promising agent that has reached the clinic, because it can be more
easily manufactured, is the mimetic peptide derived from thrombospondin,
ABT-510 [77]. The exact mechanism of action of thrombospondin and its
mimetic peptides is unclear. However, an induction of apoptosis in endothe-
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lial cells, regulated by altered expression of the apoptotic regulatory gene
products, like Bax, Bcl-2 and caspase-3, has been observed [78]. In preclinical
studies, this agent showed promising antitumor activity comparable to
thrombospondin itself. ABT-510 is a nonapeptide that is subcutaneously ad-
ministered. In a healthy volunteer study, up to 130 mg could be administered
with a linear pharmacokinetics profile and a low inter-individual variability.
In a phase I trial it was safe and showed early signs of activity [77].

4.3  Agents that interfere with endothelial adhesion
to the extracellular matrix

The third group of angiogenesis inhibitors includes agents that interfere
with endothelial cell matrix interactions. As pointed out by Reijerkerk et al.
[79], endothelial cells (and also other cells) die when they can no longer
attach to their environment. Endothelial cells attach to their basement
membrane through integrins. Upon interference in this attachment, the en-
dothelial cells undergo apoptosis and die. Whether thrombospondin mimet-
ics belong to this kind of agent is a matter of debate; however, based on
these observations, the drugs vitaxin and cilengitide (EMD 121974) have
been designed that interfere with this cell-basement attachment.

4.3.1 Vitaxin

Vitaxin is a humanized anti-vitronectin receptor, that showed no toxicity in
phase I trials when given thrice weekly i.v. or once every 3 weeks i.v. [80, 81].
Although active in preclinical models, thus far no clinical responses of sig-
nificance were observed.

4.3.2 Cilengitide

Cilengitide is a cyclic peptide that interferes with the alpha-V-beta3 and al-
pha-V-beta 5 integrins that are involved in endothelial cell adhesion [82]. In
phase I trials this agent was well tolerated up to a dose of 1600 mg/m? twice
weekly i.v. [83]. In one patient with a heavily pretreated head and neck can-
cer, this agent held the tumor stable at a dose of 600 mg/m? at day 1 and 4 of
a 3-weekly schedule in combination with gemcitabine (1000 mg/m? day 1
and 8) [84].
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4.4  The miscellaneous group of angiogenesis inhibitors:
thalidomide, squalamine and LY317615

4.4.1 Thalidomide

Thalidomide is a widely used agent, especially in multiple myeloma patients
[85]. Initially, this agent was withdrawn from the market because of deleteri-
ous teratogenic malformations in humans back in the sixties. In 1994
Thalidomide was rediscovered as an angiogenesis inhibitor [86]. The exact
anti-angiogenic mechanism of Thalidomide remains unclear. At least partly
it has an anti-angiogenic effect, but it has also immunomodulating activities.
Preclinical studies showed activity in solid tumors [87]. Clinical studies
showed high response rates in patients with multiple myeloma [88]. In solid
tumors, its response rates are between 10% and 25%, rather limited as sum-
marized by Kumar et al.

Finally, squalamine and LY 317615 are agents that are being studied clin-
ically, but data are sparse regarding these agents thus far [89-91].

5 Toxicity and other obstacles in the clinical
development of angiogenesis inhibitors

The introduction of angiogenesis inhibitors in the treatment of cancer pa-
tients has been difficult. Several hurdles had to be taken. Foremost, the think-
ing of clinicians had to be changed. At first clinicians had to start realizing
that inhibiting angiogenesis was not going to generate rapid and major re-
sponses of tumors. Instead, one had to accept cancer as a chronic disease,
that can be prohibited from progression by chronically prescribing angio-
genesis inhibitors. Therefore, clinical protocols had to be designed with
alternative response evaluations. While in the classical chemotherapy-based
phase I and II trials at least a 25% reduction of tumor volume had to be
reached before continuation of study drug supply could be prescribed, in the
anti-angiogenic-based clinical trials, even a 20% progression has been intro-
duced as SD on which continuation of the drug was made possible.

To establish methods to detect drug activity, several approaches have been
taken, including measuring angiogenic growth factor levels, tumor perfusion
assays by MRI and evaluation of circulating endothelial cells. All these assays
were investigated as surrogate endpoints for drug activity of this new class of
agents. No clear-cut assay that really predicts response towards angiogenesis
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inhibitors has been discovered. Thus far, as for all anticancer drugs, the only
real endpoint is survival. With regard to prolongation of survival with angio-
genesis inhibitors, thus far a few clinical trials of angiogenesis inhibitors
have indeed showed survival benefit (as described earlier).

Another problem in the clinical development of these agents has been the
whole area of drug toxicity compared to the classical chemotherapeutics.
Especially, results for thrombotic and bleeding complications were telling.
The first serious side effect with death due to a thrombotic complication was
in the clinical trial in which SU5416 was given in combination with chemo-
therapy [53]. This led to the withdrawal of this drug from further clinical de-
velopment. The exact mechanism through which thrombosis was induced
has not been elucidated, but may have been due to the varying plasma con-
centrations of the inhibitor. This variation may cause intravascular problems
with the normally quiescent vascular cells [92]. Another agent that has
caused thrombotic complications, and has now been prescribed in combina-
tion with low molecular heparins, is Thalidomide. Increased rates of throm-
bosis have been observed in patients with multiple myeloma [93].

Furthermore, and possibly related to thrombosis, hypertension is fre-
quently observed in patients treated with angiogenesis inhibitors, especially
in agents interfering with the VEGF pathway. In patients treated with
Bevacizumab, hypertension has been reported as an observed toxicity in up
to 22% of treated patients [94]. Presumably, this may be related to the nitric
oxide pathway (responsible for vasodilatation) with which these agents in-
terfere, but, as yet, this has not been completely clarified [95].

Another expected side effect, impaired wound healing has not generated
any problem thus far. In the phase III study of Bevacizumab in colorectal can-
cer, a higher incidence of bowel perforation has been detected. The exact cause
is not clear, but it might be related to impaired ulcer healing of the stomach.

In conclusion, clinicians should be aware of these possible side effects
compared to the traditional side effects induced by chemotherapeutics, but
one still may consider these patterns as rather mild.

6 Future direction: angiogenesis inhibitors are
of clinical importance

Ultimately, one should think ahead and consider which steps should be
taken to optimize the attack against cancer. In our view, the clinical future
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of therapeutic anti-angiogenic agents against cancer include the follow-
ing:

1) Study of combination treatments with classic chemotherapy plus anti-an-
giogenic agents in advanced cancer of any type to further prolong survival
and disease-free survival.

2) Development of a realistic strategy for life-long non-toxic anti-angio-
genic agent administration.

3) Establishment of new adjuvant treatment approaches with anti-angio-
genic agents with or without combinations of chemotherapy with a cur-
ative intent.

The genomic background of tumor cells in cancer patients reflects their be-
havior, as has been shown by van ‘t Veer and others [33]. It is interesting, but
not surprising, that these studies show that the expression patterns of angio-
genesis-related genes are indicators for clinical outcome. These expression
patterns that correlate with survival are not depicted on just one single gene
product, but are multifactorially regulated. The findings mentioned above
are the basis for the treatment of cancer with combination therapies. For
example, by inhibiting the VEGF pathway only, most tumors will be only
partly attacked and their growth only inhibited for a short period, because of
other growth factor pathways. Of course, this setting differs from most pre-
clinical models in which sometimes only one angiogenic growth factor
plays a dominant role. Even in the clinical development of Imatinib (a ty-
rosine kinase inhibitor of the Bcr-Abl pathway in chronic myeloid leukemia
and the mutated c-Kit pathway in GI stromal tumors), after initial response,
resistance against this drug has been observed [96]. Studying the biological
pathways that are involved in various tumor types, it becomes clear that
multiple signaling proteins in the cell signaling machinery are involved in
stimulation of the cell cycle in both the malignant and supporting cells of
a tumor, including endothelial cells and macrophages [97]. It is hard to de-
termine which pathways are crucial, because just overexpression of certain
receptors or enzymes does not necessarily reflect their importance. For ex-
ample, EGFR expression is independent of its response to blocking therapy,
but mutations in the receptor indicate a responsiveness to blocking therapy
[98]. In contrast, in patients with a mutated receptor, the response rate was
almost 100%, while in the patients with normal EGFR, almost no response

83



Henk M. W. Verheul and Herbert M. Pinedo

was seen. This finding, considered as one of the major findings of 2004 in
anticancer science, led to a whole new area of drug targeted therapy. It is
only worthwhile treating patients with EGFR inhibitors if they have a mu-
tated form of this receptor. Presumably, this may be also true for other
growth factor (receptor) pathway-interfering agents, but this has yet to be
studied.

Another intriguing observation is that combination of biologicals with
classic chemotherapeutic agents may enhance the chemotherapy response,
even when clinical resistance against the chemotherapy has been demon-
strated [99]. The combination of Cetuximab plus Irinotecan in Irinotecan-
resistant patients caused 18% responses, while Cetuximab monotherapy had
only a 10% response rate.

In other words, combinations of inhibitors attacking different biochemi-
cal pathways should shut down the multifactor-stimulated cascade of tumor-
induced angiogenesis, and may enhance tumor responsiveness to chemo-
therapy. For each angiogenic factor pathway, multiple regulatory factors and
intracellular signaling pathways exist. Therefore, various treatment strategies
can be thought of. In contrast to some preclinical tumor models that over-
produce mainly one of the angiogenic growth factors, combinations of in-
hibitors attacking a different biochemical pathway may halt these angiogenic
biochemical processes in the clinical setting. A comparison can be made with
anti-HIV treatment strategies, in which to circumvent drug resistance, at least
three different biochemical pathways should be blocked to obtain sufficient
anti-retroviral potency [100].

However, by targeting multiple biological pathways, the toxicity of these
combinations may be synergistically increased. Normal cells in, for example,
wound healing and immune reactions use the biological pathways. Therefore,
these combinations should be investigated in phase I trials for optimal dos-
ing and scheduling.

Just recently, the first data showing that the combination of an EGFR in-
hibitor in combination with a VEGF blocker (Erlotinib plus Bevacizumab) in
patients with renal cell cancer had an 87% response rate (PD + SD) [101]. The
multi-targeted Sul11248 against PDGFR, VEGFR, KIT and FLT3 has a compa-
rable response rate of 70% in metastatic renal cell cancer [62]. These data
indeed confirm the importance of a multi-targeting approach.
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Conclusion

In conclusion, because of the responses observed in phase I, II and III trials
with angiogenesis inhibitors in combination with other biological agents or

classic chemotherapy, there is no longer doubt that anti-angiogenic agents

have become part of anticancer therapy in general. In the coming years, we

should further explore the treatment strategies in which anti-angiogenic

agents will add to a prolonged survival and an increase in the cure rate of

cancer. In our opinion, the contribution of these agents will be tremendous.
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Epidermal growth factor receptor (EGFR) inhibitors in cancer therapy

Glossary of abbreviations

CRC, colorectal cancer; EGFR, epidermal growth factor receptor; HNSCC, head and neck
squamous cell carcinoma; ILD, interstitial lung disease; NSCLC, non-small cell lung cancer;
TKIs, tyrosine kinase inhibitors.

1 Introduction

One major mechanism by which cancer cells acquire autonomous and dys-
regulated proliferation is the uncontrolled production of specific cell growth-
promoting molecules, defined growth factors, and the abnormal, enhanced
expression on their cell membrane of specific proteins, defined growth factor
receptors, to which growth factors selectively bind. This interaction triggers a
series of intracellular signals that ultimately lead to cancer cell proliferation,
induction of angiogenesis and metastasis. G. Todaro and M. Sporn first pro-
posed this mechanism as the hypothesis of “Autocrine secretion and malig-
nant transformation of cells” in a landmark publication in 1980 [1]. A large
body of experimental and clinical evidence has been provided on the role of
different families of growth factors and their specific receptors in the devel-
opment and progression of human cancers [2]. The functional activation of
growth factors and receptors of the epidermal growth factor receptor (EGFR)
family is a common event in the majority of human epithelial cancers [2].
Specific EGFR inhibitors have been developed as anticancer agents [3-5]. In
this article we summarize the molecular basis of action of EGFR inhibitors,
the clinical evidence on their anticancer activity, and we will discuss the per-
spectives on their use in the treatment of cancer patients.

2 EGFR in human carcinogenesis

The EGFR family consists of four related cell membrane growth factor recep-
tors. They share the same structure: an extracellular domain that interacts
with a specific ligand, a short transmembrane domain, and a tyrosine kinase
domain within the cell, which is the activator of downstream intracellular
signaling [6, 7]. Each receptor has a certain degree of homology with the
others, but they differ in terms of ligand binding and tyrosine kinase activity.
Ten different ligands (growth factors) can bind to the four EGFR family mem-
bers. Among the EGFR-specific growth factors, transforming growth factor o
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(TGFa) is the most frequently overexpressed growth factor in human epithe-
lial cancers [8]. After ligand binding to a single chain EGFR, active couples of
receptors (receptor dimers) are formed [6-9]. These proteins can signal
within the cell by activating, through an intrinsic tyrosine kinase activity,
the autophosphorylation of the same growth factor receptor. This event trig-
gers a series of intracellular pathways that bring to the nucleus the molecular
signals for activating specific gene transcription and for cell cycle progres-
sion. EGFR activation in cancer cells can be due to: (1) EGFR overexpression;
(2) increased production of ligands, such as TGFa and amphiregulin; and (3)
EGEFR gene amplification and EGFR gene mutations [2, 8]. TGFa and EGFR
overexpression are associated with a poor prognosis in different human solid
tumors, including head and neck squamous cell carcinoma (HNSCC), non-
small cell lung cancer (NSCLC), and colorectal cancer (CRC) [2, 8]. EGFR
overexpression is also linked to the development of resistance to chemother-
apy, radiotherapy, and to hormone therapy [10-13].

3 Preclinical studies with EGFR inhibitors

Twenty years ago, the laboratory of J. Mendelsohn developed a series of
mouse monoclonal antibodies (mAbs) that bind to the extracellular domain
of EGFR, compete with endogenous ligands for receptor binding, block lig-
and-induced activation of the EGFR tyrosine kinase, and inhibit the growth
of human cancer cells that express a functional EGFR [14-17]. Different ex-
perimental approaches have been developed and tested in search of selective
anti-EGFR drugs [3-5]. Two classes of EGFR antagonists have reached clinical
development: mAbs and small-molecule inhibitors of the EGFR tyrosine
kinase activity (Tabs 1 and 2). mAbs are generally directed to the extracellular
domain of the EGFR to compete for ligand binding and receptor activation
as EGFR blocking mAbs. These antibodies are second generation, chimeric
human-mouse or humanized mAbs, since the development of human anti-
mouse neutralizing antibodies precludes the repeated administration of
mouse mAbs in patients [3-5]. Small-molecule tyrosine kinase inhibitors
(TKIs) compete with ATP for binding to the intracellular catalytic domain of
the EGEFR tyrosine kinase and, thus, prevent EGFR autophosphorylation and
downstream signaling. Whereas mAbs exclusively recognize the EGFR and,
therefore, are highly selective for this receptor, various TKIs are also able to
block other members of the EGFR family. Based on the mechanism of action,
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Table 1.
Anti-EGFR monoclonal antibodies in clinical development.

Drug Molecular Target selectivity  Clinical activity Phase of
properties in cancer types development
Cetuximab Human-mouse EGFR inhibitor Colorectal cancer, Phase IlI2
chimeric MAb HNSCC, NSCLC
mAb (I9G,)
Matuzumab Humanized MAb  EGFR inhibitor Colorectal cancer, Phase Il
mAb (I9G;) cervical cancer,
HNSCC,
esophageal cancer
Pani- Fully human EGFR inhibitor Renal cancer, Phase Il
tumumab Mab (19G,,) prostate cancer,

pancreatic cancer,
colorectal cancer,
NSCLC

hR3 Humanized EGFR inhibitor HNSCC Phase Il
mMAD (I9G;,)

aCetuximab is registered in several countries worldwide, including the USA for the treatment of
advanced CRC patients refractory to previous irinotecan-based chemotherapy (alone or in com-
bination with irinotecan).

small-molecule EGFR-TKIs can be classified in four groups depending on the
reversible or irreversible inhibition of the tyrosine kinase activity and on the
selectivity for only the EGFR or for also other members of the receptor fam-
ily [3-5]. The mechanism of action and the biological effects of mAbs and
small-molecule TKIs are not completely overlapping, with some differences
that could be also clinically relevant [5, 18] (Tab. 3). However, treatment with
both types of agents determines similar antitumor effects, such as: (1) inhibi-
tion of cancer cell proliferation with Go/G; cell cycle arrest; (2) inhibition of
angiogenic growth factor production and of tumor-induced angiogenesis; (3)
inhibition of cancer cell invasion and metastasis; and (4) potentiation of
antitumor activity of cytotoxic drugs and of radiotherapy. Cetuximab, the
chimeric human-mouse mab derived from one of the original anti-EGFR
blocking mouse mAbs generated in Mendelsohn'’s laboratory, induces EGFR
cellular internalization and downregulation, which may contribute to growth
inhibition [19, 20]. Treatment with both cetuximab and gefitinib, a small-
molecule reversible EGFR-TKI, block cell cycle progression by inducing a G;
arrest through an increase in the p27%P! inhibitor of cyclin-dependent Kki-
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Table 2.
Anti-EGFR small-molecule tyrosine kinase inhibitors in clinical development.

Drug Molecular Target selectivity  Clinical activity Phase of
properties in cancer types development
Gefitinib Reversible TKI EGFR inhibitor NSCLC, HNSCC, Phase IlI2
(quinazoline colorectal cancer,
derivative) breast cancer
Erlotinib Reversible TKI EGFR inhibitor NSCLC, HNSCC, Phase IlIP
(quinazoline pancreatic cancer,
derivative) colorectal cancer
Lapatinib Reversible TKI EGFR/ErbB-2 Breast cancer Phase Il
(quinazoline dual inhibitor
derivative)
EKB-569 Irreversible TKI EGFR inhibitor Colorectal cancer, Phase Il
(Cyanoquinoline breast cancer,
cyanoquinoline HNSCC, NSCLC
derivative)

aGefitinib is registered in 28 countries worldwide, including the USA for the treatment of NSCLC
patients refractory to previous chemotherapy (platinum-based and docetaxel-based regimens).
bErlotinib is registered in the USA for the treatment of NSCLC patients following failure of plat-
inum-base chemotherapy.

nases [21-23]. Both cetuximab and gefitinib inhibit tumor-induced angiogen-
esis in vivo by blocking cancer cell production of angiogenic factors, including
TGFa, vascular endothelial growth factor (VEGF), interleukin-8 (IL-8), and
basic fibroblast growth factor (bFGF) [24-30]. Increased antitumor activity
has been observed with the combination of EGFR antagonists and cytotoxic
drugs, including platinum derivatives, taxanes, topoisomerase I and II in-
hibitors, and with radiotherapy [31-46]. Gefitinib treatment inhibits ErbB-2
signaling in human breast cancer cells that co-overexpress EGFR, ErbB-2 and
ErbB-3, by inducing the formation of functionally inactive EGFR/ErbB-2 and
EGFR/ErbB-3 heterodimers [47-50]. In these cancer cells, gefitinib treatment
causes growth inhibition, blockade of the MAPK and Akt pathways, and in-
duction of apoptosis through a complex mechanism of interference with
different EGFR family members. This effect could be particularly relevant in
estrogen receptor-positive breast cancer cells, which overexpress ErbB-2 and
are resistant to the antitumor activity of the anti-estrogen tamoxifen [12,
51]. In fact, it has been shown that in these cells, gefitinib treatment restores
tamoxifen antitumor efficacy [51].
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Table 3.
Biological and pharmacological characteristics of EGFR inhibitors.

Parameter Blocking mAbs Tyrosine kinase inhibitors
Route of Intravenous (generally with Oral (generally with a daily
administration a weekly interval dosing) continous dosing)
Structure Immunoglobulins Low molecular weight mass
(150-180 kDa) compounds (400-600 Da)
Target selectivity Absolutely specific Relatively specific (it may

vary from one to all EGFR
family receptors)

Induction of EGFR Yes No (although some
internalization and irreversible inhibitors, such
down-regulation as Carnetinib can cause receptor

degradation and subsequent
downregulation)

Inhibition of EGFR- Yes Yes
dependent intracellular

signaling

Activation of immune Yes No

system functions
(antibody-dependent
cell cytotoxicity, ADCC)

4 Clinical studies with EGFR inhibitors

As shown in Tables 1 and 2, different EGFR-targeting agents are in advanced
clinical development. These drugs have shown antitumor activity in EGFR-
positive tumors, including NSCLC, HNSCC and CRC, in advanced cancer
patients [4, 5]. The most extensive clinical evidence available are for an anti-
EGFR mAb, cetuximab, and for two small-molecule reversible EGFR-TKISs,
gefinitinib and erlotinib, and, therefore, the clinical data from large phase I1
studies and from randomized phase III clinical trials with these EGFR antag-
onists will be discussed in detail.

4.1 Cetuximab

Cetuximab treatment is generally well tolerated. The most common adverse
events are skin toxicities (flushing, acne-like rash and folliculitis), fever and
chills, asthenia, transient transaminase elevations and nausea [52]. For cetux-

99



Fortunato Ciardiello and Ferdinando De Vita

imab, the recommended loading dose is 400 mg/m? i.v. and the weekly
maintenance dose 250 mg/m? i.v. Phase I and II studies have shown antitu-
mor activity of cetuximab in combination with chemotherapy or radiother-
apy in three EGFR-positive cancer types: HNSCC, NSCLC and CRC [4, 5].
Cetuximab treatment has been tested in CRC patients with documented
progressive and chemorefractory disease. In a phase II study, treatment with
cetuximab plus irinotecan in 121 EGFR-positive advanced CRC patients, who
had failed a previous treatment with irinotecan, obtained partial responses in
22.5% of patients with a median duration of response of 6 months [53]. A
phase II study of cetuximab monotherapy in a similar population of 57
EGFR-positive advanced CRC patients yielded 10.5% partial responses and
disease stabilization in 36.8% patients [54]. The result of a multicenter phase
II study in 235 advanced CRC patients who had failed two lines of chemo-
therapy have confirmed a partial response rate of 12% and a disease stabi-
lization rate of 34% [55]. A multicenter, randomized phase III study evalu-
ated the antitumor activity of cetuximab treatment alone (111 patients) or
in combination with irinotecan (218 patients) in advanced CRC patients
with EGFR-positive disease which progressed on an irinotecan-containing
regimen as last treatment [56]. In this heavily pretreated patient population,
261/329 (79.3%) patients received two or more types of chemotherapy be-
fore study entry. Moreover, 206/329 (62.6%) patients were also pretreated
with an oxaliplatin-containing regimen. Partial responses were obtained in
22.9% patients treated with irinotecan plus cetuximab, as compared to
10.8% patients treated with cetuximab alone (P = 0.007). Similarly, a signifi-
cantly better disease control (partial responses plus disease stabilization) was
observed in the combination arm as compared to cetuximab monotherapy
(55.5% versus 32.4%, P <0.001) [56]. A significant improvement in time to
disease progression was also observed in the patients treated with cetuximab
plus irinotecan (hazard ratio, 0.54; 95% confidence intervals 0.42-0.71;
P <0.001). Collectively, these studies confirm the antitumor activity of ce-
tuximab monotherapy in a population of heavily pretreated EGFR-positive
advanced CRC patients, with a clinically relevant disease control in approxi-
mately one third of patients (10-12% partial responses plus 20-25% disease
stabilization). Furthermore, treatment of these patients with cetuximab in
combination with irinotecan significantly improves response rates and time
to disease progression. These data are particularly relevant in advanced CRC.
In fact, the most active chemotherapy combinations, such as fluoropyrimi-
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dine, irinotecan and oxaliplatin in combination or sequentially, obtain a me-
dian survival of 18-21 months in these patients. However, after failure of
these drugs combinations, there are no effective treatment options.
Cetuximab as monotherapy and in combination with irinotecan is a valid
option in the treatment of these patients. Cetuximab has been the first anti-
EGFR mAbD to be approved in combination with irinotecan in several coun-
tries worldwide, including USA, for the treatment of irinotecan-resistant,
EGFR-positive, advanced CRC patients. A series of randomized, phase III clin-
ical trials of cetuximab in combination with different cytotoxic drugs are
currently in progress to evaluate the efficacy of this anti-EGFR agent in the
first-line treatment of advanced CRC. In this respect, recent results from two
phase II study have demonstrated antitumor activity with high response
rates of cetuximab in combination with 5-fluorouracil, folinic acid and irino-
tecan (FOLFIRI regimen), or with 5-fluorouracil, folinic acid and oxaliplatin
(FOLFOX-4 regimen) in the first-line treatment of EGFR-positive advanced
CRC. In 40 patients treated with FOLFIRI plus cetuximab, partial responses
were reported in 43% of patients and stable disease in other 45% of patients
[57]. In 42 patients treated with FOLFOX-4 plus cetuximab, complete re-
sponses were observed in 5% of patients, partial responses in 76% of patients
and stable disease in 17% of patients [58].

The antitumor activity of cetuximab has been evaluated in locally ad-
vanced HNSCC patients in combination with radiotherapy as first-line treat-
ment. In a pilot study, in 16 patients with locally advanced HNSCC, 13 pa-
tients achieved a complete response, and two patients had a partial response
[59]. The median duration of response was 28 months with 1- and 2-year
disease-free survival rates of 73% and 65%, respectively [59]. Although these
results have been observed in a small series of patients, the expected response
rate is approximately 40-50% in locally advanced HNSCC patients treated
with radiotherapy alone. In this respect, the results of a multicenter, random-
ized phase III study evaluating the efficacy of adding cetuximab treatment to
radiotherapy as first-line therapy in 424 locally advanced HNSCC have been
recently presented, and have demonstrated a significant improvement in
survival in those patients treated with radiotherapy plus cetuximab as com-
pared to radiotherapy alone (median survival, 54 versus 28 months; 3-year
survival, 57% versus 44%; hazard ratio, 0.71; 95% confidence intervals 0.54-
0.95; P=0.02) [60]. A randomized, phase III trial of cisplatin plus cetuximab
or placebo in 123 chemo-naive patients with metastatic HNSCC has been
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also reported [61]. A significantly higher overall response rate was observed
in the cisplatin plus cetuximab arm (23% versus 9%; P =0.05). Although
there was a trend for a better survival in the cetuximab plus cisplatin arm
(2-year survival, 29% versus 17%), no statistically significant difference
in overall survival was observed. Cetuximab has also antitumor activity as
monotherapy in patients with locally HNSCC refractory to platinum-based
chemotherapy. No cancer-specific treatment is active in this patient popula-
tion, which has a median survival of approximately 3 months. A phase II
study in 103 platinum-refractory HNSCC has reported a 12.6% partial re-
sponse rate plus an additional 33% disease stabilization with a medial sur-
vival of 5.9 months [62].

The combination of cetuximab with standard two-drug chemotherapy
regimens, such as carboplatin-paclitaxel, carboplatin-gemcitabine and cis-
platin-vinorelbine, has been evaluated in different phase II studies as first-
line treatment in EGFR-positive, stages IIIB-IV NSCLC patients, with 29-35%
partial response rates and median survival of 8.3-15.7 months [4, 5, 63].
However, randomized, phase III trials are necessary to define if cetuximab sig-
nificantly improves the efficacy of chemotherapy in NSCLC.

4.2  Gefitinib

Phase I trials have determined gefitinib doses of 250 or 500 mg as a continu-
ous once-daily, oral schedule [64-67]. The most frequent adverse events are
diarrhea and acne-like skin rash. The antitumor activity of gefitinib alone or
in combination with standard therapies such as chemotherapy, radiation
therapy or hormone therapy is under active investigation in breast cancer,
CRC, HNSCC, and glioblastomas [4, 5, 63]. However, in phase I clinical tri-
als, antitumor activity has been mainly observed in patients with NSCLC
[64-68]. Two large phase II trials of gefitinib monotherapy in advanced
NSCLC patients who have failed one or more chemotherapy regimens have
been conducted [69]. In a multicenter, European and Japanese, phase II trial
of gefitinib as second- or third-line single-agent therapy (IDEAL 1 study),
210 advanced NSCLC patients, who were not selected for EGFR expression,
were randomized to 250-mg or 500-mg oral daily treatment [70]. An overall
response rate of 18.4% and 19% was observed in the 250- and 500-mg groups,
respectively. Stable disease was obtained in 36% and 32% patients, respec-
tively, with symptom improvements were recorded in 40.3% and 37% pa-
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tients. Median progression-free survival times were 2.7 and 2.8 months, and
median overall survival times were 7.6 and 8.0 months, respectively. There-
fore, a 250-mg dose of gefitinib was equally active as the 500-mg dose.
However, the tolerability profile was significant better with the 250-mg daily
dose [70]. A parallel phase II, randomized study was conducted in the United
States (IDEAL 2) in 216 unselected, symptomatic, advanced NSCLC patients
who were resistant to at least two previous chemotherapy regimens, one con-
taining a platinum derivative and one containing docetaxel [71]. Disease-spe-
cific symptoms improved in 43% of patients receiving 250 mg Gefitinib and
in 35% of patients receiving 500 mg. These effects occurred rapidly in the ma-
jority of patients (i.e., within 3 weeks in 75% of responding patients). Partial
responses were detected in 12% and in 9% of patients treated with 250 and
500 mg Gefitinib, respectively. One-year overall survival was 25%. In this
study, the higher dose of gefitinib was again associated with worse side ef-
fects. On the basis of these clinical trials, gefitinib at a 250 mg daily dose has
been licensed for platinum- and docetaxel-chemorefractory advanced NSCLC
patients as a third-line treatment in 28 countries around the world, including
the USA [72]. Single-agent gefitinib antitumor activity with approximately
10% partial responses, 25-30% stable disease, and with symptomatic im-
provement in approximately one third to half of NSCLC patients, has been
confirmed by a large international extended access program that has been
conducted with gefitinib, 250 mg, in advanced NSCLC patients that pro-
gressed after standard chemotherapy and/or radiation therapy [73, 74].
Moreover, gefitinib clinical activity has been reported also in elderly and/or
poor-performance-status NSCLC patients [75, 76]. Gefitinib monotherapy
has also shown anticancer activity against brain metastasis in advanced
NSCLC patients [77, 78].

Two reports have recently shown somatic EGFR gene mutations in ap-
proximately 10% of Caucasian advanced NSCLC patients and in 15/58 ad-
vanced NSCLC patients from Japan [79-80]. These are either small, in-frame
deletions or amino acid substitutions clustered in the ATP-binding pocket of
the EGFR tyrosine kinase domain [79, 80]. Collectively, among 14 metastatic
and chemorefractory NSCLC patients experiencing a long-lasting clinical
response to gefitinib monotherapy, 13 patients had tumors with one of these
somatic mutations, whereas no EGFR mutations were found in 13 patients
in which gefitinib therapy failed. Lung cancer cells that possess one of these
mutations have increased EGFR signaling (“gain of function” mutations)
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with a 50-fold increased sensitivity to gefitinib in vitro. These mutations prob-
ably stabilize the interaction between gefitinib and the tyrosine kinase do-
main, thereby enhancing the growth inhibitory effect of the drug [81].

The role of gefitinib in combination with chemotherapy has been also
assessed in advanced NSCLC. Two large (1093 and 1037 patients in each
trial, respectively), randomized, multicenter, double-blind, placebo-con-
trolled, phase III trials of gefitinib (250 mg or 500 mg daily) in combination
with cytotoxic agents (cisplatin/gemcitabine, INTACT 1 trial; or carbo-
platin/paclitaxel, INTACT 2 trial) as first-line treatment in stages IIIB-1V
NSCLC patients were conducted [82, 83]. No patient selection based on
EGFR expression in cancer cells was done. No difference in overall survival,
as the primary endpoint of these two parallel studies, has been reported.
Among the different explanations for the lack of efficacy of gefitinib plus
standard double cytotoxic therapy that have been proposed [63, 84], it seems
more conceivable that this is due to the high molecular and clonal hetero-
geneity of NSCLC cells. Only a subset of EGFR-positive NSCLC patients may
have tumors that are significantly dependent upon the EGFR pathway, and
who, therefore, could obtain a clinical benefit from an anti-EGFR drug [84].
This has a profound effect on the patient sample size needed to detect the
clinical efficacy of an EGFR antagonist in an unselected population of NSCLC
patients. Given the expected activity (approximately 30% overall response
rates) of the standard two-chemotherapy drug regimens used in the INTACT
trials, at least three to four times as many patients would have been required
to detect the positive effect of adding gefitinib, if only a 20-30% of the total
study population could benefit of the EGFR blockade [84].

Interstitial lung disease (ILD) has been identified as a possible adverse
effect of gefitinib treatment. ILD was first reported in Japanese advanced
NSCLC patients receiving gefitinib and who had been pretreated with chemo-
therapy and/or radiotherapy [85]. ILD has been observed in 291/17500 (1.7%)
Japanese patients treated with gefitinib [85]. However, ILD has been observed
in only 0.3% of 56000 NSCLC patients that have received Gefitinib in USA,
Europe and Australia as part of an expanded access program [86]. No differ-
ences in any type of adverse pulmonary events have been observed in the
double-blind, placebo-controlled, randomized INTACT 1 and 2 trials (0.9%
in the placebo group as compared to 1.1% in the 250 mg/day and the
500 mg/day gefitinib groups) [82, 83]. Notably, ILD has been observed in
NSCLC patients receiving standard cytotoxic treatments (1-5% incidence
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with chemotherapy or with radiotherapy) [86]. These data suggest that ILD
is possibly occurring with a low frequency in advanced stage NSCLC patients
during or after treatment with several standard treatments, and does not
seems specifically linked to gefitinib treatment. A series of phase III trials are
currently evaluating the role of gefitinib as an adjuvant treatment in radi-
cally resected NSCLC patients, as well as the possibility of using gefitinib as a
maintenance therapy following first-line chemotherapy in advanced NSCLC
patients, and the efficacy of gefitinib as compared to standard chemother-
apy (docetaxel) in the treatment of platinum-resistant NSCLC patients.

4.3  Erlotinib

In phase I studies, major toxicities were diarrhea and acne-like skin rash. The
recommended dose for continuous oral scheduling was 150 mg/day [87, 88].
Antitumor activity of erlotinib as single-agent therapy has been observed
in heavily pretreated patients with advanced HNSCC, ovarian cancer and
NSCLC [89-91]. In 57 patients with advanced NSCLC who had failed a plat-
inum-based therapy, 1 complete response, 6 partial responses and 17 stable
diseases were observed [91]. Erlotinib treatment as single agent has been
evaluated in advanced NSCLC patients after failure of one or two standard
chemotherapy regimens in a large (731 patients), multicenter randomized
phase III clinical trial in comparison with best supportive care. The results of
this study have been recently reported [92]. These patients had a metastatic
NSCLC, which was treated with one standard chemotherapy regimen (50%
of patients) or with two chemotherapy regimens (50% of patients). Almost
all patients received a platinum-based therapy. Partial responses were ob-
served in 9% and stable disease in 35% of the 488 erlotinib-treated patients.
Erlotinib treatment significantly improved survival as compared to best sup-
portive care (median survival, 6.7 versus 4.7 months; 1-year survival 31%
versus 22%; hazard ratio, 0.73; 95% confidence intervals 0.60-0.87; P<
0.001). Patients treated with erlotinib also had significantly better symptom
control as compared to best supportive care (P = 0.02) [92]. The results of this
study are the first demonstration in a phase III trial of the antitumor efficacy
of a small-molecule selective EGFR-TKI in the treatment of chemoresistant,
advanced NSCLC patients. Based on these results, in November 2004, the
FDA has licensed erlotinib for the treatment of advanced NSCLC patients
following the failure of a platinum-containing chemotherapy.
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The results of two large multicenter phase III studies of first-line carbo-
platin-paclitaxel (TRIBUTE study) or cisplatin-gemcitabine (TALENT study)
with or without erlotinib in stage I[IIB-IV NSCLC patients have been recently
reported [93, 94]. Both studies, similar to the INTACT studies with gefitinib,
have failed to show any difference in overall survival between the standard
and the erlotinib-containing treatment.

5 Future directions

Targeting the EGFR is a valuable molecular approach in cancer treatment.
Anti-EGFR mAbs and small-molecule TKIs have relevant clinical activity in
NSCLC, HNSCC and CRC. The major challenge for the clinical use of EGFR
antagonists is the appropriate selection of patients. In fact, although long-
lasting therapeutic responses have been observed even in heavily pretreated,
metastatic cancer patients, these responses are observed only in 10-30%
patients who are treated with these drugs. It is necessary that cancer cells
express functional EGFRs, but it is equally important that the EGFR-activated
intracellular signal transduction machinery is intact for an optimal response
to EGFR antagonists [95]. In fact, a EGFR-dependent cancer cell may escape
from EGFR-targeted growth inhibition by using alternative growth factor
receptor pathways, such as the insulin-like growth factor receptor I; by con-
stitutive activation of downstream signaling effectors such as Akt and MAPK;
or by enhanced production of angiogenic factors, such as VEGF [96-100].
The identification of specific EGFR gene mutations that are associated with a
very high sensitivity to gefitinib treatment is the first molecular marker that
could be clinically useful to select NSCLC patients [79, 80]. Clinical data sug-
gest that gefitinib and erlotinib have greater activity in certain NSCLC histo-
types, such as in adenocarcinomas and in bronchioloalveolar carcinomas
and in women with a no-smoking history [101-104]. Furthermore, a higher
response rate to gefitinib has been observed in Japanese NSCLC patients as
compared to Caucasian patients [69, 70]. Interestingly, EGFR gene mutations
that are correlated with high sensitivity to gefitinib therapy in advanced
NSCLC are more frequent in women with no history of smoking and adeno-
carcinoma and in Japanese women [79, 80]. An acne-like rash is also consid-
ered an indirect marker of clinically activity. A retrospective analysis of four
phase II studies in HNSCC, in CRC, and in pancreatic cancer has suggested
that cetuximab-induced skin rash correlates with increased survival [105]. A
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similar observation has been reported in the randomized study evaluating
cetuximab plus irinotecan in irinotecan-refractory metastatic CRC [56]. A
similar retrospective analysis of acne-like rash in three phase II studies of
erlotinib monotherapy in EGFR-positive patients with chemorefractory
NSCLC, HNSCC and ovarian cancer has shown that skin rash severity corre-
lates with better survival [106]. Another clinical issue is to define the effec-
tive sequences and combinations of EGFR inhibitors with cytotoxic agents
and/or radiotherapy [107]. In fact, the schedules that have been tested so
far in cancer patients have been based on the empiric association of a stan-
dard chemotherapy regimen with the continuous administration of an
EGFR-targeting drug rather than being derived from molecular, pharmacoki-
netic and pharmacodynamic studies. Finally, an open question is whether
anti-EGFR mAbs and small-molecule TKIs have different clinical effects. No
direct comparison of these two classes of drugs has been conducted. Further,
no clinical data are available on the effect of anti-EGFR mAbs in NSCLC can-
cer patients whose tumors harbor EGFR gene mutations.
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Apoptotic stimuli-activated pro-survival mechanisms
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DISC, death-inducing signaling complex; DED, death effector domain; DR, death receptor;
DD, death domains; FADD, Fas-associated death domain; TRADD, TNF receptor 1-associated
death domain; ROS, reactive oxygen species; Apaf-1, apoptotic protease-activating factor-1;
IAP, inhibitor of apoptosis protein; ER, endoplasmic reticulum; PTP, permeability transition
pore; MAPK, mitogen-activated protein kinase; BH3, Bcl-2 homology domain 3; c-FLIP,
caspase-8-FLICE inhibitory protein; IKK, IxB kinase; RIP, receptor-interacting protein; PI3K,
phosphatidylinositol 3-kinase; PK, protein kinase; PIP3, phosphatidylinositol 3-phosphate;
PDK1, phosphoinositide-dependent protein kinase-1; SHIP-2, Src homology 2 domain con-
taining inositol phosphatase; HSP, heat shock protein; FKHR1, Forkhead receptor-1; ERK,
extracellular regulated kinase; Grb2, growth factor receptor-bound protein 2; SOS, son of
sevenless; SODs, superoxide dismutases.

1 Introduction

Apoptosis is a tightly regulated mechanism used in living organisms to elim-
inate redundant, damaged or infected cells [1]. Apoptosis is orchestrated by
pro- and anti-apoptotic factors whose fine balance would determine the fate
of the distressed cell. In recent years, there have been major advances in elu-
cidating the various molecular components of the apoptotic machinery. As
the functions of various pro-death molecules are determined upon apoptotic
stimulation, there is increasing evidence showing that significant cross-talk
exists between the pro- and anti-apoptotic pathways in cells. The resulting
balance of expression, activation and/or inhibition of pro- and anti-apoptotic
factors would ultimately determine whether the cell would die or survive the
external apoptotic assault. In addition, cancer cells have altered expressions
or functions of genes controlling both apoptotic and survival pathways.
These changes allow the cells to either escape apoptotic signals or proliferate
indefinitely. Since chemotherapeutic agents, radiation and many other anti-
neoplastic agents act primarily by inducing apoptosis, the resistance of can-
cer cells to apoptosis would have serious clinical implications. In this review,
we first summarize the apoptotic pathways. We then discuss various survival
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pathways that are activated not only by pro-survival molecules but also by
apoptotic stimuli. Finally, we present a model that depicts the simultaneous
engagement of both pro-survival and pro-death signaling pathways by the
stress signals.

2 Extrinsic and intrinsic apoptotic pathways

There are two main pathways in the execution of apoptosis upon external
stimulation. These are termed the extrinsic pathway or death receptor path-
way and the intrinsic or “Bcl-2 controlled” pathway [2]. Both pathways con-
verge on the workhorses of apoptosis, the initiator and effector caspases,
which carry out a proteolytic cascade that functions in dismantling cellular
structures, resulting in the final demise of the cell.

All caspases are synthesized as inactive zymogens, more commonly
known as procaspases, that become activated by autocatalysis or cleavage by
other caspases. There are two groups within the caspase family, namely, ini-
tiator and effector caspases, and they are distinguished by the length of their
prodomain [3, 4]. Initiator caspases have long prodomains which contain a
protein-protein interaction platform for the recruitment of these procas-
pases into an activating protein complex such as the ‘death-inducing signal-
ing complex’ (DISC) or the apoptosome. Initiator caspases like caspase-8 and
-10 have a death effector domain (DED), while caspase-1, -2, -4, -5, -9, -11
and -12 have a caspase-activating recruitment domain (CARD). Effector cas-
pases on the other hand do not have the long N-terminal non-enzymatic
prodomain. These caspases include caspase-3, -6 and -7. They are also known
as the executioner caspases because they are responsible for most cellular
destruction during apoptosis.

In the extrinsic death pathway, initiator caspases like caspase-8 and -10
are recruited into the DISC, which forms upon death receptor (DR) activa-
tion by external ligands. DRs belong to the TNF super gene family with cys-
teine-rich extracellular domains, a transmembrane region and a cytoplasmic
death domain that allows these receptors to complex with the cell’s apop-
totic machinery [5, 6]. Major DRs include Fas (CD95), TNFR, DR3 (Apo-3),
DR4 (TRAIL-R1) and DRS (TRAIL-R2) [7]. Once these DRs are stimulated
by their respective ligands, the receptor recruits components of the DISC
machinery through interaction of the death domains (DD). Among the com-
mon molecular factors is Fas-associated death domain (FADD), which func-
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tions as a critical adaptor protein to recruit caspase-8 and caspase-10 through
its DED. FADD associates directly with Fas, DR4 and DRS receptors but binds
to the TNEFR through association with TNF receptor 1-associated death domain
(TRADD). Close proximity of caspase-8 and -10 in the DISC results in their
catalytic activation presumably by an allosteric mechanism, which involves
the dimerization of both caspases [8-11]. These initiator caspases, once acti-
vated, can then cleave downstream effector caspases such as caspase-3.

The intrinsic apoptotic pathway works through an important organelle,
the powerhouse of the cell, the mitochondria, which contributes to apopto-
sis in at least three ways: release of pro-apoptotic molecules, increased pro-
duction of reactive oxygen species (ROS), and impaired ATP production. The
release of apoptotic factors from the mitochondria represents a critical event
upon external stimulation. One of the key factors released is cytochrome c
[12]. Upon its release, cytochrome ¢ promotes the formation of a pro-apop-
totic complex called apoptosome comprising apoptotic protease-activating
factor-1 (Apaf-1), caspase-9 and ATP. In this complex, caspase-9 is activated
through dimerization or oligomerization by an allosteric mechanism as men-
tioned above [8, 13]. The activated caspase-9 is then able to cleave down-
stream effector caspases like caspase-3.

Whether the activated caspases can degrade substrates and kill the cells is
further regulated by another family of proteins, i.e., the inhibitor of apopto-
sis proteins or IAPs. IAPs (especially XIAP) inhibit both activated caspase-9
and caspase-3 [13]. In addition, XIAP and IAP1/2 have a carboxyl-terminal
motif found in RING-finger proteins, which allow them to function as ubiq-
uitin ligases, promoting the proteasomal degradation of bound caspases
[14]. Thus to counter this, the mitochondria release, in addition to cy-
tochrome c, other pro-apoptotic factors like second mitochondrial-derived
activator of caspases (Smac/DIABLO) and Omi/HtrA2, which bind to and se-
quester XIAP allowing the further maturation of primed caspase-3 [15-17].
Other mitochondrial intermembrane space proteins that are pro-apoptotic
and released during apoptosis include the apoptosis-inducing factor (AIF)
and endonuclease G (EndoG). These factors cause apoptosis independent of
caspases. AIF translocates to the nucleus and causes chromatin condensation
and large-scale DNA fragmentation, while EndoG translocates into the nu-
cleus and helps digest nuclear DNA [18, 19].

Besides mitochondrial protein release, recent findings have shown that
several pro- and active caspases, including caspase-3, -9 and -8 can localize in
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the mitochondria [20-24]. How these mitochondrially localized caspases are
generated still remains incompletely understood. It appears that the majority
of the active caspase-9 and -3 in the mitochondria result from translocation
from the cytosol [20]. The mitochondrially localized active caspase-3 is active
in degrading cytosolic substrates, and may also participate in destroying some
mitochondrial proteins [20]. The localization of active caspases on the mito-
chondrial outer membrane may also increase their accessibility and efficiency
to cleave its substrates localized in the cytosol and other organelles like the
endoplasmic reticulum (ER) [21]. For example, active caspase-8 in the mito-
chondria could facilitate the cleavage and subsequent insertion of t-Bid into
the mitochondria to induce cytochrome c release. Active caspase-8 in the mi-
tochondria has also been shown to cleave the ER-resident protein BAP31 to
an active form, BAP20, only in mitochondria-associated ER fractions [21].
BAP20 causes Ca?* release from the ER that would result in mitochondrial
uptake of excessive Ca?*, which then leads to mitochondrial fission, and fi-
nally the compromise of the mitochondrial integrity and function [21]. This
is evidence that implicates mitochondria-ER cross-talk in apoptosis. Thus,
upon apoptotic stimuli, the mitochondria might act as a cellular weapon of
mass destruction containing active caspases, which would facilitate the de-
gradation of proteins concentrated in the mitochondria or any organelle in
contact with it.

The loss of mitochondrial membrane potential and the production of
ROS in the mitochondria may also contribute to apoptosis. The mitochondr-
ial membrane potential is generated by electron transport, which results in a
H* ion gradient across the mitochondrial inner membrane. This gradient is
then used by the FyF;-ATP synthase to produce ATP. When the membrane
potential is lost during apoptosis, ATP is not synthesized, and, in addition,
ROS accumulate [25]. The mitochondrial membrane potential loss is due to
a permeability transition pore (PTP), which contains the inner membrane
protein, adenine nucleoside translocator and the outer membrane protein,
voltage-dependent anion channel (VDAC) [26, 27]. The PTP pore has been
implicated in the release of mitochondrial factors upon apoptotic stimuli; in
addition several members of the Bcl-2 family like Bax and Bak are found to
be involved (see [28-30] for reviews).

The role of ROS in apoptosis is still not clearly understood mechanisti-
cally. There is evidence that antioxidants that counter ROS can abolish the
apoptotic response of various stimuli, thus ROS can be seen as an important
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mediator of apoptosis [31]. In addition, anti-apoptotic Bcl-2 family members
have been shown to decrease ROS production in apoptosis to protect cells
from external oxidant-induced apoptosis [32, 33]. However, recent evidence
highlights a specific role of ROS in redox cell signaling for proliferation that
includes the activation of the transcriptional factor activator protein-1 (AP-1)
through the mitogen-activated protein kinase (MAPK) family (reviewed in
[34]). This ultimately leads to the transcriptional upregulation of genes in-
volved in cellular proliferation. Thus, ROS are known to play a dual role
both in mediating apoptosis as well as mitogen- or survival factor-induced
cell proliferation and survival (see below).

Lastly, cross-talk between the extrinsic and intrinsic pathways exists
and occurs mainly through the Bcl-2 family member, Bid. Bid is a Bcl-2 ho-
mology domain 3 (BH3) protein that is cleaved by active caspase-8 into a
truncated form t-Bid. Once cleaved, this active t-Bid translocates to the mi-
tochondria, and either directly binds to and induces the oligomerization of
Bax or binds to and inactivates pro-survival Bcl-2 family proteins like
Bcl-2 and Bcl-xL [35]. Since caspase-8 is the common target for DISC activa-
tion through the DRs, Bid therefore bridges the extrinsic and intrinsic path-
ways.

Since the ultimate goal of anti-cancer therapeutics is to efficiently kill can-
cer cells, current drug development centers on how to maximally activate the
intrinsic and extrinsic death pathways. Strategies in development include,
among others, DRs ligands such as TRAIL that preferentially kills cancer
cells, drugs that target the mitochondria and facilitate the PTP opening and
mitochondrial release of pro-apoptotic factors, the BH3 peptidomimetics or
stabilizers, Smac peptidomimetics, chemical or small-molecule activators of
apoptosome or inhibitors of IAPs, and active caspases.

3 Survival pathways

In order to gain a better perspective of how cancer cells may evade apopto-
sis, a brief survey of various survival pathways built into the cell would be
helpful. In this section, we discuss several pro-survival pathways with an
emphasis on the players, the regulation of these proteins during normal
homeostasis, and the change in regulation of these molecular factors during
apoptosis. This will facilitate the exploration in the last section on how these
survival pathways are activated during an apoptotic onslaught. These find-
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ings highlight the fact that a cell’s initial response to apoptotic stimulation
is to survive.

3.1  Anti-apoptotic Bcl-2 proteins

The intrinsic apoptotic pathway is also called the Bcl-2 controlled pathway
because the pro-apoptotic Bcl-2 proteins, Bax and Bak, are a gateway to the
release of apoptotic factors from the mitochondria. Opposing their activa-
tion are the gatekeepers, anti-apoptotic Bcl-2 family proteins. Structurally, the
Bcl-2 family members can be categorized into three groups, i.e., the multido-
main anti-apoptotic and pro-apoptotic proteins and the BH3-only pro-apop-
totic proteins. The multidomain anti-apoptotic Bcl-2 family members share
sequence conservation in all four BH domains (i.e., BH1-BH4) and include
Bcl-2, Bel-xL, Bcl-w, Mcl-1, Boo and Bcl-B. The multidomain pro-apoptotic
Bcl-2 proteins share sequence similarity in only the first three BH domains,
and this group includes Bax, Bak and Bok. The BH3-only proteins, which
include Bid, Bik, Bim, Bad, Bnip3, Blk, Bmf, Hrk, Noxa and Puma, exist in
inactive forms during normal conditions, and become activated or induced
during apoptotic stimulation. The balance of these pro- and anti-apoptotic
Bcl-2 proteins contributes to the survival or death of a cell.

There are several models of how anti-apoptotic Bcl-2 family proteins
promote cell survival. For example, they can bind to the BH3-only proteins,
preventing them from activating the gateway proteins Bax and Bak. Anti-
apoptotic Bcl-2 proteins can also directly bind to Bax or Bak preventing
their activation [36, 37]. Other mechanisms also exist. For example, Bcl-2
could prevent the intracellular calcium flux, pH and ionic changes that oc-
cur early during apoptosis [38, 39] or bind to a membrane-bound protein X
that is an activator of Bax and Bak oligomerization [40, 41].

Anti-apoptotic Bcl-2 proteins can regulate cell survival and be regulated
in several ways. First, the localization of these proteins can affect their func-
tions. Bcl-2 and Bcl-xL are found to localize on the mitochondrial outer
membrane to inhibit the oligomerization of Bax and Bak [42]. They also lo-
calize on the ER membrane, where they may play a role in regulating calcium
uptake or release during apoptosis [43]. In addition, Bcl-2 has been found to
localize in the nuclear membrane and is implicated in nuclear trafficking of
transcription factors such as NF-xB, AP1, CRE and NFAT [44]. Second, the
anti-apoptotic Bcl-2 proteins are often overexpressed in cancer cells. Indeed,
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Bcl-2 was discovered as an oncogene overexpressed in follicular lymphomas
due to a translocation of the gene from chromosome 14;q32 to chromo-
some 18;q21 [45]. Overexpression of anti-apoptotic Bcl-2 family proteins
has been shown to confer resistance to various apoptotic stimuli like radia-
tion and chemical inducers (such as etoposide, doxorubicin and taxol) [46,
47]. Third, changes in phosphorylation can regulate the function of Bcl-2
proteins [48]. For example, phosphorylation of Bcl-2 at serine residues in
some cell systems results in the loss of its anti-apoptotic functions [49, 50].
By contrast, phosphorylation of Bcl-2 at Ser70 appears to be important for
its anti-apoptotic function [51]. Other studies show that phosphorylation
in the unstructured loop domain of Bcl-xL and Bcl-2 diminishes their anti-
apoptotic activities [52]. Lastly, Bcl-2 family members can also be regulated
by post-translational modification. Studies show that cleavage of Bcl-2 by
caspase-3 results in a truncated pro-apoptotic Bcl-2 protein [53]. This occurs
late during apoptosis, thus playing an amplification role in the apoptotic
process.

3.2  The NF-xB pathway

A classic example of the survival pathway activated by apoptotic stimuli is
the activation of the NF-«xB transcription factor. NF-xB is a heterodimer of
p50 and p65 members of the Rel family. Under normal conditions, NF-xB is
sequestered in the cytoplasm by IkBs (inhibitors of NF-xB). When NF-«B is
free from bondage to IkBs, it translocates into the nucleus and transcription-
ally activates various anti-apoptotic genes including IAP1/2, XIAP, Bcl-xL,
caspase-8-FLICE inhibitory protein (c-FLIP), and Traf1/2 [54, 55]. These fac-
tors work in a coordinated fashion to block apoptosis at multiple steps along
the apoptotic cascade. For instance, in the Fas receptor pathway, c-FLIP up-
regulated by NF-kB interacts with FADD and procaspase-8 to prevent the
activation of procaspase-8 [56]. IAPs bind to and inhibit the activities of
activated caspases [57]. TRAF1/2 are adaptor proteins involved in the TNFR
signaling pathway [58].

For NF-xB to translocate into the nucleus, IxB has to be removed. Upon
apoptotic stimulation via TNFa, IxB is phosphorylated by IkB kinase (IKK). IxkB
is then ubiquitinated and degraded by the proteasome pathway [54]. To stop
the anti-apoptotic function of NF-kB, several key components of this pathway
can be degraded by caspases [59]. For example, caspases cleave RelA into
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a DNA-binding fragment lacking trans-activation activities [59]. Caspase-3
cleaves IxBa, creating a super repressor of NF-kB [60]. The IKK complex can
also be inactivated by caspases [61]. Lastly, receptor-interacting protein (RIP)
and TRAF2, both of which are involved in NF-kB activation, are also sub-
strates of caspases [62, 63]. Thus, the NF-kB pathway is a complex interaction
network integrating both pro- and anti-apoptotic signals upstream and
downstream of the transcription factor NF-xB.

3.3 The PI3K/AKT pathway

Another complex survival network involves the phosphatidylinositol 3-ki-
nase (PI3K) and AKT, a serine/threonine kinase also known as protein kinase
B (PKB). AKT is activated by the presence of phosphatidylinositol 3-phos-
phate (PIP3), which in turn is produced by PI3K. PI3K catalyzes the phos-
phorylation of the D3 position on the inositol ring of lipids. The resulting
PIP; then activates many downstream targets including AKT. Upon activation
by survival signals such as insulin, AKT is recruited by PIP3 to the plasma
membrane, where it is activated via sequential phosphorylation at Thr308 by
phosphoinositide-dependent protein kinase-1 (PDK1) and at Ser473 position
by PDK2 [64-67].

AKT is negatively regulated by lipid phosphatases like PTEN, SHIP-1 and
SHIP-2 (Src homology 2 domain containing inositol phosphatase). These
phosphatases control the level of PIP3 in the cytosol, thus indirectly pre-
venting the activation of AKT [68-70]. In addition, protein phosphatase 2A
(PP2A) directly dephosphorylates AKT at the Ser473 and Thr308 positions,
with a higher affinity for Ser473 [71]. Carboxyl-terminal modulator protein
(CTMP) is another negative AKT regulator that binds to its carboxyl terminus
and prevents the phosphorylation of Ser473 and, to a lesser extent, Thr308
[72]. In contrast, heat shock protein (HSP) 90 keeps AKT active by binding to
AKT and preventing dephosphorylation by PP2A [73]. HSP90 can also pre-
vent the degradation of PDK1 by the proteasome [74].

AKT in turn activates various downstream targets that regulate apoptosis,
cell cycle, DNA repair, nitric oxide production and glycogen metabolism [66].
AKT protects the cell from apoptosis by phosphorylating and inactivating
various apoptotic regulators such as Bad, caspase-9 and Forkhead receptor-1
(FKHR1). AKT phosphorylation of Bad induces its interaction with 14-3-3
protein, which causes a conformational change in Bad leading to its phos-
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phorylation by protein kinase A (PKA). This disrupts the ability of Bad to
bind to Bcl-2 and Bcl-xL, thus liberating the latter to inhibit apoptosis [75].
AKT phosphorylation of FKHR1 leads to its binding to 14-3-3 proteins in the
cytosol, thus preventing FKHR1 from translocating to the nucleus. This pre-
vents FKHR1 from activating pro-apoptotic genes like Bim and FasL [76].
Similarly, AKT phosphorylation of procaspase-9 prevents its activation by the
apoptosome [77]. AKT is also an indirect negative regulator of pS3. It phos-
phorylates Mdm?2, increasing its ability to translocate into the nucleus where
it binds to p53 and promotes its degradation [78]. Lastly, AKT can also acti-
vate the NF-xB pathway by phosphorylating IKKa, leading to the phosphory-
lation and degradation of IxB [79,80]. Therefore, AKT can promote cell sur-
vival by antagonizing both the extrinsic and intrinsic apoptotic pathways.

3.4 The MAPK/ERK pathway

Extracellular regulated kinase (ERK) is a member of the MAPK family. Its ac-
tivation protects a cell from apoptosis through the activation of downstream
transcription factors like NF-kB, which, as mentioned above, can turn on
various anti-apoptotic molecules like IAPs, TRAF1/2 and Bcl-xL [81]. The
Raf/MEK/ERK pathway is also involved in cell cycle progression through the
effects of cell-cycle regulatory protein induction. This pathway is activated
by extracellular signals, e.g., IL-3 binding to its receptor. This recruits the
adaptor protein growth factor receptor-bound protein 2 (Grb2) that in turn
binds to the cytoplasmic side of cell surface receptors like EGFR and PDGFR
through its Src homology 2 (SH2) domain [82]. Grb2 is constitutively bound
to son of sevenless (SOS), and upon Grb2 recruitment to the plasma mem-
brane SOS gets activated [83]. SOS is a guanine nucleotide exchange factor
and, once it is activated, it exchanges the GDP for GTP on RAS [83]. This
causes a conformational change in RAS and allows it to bind to an MAP
kinase kinase kinase, RAF1. RAF1 is activated by binding to RAS and phos-
phorylates MAP kinase kinases, MEK1 and MEK2. These kinases in turn phos-
phorylate MAPKs, ERK1 and ERK2. Following activation, ERKs translocate
into the nucleus and phosphorylate a variety of substrates. These include the
90-kDa ribosomal S6 protein kinase (p907), the cytosolic phosphatase A2
and several transcription factors like NF-xB, c-Myc, Ets, CREB and AP-1 [81].
The contributions of different MAPK family members to apoptosis have
been examined by Xia and colleagues [84] in the withdrawal of nerve growth

125



Grace Choy et al.

factor (NGF) from rat PC-12 pheochromocytoma cells. They showed that
NGF withdrawal led to sustained activation of JNK and p38-MAPK and the
inhibition of ERKs. The combined effects of dominant negative as well as
constitutively activated forms of various factors in these three pathways
show that the simultaneous activation of JNK and p38MAPK and the inhibi-
tion of ERK is needed for induction of apoptosis in these cells [84]. This im-
plies that ERK is a survival factor that needs to be silenced for apoptosis to
occur. JNK and p38-MAPK are both activated in cells exposed to various cel-
lular and environmental stresses like changes in osmolarity or metabolism,
DNA damage, heat shock, ischemia, inflammatory cytokines, shear stress,
UV irradiation, ceramide and oxidative stresses [85-90]. Both pathways are
thought to modulate signals for cellular apoptosis under various stimuli [91].

Recently, multiple studies have revealed a more direct pro-survival mech-
anism of the ERK pathway. Ras/Raf/MAPK/ERK activation by, e.g., serum,
EGF, PDGF, insulin, integrin-mediated adhesion, or thrombin results in the
phosphorylation of a critical BH3-only protein, Bim [92-99]. Phosphoryl-
ation of Bim either inhibits its interaction with Bax [92] or leads to proteo-
some-dependent degradation [98].

4 Cell survival signaling during apoptosis

Although great progress has been made in elucidating the core apoptotic ma-
chinery, little is known about how cells initially respond to apoptotic stimu-
lation. For example, when a population of cycling cells is stimulated by an
apoptotic signal, do they immediately enter the apoptotic mode or do they
first stage a defensive response? Or do the cells simultaneously activate both
pro-survival and pro-death mechanisms in response to apoptotic stimuli, and
it is the balance between these two antagonizing signals that ultimately de-
termines when and whether the stimulated cells will die? Our recent work
sheds some light on these questions. We find that many stimuli cause an
early mitochondrial activation characterized by a rapid induction of respira-
tion-related proteins, including apocytochrome c and cytochrome c oxidase,
which are then rapidly imported into the mitochondria to participate in the
mitochondrial respiration, leading to early membrane hyperpolarization, in-
creased oxygen consumption, and maintenance of ATP levels [100, 101]. All
these responses precede the exodus of holo-cytochrome c (i.e., heme-contain-
ing cytochrome c that shuttles electrons between complex III and IV) from the
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mitochondria and subsequent initiation of caspase activation [101]. These
observations point to the possibility that cells, upon apoptotic stimulation,
perhaps rapidly mobilize defensive mechanisms to extend their survival.

Based on these earlier observations, we recently carried out more detailed
experiments to address the relationship between survival and apoptosis sig-
naling early during apoptosis induction [102]. We surprisingly find that early
induction of multiple pro-survival mechanisms by apoptotic stimuli repre-
sents a rather common phenomenon.

4.1  Five classes of pro-survival mechanisms induced
by apoptotic stimuli

At least five classes of pro-survival molecules are induced by apoptotic stimuli.
The first class belongs to the molecules normally involved in mitochondrial
respiration exemplified by cytochrome ¢ oxidase subunits and cytochrome c
[100-102]. Multiple chemotherapeutic drugs (e.g., camptothecin, teniposide),
chemopreventives (e.g., butyrate, short-chain fatty acids, PPARy agonists,
retinoids), chemicals (e.g., staurosporine, Mn, NDGA), and apoptosis agents
(e.g., Fas, hypoxia) have been shown to induce early mitochondrial activation
characterized by cytochrome c upregulation and increased mitochondrial res-
piration. The upregulation of the mitochondria respiratory chain proteins and
increased respiratory activity most likely represent one aspect of the global
mitochondrial activation aimed, perhaps, at maintaining appropriate ATP
levels critical for various cell activities as well as for cell survival. In addition
to maintaining ATP levels, increased apocytochrome c in the cytosol and up-
regulated holocytochrome c in the mitochondria also possess anti-apoptotic
and pro-survival functions [103-105].

The second class of pro-survival molecules induced or activated by apop-
totic stimuli are anti-apoptotic Bcl-2 family proteins, in particular, Bcl-2 and/
or Bcl-xL [102], which also function in the mitochondria. In response to DNA
damage, trophic factor deprivation, and a mitochondrial toxin, Bcl-2 and/or
Bcl-xL are rapidly induced [102]. The apoptotic stimuli-activated Bcl-2 and/or
Bcl-xL clearly play a pro-survival role as inhibition of their upregulation using
specific small interfering RNAs (siRNAs) facilitated cell death [102]. Similarly,
hypoxia selectively upregulates Bcl-xL leading to generation of death-resist-
ant cells [106]. UV irradiation eliminates Mcl-1 but also induces increased
targeting of Bcl-xL to the mitochondria [107]. Moreover, various apoptotic
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stimuli upregulate Bcl-2 protein levels via a mechanism dependent on IRES or
internal ribosomal entry site [108]. Finally, UV-A can upregulate the Bcl-xL
protein levels by modulating the 3’-untranslated region [109].

The third class of pro-survival molecules is the superoxide dismutases
(SODs). There are two major types of SODs, the mitochondrial MnSOD and
cytosolic Cu/Zn SOD, both of which function by removing ROS, in particu-
lar, superoxide anions [110, 111]. We found that all apoptotic stimuli tested
upregulate the levels of both MnSOD and Cu/ZnSOD around the same time
when pro-apoptotic Bim is induced [102]. The MnSOD siRNA blocks the
MnSOD induction and also enhances apoptosis [102], suggesting that the
upregulated MnSOD is also serving a pro-survival function.

The fourth class of pro-survival molecules induced by apoptotic stimuli
includes various chaperone and co-chaperone proteins. Multiple HSP have
been shown to be cytoprotective [112-115]. We have observed that the mi-
tochondria-localized HSP60 is rapidly upregulated and/or released from the
mitochondria to the cytosol in response to apoptotic stimulation [101], pre-
sumably to extend cell survival. Mitochondrial HSP70 has been shown to
interact with p665h¢, a molecule implicated in determining the cell’s life-
span, to extend cell survival in the presence of stress signals [116]. Similarly,
the bacterial HSP60 (GroEL) has been shown to protect epithelial cells from
apoptosis induction via activation of the ERK pathway [117].

Finally, cell-cycle inhibitors such as p27X*! and p21WA*! may also repre-
sent pro-survival molecules as cell cycle-arrested cells generally survive bet-
ter than proliferating cells [118]. For example, p21WAf-1 has been shown to be
a critical pro-survival factor transactivated by p53 [119, 120]. Overexpression
of p21 confers on colon cancer cells resistance to apoptosis induction by
chemicals in both p33-depedent and pS53-independent manners [121]. In
contrast, decreased or loss of p21 expression sensitizes cells to apoptosis [122,
123]. Indeed, we have also observed an inverse correlation between p21 ex-
pression and apoptosis. When LNCaP cells, a p53-wt prostate cancer cell line,
are stimulated with y-irradiation (X-ray) and three chemotherapeutic drugs
(i.e., etoposide, doxorubicin, and taxol), X-ray and etoposide significantly in-
duce p21 protein expression with little cell death (evidenced by the caspase-3
activation), whereas doxorubicin and taxol do not upregulate p21, but cause
obvious cell death (Fig. 1).

Other pro-survival signaling mechanisms may also exist in cells facing
stress stimulation. For example, apoptotic stimulation may result in a rapid
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Figure 1.

p21 induction is associated with apoptosis induction. LNCaP cells were treated with doxorubicin
(10 ng/ml), y-irradiation (10 Gy X-ray), taxol (25 pM), and etoposide (50 pM) for the time intervals
indicated. At the end of each time point, cells were harvested and whole cell lysates were used in
Western blot (30 pg protein/lane) analysis of the molecules indicated on the right. Note that Bim
was upregulated by etoposide and X-ray as previously reported [102]. P53 was upregulated by all
three DNA-damaging agents (i.e., doxorubicin, X-ray, and etoposide) but p21 was induced only
in X-ray and etoposide-treated cells, suggesting that p53 activation does not always lead to p21
induction.

phosphorylation of the translation initiation factor-2, leading to the cessa-
tion of de novo protein synthesis and providing cytoprotection [124]. There-
fore, induction of pro-survival mechanisms by apoptotic stimuli seems to
represent a general phenomenon. Even apoptosis induced by TNFa and Fas
(see below) and death kinase PKR [125] is preceded by an early phase of
NF-xB-mediated pro-survival to delay apoptosis. The induced pro-survival
molecules apparently play a critical role in extending cell survival as preven-
tion of the induction of, e.g., Bcl-2, Bcl-xL, or MnSOD by apoptotic stimuli
accelerates cell death [102].

4.2  Transcription factors involved in apoptotic stimuli-activated
pro-survival genes

In the above examples, the pro-survival molecules are induced either simul-
taneously with or slightly prior to the induction of various pro-death mole-

129



Grace Choy et al.

cules. How are the pro-survival molecules induced by apoptotic stimuli? Our
recent work demonstrates that these molecules are all induced at the tran-
scriptional level [102], thus implicating transcription factors. Our work [102]
and others’ (see below) implicate master transcription factors such as NF-kB,
FOXO03a, pS3, Rb, E2F1, and c-Myc in regulating pro-survival and pro-death
molecules (thus life and death) in stress-stimulated cells.

NF-kB undoubtedly is the most important transcription factor in mediat-
ing the pro-survival signaling in response to inflammatory, apoptotic, and
stress stimulation. Although in certain circumstances NF-kB activation on
some genetic backgrounds can lead to apoptosis by, e.g., stabilizing p53 [126],
repressing the induction of anti-apoptotic genes [127], or entering into the
mitochondria to collaborate with adenine nucleotide translocator [128], the
preponderant experimental data suggest that increased NF-xB activity is
associated with resistance to therapeutic agents, extended cell survival, and
increased tumor development [129-136]. The pro-survival function of NF-xB
is associated with its transcriptional induction of familiar pro-survival genes
such as IAPs, Bcl-xL, and FLIP as well as novel pro-survival genes such as
SNF1/AMP kinase-related kinase [137] and the ferritin heavy chain [138].
The essential pro-survival function of NF-xB is most vividly illustrated by the
cell’s response to the TNFa family proteins [139-145], although activation of
this transcription factor certainly underlies cell resistance to multiple apop-
totic stimuli. Upon TNFa binding to the TNFR1, two sequential signaling
complexes are formed [140]. The plasma membrane-bound complex I is rap-
idly formed upon receptor activation and contains TNFR1, adaptor protein
TRADD, death domain-containing kinase RIP1, and TRAF-2, leading to NF-xB
activation. Then, complex I leaves the receptor and forms a different, long-
lived complex, complex II, which localizes mainly in the cytosol and con-
tains apoptotic proteins FADD, caspase-8, and caspase-10, in addition to
TRADD, RIP1, and TRAF-2. The activation of complex II results in cell death
[140]. Thus, TNFa induces the complex II-mediated apoptosis only when the
complex l-initiated pro-survival signal (i.e., NF-xB) fails to be activated. Not
only TNFa induces an early-phase NF-xB activation to extend cell survival,
recent evidence indicates that even CD95 (Fas ligand) and TRAIL, TNFa fam-
ily members conventionally thought to be solely pro-apoptotic, also activate
NEF-xB prior to activating the DISC and caspase-8 [139, 141-145], which ex-
plains why many cancer cells do not respond to these death ligands by un-
dergoing apoptosis. In fact, most epithelial cancer cells appear to be so-called
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type II cells [139] and CD95 stimulation of these cells not only fails to kills
them, but actually promotes cell migration and invasion [145], possibly
through NF-kB-activated urokinase-type plasminogen activator (uPA) and
the SNF1/AMP kinase-related kinase [137]. Intriguingly, unlike TNFa-medi-
ated NF-kB activation [140], NF-xB activation by Fas is mediated through
FADD, caspase-8, and RIP, and is inhibited by FLIP [143, 144]. The “paradoxi-
cal” pro-survival and pro-death functions of death ligands such as CD95 and
TRAIL are not exceptions. More and more once-thought pro-apoptotic-only
molecules, including the BH3-only proteins Bad [146, 147] and BNIP [148],
the mitochondrial protease Omi [149], multi-BH protein Bak [150,151], and
activated caspases [152,153], are found to possess apoptosis-unrelated and
even pro-survival functions.

FOXO3a has recently emerged as one of the most critical regulators of cell
death and survival. FOXO3a, also called FKHR-L1, is a mammalian homo-
logue of C. elegans DAF-16 and one of the FOXO (Forkhead box, class O) sub-
class of Forkhead transcription factor family [154]. FOXO3a plays a critical
role in coordinating cell survival and death and regulating stress response
and longevity (reviewed in [102, 154]). The nonphosphorylated, active form
of FOXO3a localizes to the cell nucleus, where it functions as a transcrip-
tional factor to effect either cell-cycle arrest or death [76], similar to p53.
Survival factors or mitogens cause the phosphorylation of FOXO3a, which
promotes its interaction with 14-3-3 proteins, resulting in its exclusion from
the nucleus and inhibition of target gene transcription, or promotes its
proteosome-mediated degradation. FOXO3a has been shown to transcrip-
tionally activate pro-apoptotic Bim, TRAIL and TRADD and anti-apoptotic
MnSOD and cyclin-dependent kinase inhibitor p27X*! [102, 154]. FOXO3a
also inhibit cell-cycle progression by downregulating cyclin D1 [102, 154].
We found that FOXO3a is involved in directly regulating the apoptotic stim-
uli-activated Bim and MnSOD [102], two molecules that contain the FOXO3a
sites in their promoter regions. Experiments using FOXO3a~- MEFs indicate
that MnSOD upregulation requires FOXO3a, whereas the transcriptional acti-
vation of Bim may only partially depend on FOXO3a. Interestingly, several
other pro-survival molecules including Cu/ZnSOD, Bcl-2, Bcl-xL, and cyto-
chrome c also appear to be partially regulated by FOXO3a, as their induction
is also partially inhibited by dominant negative FOXO3a constructs or
FOXO3a siRNA or in FOXO3a™- fibroblasts [102]. Whether FOXO3a directly
or indirectly regulates these molecules remains to be determined.
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Other transcription factors, either individually or in combination, may
also be involved in the transcriptional activation of both pro- and anti-apop-
totic molecules in response to apoptotic stimulation. For example, pS3 is
well known to transactivate both pro-survival p21WA*1 [119-123] and multi-
ple pro-apoptotic molecules such as BH3-only proteins (Bid, PUMA, and
Noxa), Bax, and procaspases [155, 156]. Rb similarly regulates the transcrip-
tion of multiple life-and-death gene [157]. E2F1 not only transcriptionally
regulates cell cycle-related genes, but also cell death genes including Apaf-1
and caspases [158]. c-Myc has been shown to transcriptionally regulate mol-
ecules involved in cell cycle progression, survival, and death [118]. Finally,
the transcription factor Nrf2 has been shown to transcriptionally activate
pro-survival genes during apoptotic stimulation, in particular, during ER
stress [159, 160].

Recent data also point to cross-talk between these master transcription
factors. For example, activation of NF-«xB can lead to decreased stabilization of
pS53 and therefore further enhance cell survival [129]. On the other hand, p53
activation can lead to phosphorylation of FOXO3a and its subcellular local-
ization change, which results in inhibition of FOXO3a transcription activity
[161]. Newly emerged evidence also makes the connection between FOXO3a
and NF-xB. One study suggests that IxkB kinase inhibits FOXO3a through
physical interaction and phosphorylation independent of Akt, which pro-
motes FOXO3a proteolysis via the ubiquitin-dependent proteasome pathway
[162]. The other study suggests that FOXO3a negatively regulates NF-xB and
that FOXO3a deficiency results in NF-kB hyperactivation and T cell hyperac-
tivity [163].

4.3  Upstream activators of the apoptotic stimuli-activated
transcription factors

Strikingly, our recent data show that the master transcription factors such as
FOXO3a, which are causally involved in activating the apoptotic stimuli-in-
duced pro-survival genes, are themselves induced at the transcriptional level
by apoptotic stimuli with distinct mechanisms of action in several different
cell types of distinct genetic backgrounds [102], suggesting that a common
mechanism may likely be operating to mediate the transcriptional activation
of FOXO3a. Then what signal(s) are transcriptionally activating FOXO3a and
potentially other transcription factors?
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Subsequent work revealed that ROS appear to function as critical apical
signaling molecules to activate FOXO3a and perhaps also other multi-func-
tional transcription factors [102]. Several pieces of evidence support this pos-
sibility. First, there is early mitochondrial activation in multiple apoptotic
systems (see above), and mitochondrial activation manifested, as increased
mitochondrial respiration and membrane hyperpolarization, is generally ac-
companied by increased ROS generation. Indeed, increased ROS are detected
early upon stimulation in multiple apoptotic systems [100-102]. Increased
ROS generation is not the consequence of caspase activation, at least at earlier
time points [102]. Second, many of the induced anti-apoptotic molecules, in-
cluding cytochrome c, Bcl-2, Bcl-xL, and SODs, are related to or induced by
oxidative stress, raising the possibility that these molecules are induced by
slightly increased ROS early during apoptotic stimulation to guard against fur-
ther increases in ROS . Third, importantly, suppression of ROS generation by
ROS inhibitors/scavengers inhibits apoptotic signal-induced upregulation of
FOXO3a as well as its pro-death and pro-life targets. Conversely, artificially
generated oxidative stress upregulates FOXO3a and its targets [102]. Fourth,
that ROS function as signaling molecules that activate multi-functional tran-
scription factors and ultimately determine the life and death of a cell is con-
sistent with the well-established dual functions of ROS. Although ROS have
been implicated in cell death in numerous experimental systems (e.g., [111,
164, 1635]), ROS also play a critical role in signaling cell survival elicited by mi-
togens or survival factors (e.g., [166-168]). Finally, FOXO3a [169-172] and
several other transcription factors including NF-xB [111] and p53 [111, 173]
are well known to be regulated by, and also respond to, oxidative stress. For
example, enforced expression of FOXO3a has been shown to confer resistance
to oxidative stress [171] and protect quiescent cells from oxidative stress [170].
How ROS activate the FOXO3a is unclear at present. Recently, FOXO3a has
been found to form a complex with SIRT1 (a mammalian homolog of the
longevity gene Sir2) in response to oxidative stress [172]. By deacetylating
FOXO3a, SIRT1 increases the ability of FOXO3a to induce cell-cycle arrest and
resistance to oxidative stress and inhibits its ability to induce cell death [172].

5 A model and the implications

Our recent observations [102] and the above discussions lead us to propose
that apoptotic stimuli cause an early mitochondrial activation, leading to
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rapid generation of ROS, which activate master transcription factors such as
FOXO3a and NF-kB, which in turn activate multiple molecular targets with
both pro-apoptotic and pro-survival functions (Fig. 2). This model is applica-
ble to normal cells, as well as to transformed and cancer cells. The signaling
pathways proposed seem to be activated as soon as cells sense stress, inde-
pendent of how great the stress is and whether or not the final outcome is
cell death [102]. It seems that the strengths and timings of the various pro-
survival and pro-death signals determine the ultimate fate of the stressed cell
[102]. Presumably, by integrating these signals the cell can sensitively decide
whether it should continue to live or kill itself.
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Figure 2.

A model depicting the pro-survival and pro-apoptotic signaling during apoptosis induction. Apo-
ptotic stimuli early on induce increased mitochondrial activity leading to low-level increase in
ROS production, which would activate the master transcription factors, which in turn induce the
gene transcription of both pro-survival and pro-death molecules. Among the pro-survival mole-
cules induced are anti-apoptotic Bcl-2 proteins, anti-oxidants, and negative cell-cycle regulators.
The induced anti-oxidants presumably function to prevent further overproduction of ROS and
preserve the mitochondrial integrity. Together with other classes of pro-survival molecules, they
help to extend cell survival prior to cell demise. Therefore, it is the balance between these two
opposing types of signaling mechanisms that ultimately determines whether and when the stim-
ulated cell should die (adapted from Fig. 8 in [102]).
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This model (Fig. 2) has the following important implications. First, be-
cause apoptotic stimuli activate both pro-death and pro-survival molecules,
the sensitivity of any target cells, e.g., cancer cells receiving treatments, to
apoptosis induction will be dictated by the balance of these two opposing
signals. Furthermore, pro-survival molecules may be induced prior to induc-
tion of pro-death molecules. These considerations predict that significant cell
killing will occur when, and only when, pro-apoptotic signals overwhelm the
pro-survival signals or when the latter are eliminated. This prediction is con-
sistent with the recent demonstration that apoptosis elicited by TNFa pro-
ceeds in two steps: an early step, where pro-survival signaling mediated by
NF-xB dominates, and a later step, where pro-death signaling mediated by
caspase-8/10 dominate. Cell death occurs only when step two is activated or
when step one is inactivated [140]. Second, because cells in a tumor respond
to apoptotic stimulation asynchronously and differently, some cells may
preferentially upregulate pro-survival molecules, rendering them relatively
resistant to further apoptotic stimulation, as often observed in therapy-re-
sistant cancer cells. Finally, these observations suggest that the most effec-
tive anti-cancer therapies may be those that both promote apoptosis and
suppress pro-survival mechanisms in cancer cells [174, 1735].
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Targeted histone deacetylase inhibition for cancer prevention and therapy
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Glossary of abbreviations

AML, acute myeloid leukemia; Aoe, 28,9S,-2-amino-8-0x0-9,10-epoxy-decanoyl; APL, acute
promyelocytic leukemia; ATRA, all-trans-retinoic acid; CBP, CREB-binding protein; CHAP,
cyclic hydroxamic acid-containing peptide; CREB, cyclic AMP response element-binding;
ERa, estrogen receptor o; HATs, histone acetyltransferases; HDACs, histone deacetylases;
HDLP, histone deacetylase-like protein; MEF2, myocyte enhancer factor 2; N-CoR, nuclear
co-repressor; PLZF, promyelocytic leukemia zinc finger protein; PML, promyelocytic leukemia
protein; RAR, retinoic acid receptor; Rb, retinoblastoma; SAHA, suberoylanilide hydroxamic
acid; TSA, trichostatin A.

1 Chromatin remodeling

Eukaryotic DNA is packaged into chromatin whose basic unit is the nucleo-
some. Each nucleosome contains 145 bp of DNA tightly wrapped around a
core histone octamer comprising two heterodimers of H2A and H2B flanking
a central heterotetramer of H3 and H4. Reversible post-translational acetyl-
ation and deacetylation of nucleosome core histones can alter the confor-
mation of chromatin and regulate gene transcription [1]. Core histones are
subject to a number of enzyme-catalyzed post-translational modifications
including phosphorylation, methylation, ubiquitination, and ADP-ribosyl-
ation but acetylation has been the most extensively studied [2]. Global cel-
lular acetylation status is determined by the dynamic equilibrium between
the catalytic activity of two enzyme families; the histone acetyltransferases
(HATs) and histone deacetylases (HDACsS) [3, 4]. The e-amino groups of lysines
near the N termini of histones are substrates for HATs and HDACs. Covalent
modification of histones appears to constitute a histone code, which serves
as an epigenetic marker for regulation of gene expression by providing
recognition sites for transcriptional activators or repressors. In general, tran-
scriptionally active genes are associated with highly acetylated core his-
tones, whereas transcriptional repression is associated with low levels of
histone acetylation. Within the nucleosome, positively charged hypoacetyl-
ated histones are tightly bound to the phosphate backbone of DNA, main-
taining chromatin in a transcriptionally silent state. At neutral pH lysine has
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a positively charged ammonium group, but addition of an acetyl group gen-
erates an uncharged amide, which reduces the affinity of histones and in par-
ticular histone tails for DNA. Acetylation disrupts the higher order structure
of chromatin to form euchromatin, enhancing access of transcription factors,
transcriptional regulatory complexes and RNA polymerases to promoter
regions of DNA. Acetylated lysine residues also interact with specific bro-
modomains in proteins that regulate transcription, and with chromatin-
remodeling engines that initiate conformation changes in chromatin. Con-
versely, histone deacetylation restores the positive charge on lysine residues
of core histones, allowing chromatin to condense into a tightly supercoiled,
transcriptionally silent higher order conformation known as heterochro-
matin [5-7].

2 Histone acetyltransferases

A relationship between histone acetylation and transcriptional activation
was first proposed in 1966 [8], but the underlying molecular mechanisms
have only recently come to light. There are at least four families of transcrip-
tional co-activator proteins with intrinsic HAT activity in mammalian cells
[4, 9, 10]. These include GCNS closely related to the yeast transcriptional ac-
tivator GenS [11]; cyclic AMP response element-binding (CREB) protein
CBP/p300 and p300/CBP-associated factor (P/CAF) [12]; TAFIIp250, a com-
ponent of the basic transcription complex TFIIE [13]; and SRC-1 and ACTR,
which are co-activators for ligand-dependent nuclear receptors [14]. HATs
are recruited to promoters by DNA-bound transcription factors [15]. The
acetylation of histone-tail lysine residues by HATs preferentially occurs on
specific lysine substrates [2, 15]. HATs function in association with protein
complexes that may contain other HATS, transcription co-activators and co-
repressors. Multiple associations within these complexes may confer speci-
ficity in the regulation of gene expression. HATs also target non-histone
protein substrates, in particular transcription factors such as p53, GATA-1,
E2F, estrogen receptor o (ERa), androgen receptor and glucocorticoid recep-
tor with variable functional effects [15, 16]. Indeed, increasing numbers
of proteins other than histones are now known to be modified by acetyla-
tion [17].

150



Targeted histone deacetylase inhibition for cancer prevention and therapy

3 Histone deacetylases

Transcriptional co-repressors function in large multisubunit protein com-
plexes with HDAC enzymes [4, 9, 10]. Transcriptional repression is in part
due to recruitment of HDAC complexes to gene promoters. HDACs are highly
conserved throughout evolution from archaea to humans. Eighteen mam-
malian HDAC enzymes have been identified, and these can be divided into
three classes based on sequence homology with yeast counterparts. Class I
HDAG:s are homologs of the yeast transcriptional regulator RPD3, and include
HDAC1, HDAC2, HDAC3, HDACS8 and HDAC11 [18, 19]. Class Il HDACs are
homologs of yeast HDA1 that are involved in cellular differentiation, and in-
clude HDAC4, HDACS, HDAC6, HDAC7 HDAC9 and HDAC10 [20-27]. The
sirtuins, of which there are seven, are members of a third class of HDACs
which are homologous to yeast Sir2 [28]. Class I and II HDACs utilize a zinc-
catalyzed mechanism for deacetylase activity, whereas the sirtuins require
nicotinamide adenine dinucleotide (NAD) for deacetylase activity [29].
HDAC1 and HDAC2 are components of the large multisubunit protein
complexes mSin3 and Mi2. HDAC-mSin3 complexes can then be recruited
to transcription factors including unliganded nuclear receptors [30, 31],
methyl CpG-binding protein 2 (MeCP2) [32-34], and p53 [35]. The co-re-
pressors nuclear co-repressor (N-CoR) and silencing mediator for retinoid
and thyroid receptors (SMRT) interact with HDAC1 and HDAC?2 through the
mSin3 complex [30, 31, 36, 37]. Other proteins that interact with HDAC1
and HDAC2 through the Mi2 or nucleosome remodeling and histone
deacetylase complex (NuRD) are involved in gene silencing by DNA methy-
lation [38]. HDACs are known to deacetylate non-histone protein substrates,
and thereby modulate the activity of transcription factors such as p53 [39],
TFIIE and TFIIF [40], GATA-1 [41] and ERa [42]. Class I HDAC:s also regulate
cell cycle gene transcription by binding the E2F transcription factor to re-
press transcription through an association with the retinoblastoma (Rb) pro-
tein [43, 44]. Phosphorylation of Rb can disrupt the interaction with class I
HDACs, and phosphorylation of HDAC1/2 can disrupt complexes formed
with co-repressors such as mSin3 [45]. Relief of histone deacetylation and
transcriptional repression may, therefore, be regulated not only by recruit-
ment of HAT complexes, but also by phosphorylation of HDAC complexes.
Like class I HDACs, members of the class II family exist in complexes with
SMRT/N-CoR co-repressors. Indeed, the deacetylase activity of HDAC4/5 may
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Table 1.
The human HDAC family.

HDAC Yeast Human Protein Deacetylase
Group HDAC HDAC length (aa) mechanism
Class | RPD3 HDAC1 482 Zn?" dependent
HDAC2 488
HDAC3 428
HDACS8 377
HDACT1 347
Class Il HDA1 HDAC4 1084 Zn?* dependent
HDAC5 1122
HDAC6 1215
HDAC7 912
HDAC9 1011
HDAC10 669
Class I SIR2 SIRT1 747 NAD* dependent
HST1 SIRT2 373
HST2 SIRT3 399
HST3 SIRT4 314
HST4 SIRTS 310
SIRT6 355
SIRT7 400

in part arise from the class I HDAC3 in SMRT/N-CoR-containing HDAC com-
plexes [46, 47]. In contrast to class I HDACs, the class II enzymes HDAC4,
HDACS, HDAC6 and HDACY are regulated by nucleocytoplasmic shuttling,
often in relation to cellular differentiation [23, 48, 49]. Class Il HDACs inter-
act with human myocyte enhancer factor 2 (MEF2) transcription factors and
with 14-3-3 chaperone proteins in the regulation of myocyte differentiation
[22, 50-52]. Subcellular localization of class I HDAC:s is phosphorylation de-
pendent [45]. HDAC4 also undergoes post-translational modification by
SUMO-1 (a small ubiquitin-like modifier) [53]. Unlike polyubiquitination,
sumoylation does not target a protein for proteasomal degradation but
rather appears to mediate protein-protein interactions, subcellular compart-
mentalization and protein stability. Sumoylation is necessary for nuclear
retention of HDAC4 and desumoylation is required for its nuclear export.
Sumoylation may be an important regulatory mechanism for transcriptional
repression by other class I and II HDACs [53].

The mammalian Sir2 gene family has seven members that share a con-
served core domain. SIRT1 is the best characterized of the human Sir2 or-

152



Targeted histone deacetylase inhibition for cancer prevention and therapy

thologs, and appears to act as a positive effector of cell growth. SIRT1 interacts
with, deacetylates, and represses the transcriptional activity of pS3 [54-57],
promyelocytic leukemia protein (PML) nuclear bodies [S7, 58], BCL6 [59], and
the TAF;68 subunit of the RNA polymerase I complex [60]. Upregulation of
SIRT1 activity may, therefore, function to inhibit cellular senescence. A SIRT1
knockout mouse model showed that SIRT1 is important in embryonic devel-
opment [61, 62], and recent data indicate that it negatively regulates skeletal
muscle differentiation by deacetylating MyoD. Less is known about the
function of the other six mammalian sirtuins [63].

4 Aberrant acetylation in cancer

Mutations in HAT genes that disrupt HAT activity have been found in vari-
ous human cancers, both epithelial and hematological [38, 64-66]. Missense
mutations in the p300 gene or encoding truncated p300 protein have been
identified in colorectal and gastric tumors [67, 68]. Rubinstein-Taybi syn-
drome is a developmental disorder characterized by CBP mutation that in-
activates its HAT activity, and affected individuals are at increased risk of
cancer as well as formation of keloid, a hyperproliferative response of fibro-
blasts to dermal injury [69]. Loss of heterozygosity of the p300 gene is com-
mon in glioblastomas, and loss of heterozygosity at the CBP locus occurs
in hepatocellular carcinomas [70]. Translocations resulting in in-frame fu-
sions of the p300 or CBP genes with other genes are well known in acute
myeloid leukemia (AML), myelodysplastic syndrome, and treatment-related
AML [71-75].

Alterations in HDAC genes have not been identified in human malignan-
cies. However, HDACs are associated with well-characterized oncogenes or
tumor suppressor genes [38]. In proliferating cells, Myc/Max heterodimers
enhance transcription of genes that stimulate proliferation and are regulated
by E-box promoter elements such as E2F [76]. In differentiating cells, how-
ever, Mad/Max heterodimers repress growth stimulatory genes by recruit-
ment of an HDAC-mSin3 complex [77]. The most common abnormality in
this pathway in human malignancy is c-Myc overexpression, which prevents
Mad/Max heterodimerization, thereby blocking transcriptional repression
by Mad leading to uncontrolled proliferation [78]. c-Ski is a component of
the HDAC-N-CoR-mSin3 complex and its oncogenic form, v-Ski, can trans-
form cells by blocking Mad-transcriptional repression, even without c-Myc
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overexpression [79]. Disruption of the HDAC-mSin3 complex is, therefore,
likely to be important in oncogenesis.

Abnormalities in the Myc/Mad pathway are common in human cancers,
but the Rb/E2F pathway is disrupted in almost every human malignancy
[80]. The Rb gene is deleted or mutated in many solid tumors [38]; carci-
noma of the cervix is frequently associated with human papilloma viruses
that express E7 oncoprotein, which binds Rb to disrupt interaction with E2F
and class I HDACs [43], and there are genetic aberrations that result in con-
stitutively phosphorylated and inactive Rb [81].

Gene silencing by HDACs is an important pathogenic mechanism in
acute promyelocytic leukemia (APL) [82]. APL is most frequently associated
with a chromosomal translocation t(15;17) that fuses the retinoic acid re-
ceptor (RAR)-a and transcription factor PML genes. The resultant fusion pro-
tein PML-RAR-a acts as an oncoprotein, recruiting HDAC activity to repress
RAR-regulated gene transcription and block myeloid cell maturation [83,
84]. RAR-a and retinoid X-receptor (RXR) heterodimers recruit the transcrip-
tional co-repressor N-CoR-mSin3-HDAC complex. This co-repressor complex
normally dissociates in the presence of retinoic acid, and is replaced by a
co-activator complex with HAT activity [83]. However, in the case of PML-
RAR-a, RAR-a no longer responds to physiological concentrations of retinoic
acid, and acts as a constitutive transcriptional repressor to block normal dif-
ferentiation of promyelocytes, thereby leading to APL. Pharmacological doses
of all-trans-retinoic acid (ATRA) can overcome the maturation block and in-
duce differentiation of the malignant APL cells. APL will eventually become
resistant to ATRA but co-treatment with an HDAC inhibitor can restore sen-
sitivity to retinoids [82, 83, 85]. Less commonly, APL may result from the
translocation t(11;17) that fuses RAR-a to the promyelocytic leukemia zinc
finger protein PLZF. PLZF-RAR-a is completely insensitive to ATRA, proba-
bly because PLZF also binds the N-CoR-mSin3-HDAC co-repressor complex.
PLZF-RAR-a therefore binds co-repressors at two domains, one of which is
insensitive to retinoic acid. However, concurrent HDAC inhibition can re-
store sensitivity of PLZF-RAR-a to ATRA and allow the APL cells to differenti-
ate [82, 83, 85].

Aberrant transcriptional repression by HDACs has also been implicated
in lymphoma and in certain types of AML. For example, in certain types of
non-Hodgkin’s lymphoma, overexpression of the transcriptional repressor
LAZ3/BCL6 (lymphoma-associated zinc finger-3/B-cell lymphoma 6) leads to
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lymphoid oncogenesis [86]. AML M2 subtype is associated with a t(8;21)
chromosomal translocation, which produces an AML1-ETO fusion protein
that is a potent dominant transcriptional repressor through recruitment of
HDAC activity [74, 87, 88]. HDAC inhibition can relieve ETO-mediated tran-
scriptional repression and induce differentiation of the AML1-ETO cells [89].
These observations underscore the significance of HDAC-mediated gene si-
lencing in human oncogenesis, and suggest that HDAC inhibitors may have
utility in the treatment of hematological malignancies.

5 Histone deacetylase inhibitors

A number of structurally diverse natural and synthetic HDAC inhibitors have
been identified. These may be classified according to their chemical structure
as depicted in Figure 1: (a) hydroxamic acids (such as trichostatin A, TSA [90,
91]; oxamflatin [92]; NVP-LAQ824 [93]; and hydroxamic acid-based hybrid
polar compounds like suberoylanilide hydroxamic acid, SAHA [94] and pyrox-
amide [95]); (b) cyclic tetrapeptides with the epoxyketone-containing amino
acid (2$,95)-2-amino-8-0x0-9,10-epoxy-decanoyl (Aoe) (such as trapoxin A
and B [96], Cyl-1 and Cyl-2 [97], HC-toxin [98], WF-3161 [99], chlamydocin
[100]); (c) cyclic tetrapeptides without Aoe (such as apicidin [101] and the
depsipeptide FK-228, formerly known as FR-901228 [102]); (d) short-chain
and aromatic fatty acids (such as butyrate [103], 4-phenybutyrate [104] and
valproic acid [105]); (e) benzamides (such as MS-275 [106]); and (f) miscella-
neous compounds (such as depudecin [107]).

TSA and its glucopyranosyl derivative trichostatin C were first isolated
from cultures of Streptomyces hygroscopicus as antifungal antibiotics active
against Trichophyton species [90, 108]. Many years later, the trichostatins were
shown to have potent anti-proliferative and differentiating activity at nano-
molar concentrations against Friend murine erythroleukemia cells in culture
[109]. TSA was orders of magnitude more potent than dimethyl sulfoxide
and sodium butyrate [110]. The natural configuration of TSA is (R)-TSA, and
(S)-TSA is 70-fold less biologically active [111]. The extreme potency and chi-
ral specificity of (R)-TSA suggested that the compound binds to a specific
molecular target. TSA was active in normal and tumor cell lines, arresting
the growth of rat fibroblast cells in G; and G, phases of the cell cycle [112].
Nuclear histones from TSA-treated cells were highly acetylated due to re-
duced deacetylation [91]. TSA was a potent, reversible, non-competitive in-
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hibitor of partially purified mouse HDAC with a K| of 3.4 nM close to the ef-
fective cellular anti-proliferative concentration. The K; was 10-fold higher for
HDAC from a cell line that was resistant to TSA, suggesting that HDAC was
the likely primary target of TSA [91]. Before the discovery and biological
characterization of TSA, sodium butyrate was known to be a non-competi-
tive inhibitor of HDAC but lacked potency and specificity [113, 114]. Isolation
of TSA and characterization of its extremely potent and specific HDAC in-
hibitory activity was therefore a significant advance.

Trapoxins A and B were isolated as metabolites of the fungus Helioma
ambiens that could induce morphological reversion of v-sis-transformed fi-
broblast cells in culture [115]. Trapoxins have a cyclic tetrapeptide structure
consisting of two L-phenylalanine residues and the unusual amino acid Aoe,
which has an epoxyketone [96]. Trapoxin at low nanomolar concentrations
was found to induce histone hyperacetylation in mammalian cells and irre-
versibly inhibit histone deacetylation in partially purified enzyme prepara-
tions [96]. The epoxyketone is the only chemically reactive functional group
in trapoxin, and reduction of the epoxide abolishes biological activity, sug-
gesting a covalent interaction between the epoxide and a nucleophilic residue
in the active site of HDAC [96]. Although deacetylase activity had first been
identified in crude nuclear extracts 30 years before isolation of trapoxin, mo-
lecular characterization of HDAC proved elusive. The total syntheses of
trapoxin B and K-trap, in which a phenylalanine residue of trapoxin is re-
placed by a protected lysine, allowed affinity purification of two nuclear pro-
teins with sequence homology to the yeast transcriptional regulator RPD3.
Full-length cDNA encoding the catalytic subunit of human HDAC1 could
then be cloned and pure recombinant HDAC1 expressed and characterized
for the first time [18].

Several other natural product HDAC inhibitors have subsequently been
isolated. Apicidin is a cyclic tetrapeptide metabolite of the fungus Fusarium
sp. first identified by its anti-protozoal activity [101]. Unlike other natural
cyclopeptides, apicidin lacks Aoe, and is a reversible HDAC inhibitor at low
nanomolar concentrations [116]. An ethylketone moiety is thought to be
the functionally active moiety in apicidin. The depsipeptide FK-228 isolated
from Chromobacterium violaceum is another cyclopeptide without Aoe that
reversibly inhibits HDAC at nanomolar concentrations [102]. Depudecin is a
metabolite of the fungus Alternaria brassicicola characterized by an unusual
chemical structure with two epoxides and six chiral centers in an 11-carbon
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chain [117, 118]. Depudecin is an irreversible HDAC inhibitor with micro-
molar potency [107].

An increasing number of synthetic and natural product analog HDAC
inhibitors have been reported. Many are hydroxamic acids such as oxam-
flatin, an aromatic sulfonamide HDAC inhibitor [92], SAHA, the prototype
synthetic hydroxamic acid-based hybrid polar compound [94], NVP-LAQ824
[93] and PXD-101 [119], all of which inhibit HDAC with nanomolar po-
tency. MS-275 is a benzamide derivative that inhibits HDAC at micromolar
concentrations [106].

The X-ray crystal structure of the HDAC catalytic core has been solved to
atomic resolution by crystallization of the histone deacetylase-like protein
HDLP [120], and more recently by crystallization of human HDACS8 [121,
122]. HDLP from the hyperthermophilic bacterium Aquifex aerolicus shares a
375-amino acid region of sequence homology with human HDACI, and has
deacetylase activity for histones that can be inhibited by TSA. Co-crystalliza-
tion studies of HDLP with TSA or SAHA and HDACS8 with four structurally
diverse hydroxamate inhibitors has shed light on the catalytic mechanism of
HDAC:s and inhibition by small molecules. The catalytic core has a single «/p
domain and the active site consists of a tubular pocket with a zinc-binding
site and two aspartate-histidine charge-relay systems. TSA and SAHA act as
substrate mimics; the aliphatic chain and hydroxamic acid of each inhibitor
are analogous to the lysine side chain and acetyl group of the substrate, re-
spectively. These inhibitors bind inside the pocket by inserting the aliphatic
chain into the tube, making contact with residues at the rim, walls, and at
the bottom where the hydroxamic acid co-ordinates zinc in a bidentate fash-
ion. Chelation of zinc by the hydroxamic acid group is the main mechanism
of HDAC enzyme inhibition. In the case of TSA, the dimethylaminophenyl
group acts as a cap to pack the inhibitor at the rim of the tubular active site
pocket. Structural homology of HDLP and HDACS8 as well as mutagenesis
and sequence data indicate that HDLP and class I and Il mammalian HDACs
all share a conserved deacetylase core domain and identical zinc-dependent
catalytic machinery [120-122].

TSA competes with trapoxin for binding to HDACI1, suggesting that the
aliphatic side chain of Aoe acts as an analog of the lysine substrate, presum-
ably alkylating a conserved charge-relay histidine residue in the catalytic
center [18]. To test this hypothesis, a novel cyclic tetrapeptide analog of
trapoxin, in which the epoxyketone has been replaced by a hydroxamic acid
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moiety has been synthesized [123]. This cyclic hydroxamic acid-containing
peptide (CHAP)1 is a hybrid of TSA and trapoxin that reversibly inhibited
HDACI1 at nanomolar concentrations, as opposed to the irreversible mode of
HDAC inhibition by trapoxin. The aliphatic short-chain fatty acid sodium
butyrate is an HDAC inhibitor at millimolar concentrations, but an analog
of trapoxin B in which the epoxyketone is replaced by a carboxylic acid side
chain inhibits HDAC1 with an ICs, (50% inhibitory concentration) of 100
nM. These observations are consistent with the hypothesis that the cyclic
tetrapeptide is a cap group acting to pack the inhibitor at the rim of the ac-
tive site pocket [120].

Hydroxamic acids are the zinc-binding groups in the majority of HDAC
inhibitors reported to date. However, hydroxamic acids are subject to glu-
curonidation, sulfation and enzymatic hydrolysis, and the hydroxamic acid
group in matrix metalloproteinase inhibitors has been associated with poor
pharmacokinetic properties. It has therefore become desirable to identify
HDAC inhibitors containing alternative zinc-binding functional groups. A
number of small molecule nonhydroxamate HDAC inhibitors have been de-
scribed including o-aminoanilides [124-126], electrophilic ketones [127-129],
bromoacetamides [130], semicarbazides [130] and N-formyl hydroxylamines
[131], but all have reduced potency compared to hydroxamate inhibitors.
However, SAHA analogs in which the hydroxamic acid is replaced by a thiol
[132] or mercaptoacetamide [133] are potent HDAC inhibitors with compa-
rable activity to SAHA.

Yeast experiments in which specific HDACs were deleted or knocked down
indicate that RPD3, SIR2 and HDA1 are likely to have distinct functions related
to cell cycle progression, amino acid synthesis, and carbohydrate transport
and metabolism, respectively [134]. There is increasing evidence to support
distinct biological roles for each of the mammalian HDACs, and it is probable
that inhibition of specific members of the HDAC family will have specific
functional consequences, such as on gene expression, regulation of the cell cy-
cle, proliferation, differentiation and apoptosis. As a result, there is substantial
interest in developing compounds that selectively inhibit individual HDAC
enzymes or with specificity for class I or class I HDACs. This has proved diffi-
cult since recombinant HDACs often have poor enzymatic activity, and in cells
HDAG: function in large multisubunit protein complexes [135].

TSA is a relatively non-selective inhibitor of HDAC1, HDAC4 and HDAC6
[123]. In contrast, trapoxin B inhibited HDAC1 and HDAC4 at subnanomo-
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lar concentrations, but HDAC6 was highly resistant. Less striking resistance
for HDACG6 was also seen with CHAP1 and with CHAP counterparts to other
natural cyclopeptides containing Aoe. TSA is a simple analog of acetyl-lysine
with a small cap group, which may explain its lack of selectivity for class I
and II HDAG:. Cyclic tetrapeptides make more extensive contacts at the rim
of the active site pocket and in the shallow grooves surrounding the pocket
entrance, which might confer a degree of selectivity. HDACG6 is primarily
cytoplasmic, co-localizes with the microtubule-associated dynein motor com-
plex, and shuttles into the nucleus in response to cellular differentiation
stimuli [23, 136]. HDACS6 is unique in having two functional catalytic do-
mains [137, 138] that deacetylate histones as well as a-tubulin. Tubacin is a
selective inhibitor of HDAC6 [125].

A screen for HDACS inhibitors identified Scriptaid, SB-429201, and SB-
379872-A, which is a specific but relatively weak inhibitor of HDACS8 [17].
MS-275 inhibits HDAC1 and HDACS, but is inactive against HDACS [139].
The depsipeptide FK-228 has activity against the class [ enzymes HDAC1 and
HDAC2, but class II enzymes HDAC4 and HDACS6 are resistant [140].

The X-ray crystal structure of the SIRT2 catalytic core has been solved
[29]. In yeast and nematodes, the homolog Sir2 is a transcriptional repressor
at telomeres and ribosomal RNA gene clusters that regulate the life span of
these organisms [29]. Discovery of small molecules that inhibit the deacety-
lase activity of the Sir2 family, such as splitomicin, indicates that the sirtuins
maintain transcriptional silencing in non-dividing cells [141]. Sirtinol is
another inhibitor that interferes with body axis formation in Arabidopsis.
Nicotinamide is an inhibitor of SIRT1, a negative regulator of p53, promot-
ing p53-dependent apoptosis in mammalian cells [55, 56]. Small molecule
activators of SIRT1 have also been identified, including quercetin, piceatan-
nol, and the more potent resveratrol which is a polyphenol found in red
wine. Resveratrol increases survival of human tumor cell lines following DNA
damage and reduces acetylation of p53 at lysine 382, which is a known sub-
strate of SIRT1 [142].

6 Biological properties of histone deacetylase
inhibitors

The consequences of HDAC inhibition in cultured mammalian cells include
reversion of transformed morphology and inhibition of cell proliferation by
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induction of cell cycle arrest in the G,/S and/or G,/M phase, and differentia-
tion and/or apoptosis of tumor cell lines. Growth inhibition has been docu-
mented in virtually all transformed cell types, including cell lines arising
from both epithelial and hematological tumors.

Malignant transformation usually alters cellular morphology and cyto-
skeletal architecture [143] with a characteristic loss of actin stress fibers [144].
HDAC inhibition can re-organize the actin-containing microfilament sys-
tem, revert the morphological changes of cellular transformation induced
by oncogenes such as v-sis, v-src, and v-ras, and induce morphological and
biochemical differentiation of tumor cell lines [96, 145]. Detransforming
activity is suppressed by both actinomycin D and cycloheximide, indicating
that both mRNA and de novo protein synthesis are required [118]. Gelsolin is
an actin-binding protein that maintains the actin cytoskeleton, and gelsolin
protein levels are reduced in many transformed cell lines and tumor tissues
[146]. In response to HDAC inhibition, derepression of the gelsolin gene
results in increased levels of expression of gelsolin mRNA and protein, which
correlate with reversion of transformed morphology and induction of a
differentiated phenotype [145, 147]. The detransforming effects of HDAC
inhibitors are suppressed after microinjection of anti-gelsolin antibodies, un-
derscoring the relevance of gelsolin to the transformed phenotype [107].

Recruitment of HDAC activity is central to the control of cell prolifera-
tion by the Myc/Mad and Rb/E2F pathways. HDAC inhibition might, there-
fore, be predicted to prevent cell cycle arrest. Paradoxically, HDAC inhibitors
induce cell cycle arrest, which can be explained by upregulation of CDKNI1A
[148] and downregulation of cyclins D and A. The CDKNIA gene encodes
P21WAF/CIPL -3 tumor suppressor protein and cyclin-dependent kinase (CDK)
inhibitor that binds and inhibits the activity of CDKs, leading to hypophos-
phorylation of Rb and inhibition of S-phase progression [148]. In normal
cells, p21WAF/CIP 5 induced by p53 in response to DNA damage, hence the
terminology WAF or CIP1 (wild-type pS53-activated factor or CDK inhibitor
protein-1) [149]. HDAC inhibitors act directly on an Sp-1 site in the CDKNI1A
gene promoter, upregulating CDKNIA gene transcription [150-152]. In-
duction of CDKNIA is required for G;/S phase arrest in response to HDAC
inhibition. The favorable association between a diet high in fiber and a re-
duced incidence of colon cancer is thought to result from upregulation of
p21WAFICIPT expression in the colon by short-chain fatty acid products of
fiber fermentation [38, 148]. HDAC inhibitor treatment of cells deficient in
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CDKN1A leads to an accumulation of cells with 4n DNA content and sensiti-
zation to apoptosis [153-155]. Untransformed human fibroblasts and some
tumor cell lines treated with HDAC inhibitors arrest in G,/M with little or no
apoptosis [156]. However, most tumor cells that do not arrest in G,/S phase
in response to HDAC inhibition replicate their DNA and undergo apoptosis
(reviewed in [157]).

HDAC inhibition induces accumulation of hyperacetylated histones in
most regions of chromatin, but only ~2% of genes show a twofold or more
change in the level of mRNA transcripts [158]. The basis for this selectivity is
not clear. Genes that are upregulated by HDAC inhibitors in transformed cells
include CDKN1A, CDKN2A (which encodes p16™¥44) and the genes for cyclin
E and thioredoxin-binding protein 2 (I'BP2), which are all regulators of cell
proliferation as well as the putative tumor suppressor gelsolin [159-162]. TSA
has also been shown to induce upregulation of the telomerase catalytic sub-
unit TERT in normal human cell lines [163]. Several of the genes upregulated
in response to HDAC inhibition have Sp-1 sites in their promoters, including
CDKNI1A, TERT and TBP2. Specific sites in the promoter region of genes may
be important in the selective effects of HDAC inhibitors on gene transcrip-
tion [159, 163].

HDAC inhibitors induce transcription of a subset of genes such as
P21WAFICIPL byt repress transcription of an equal or larger number of genes,
such as CCND1 which encodes cyclin D1. The mechanisms of gene repres-
sion are incompletely understood, and may include recruitment or activation
of co-repressors or acetylation of non-histone protein substrates. Transcrip-
tion factors in particular are important targets for acetylation with varying
functional effects. Acetylation enhances activity of the tumor suppressor p53
[164, 165], the Kruppel-like factor EKLF [166], and the erythroid differentia-
tion factor GATA-1 [41], but represses transcriptional activity of T cell factor.
Acetylation of the co-activator ACTR inhibits ligand-induced nuclear recep-
tor signaling [167]. Studies in our laboratory indicate that ERa is acetylated
in an MCEF-7 breast adenocarcinoma cell line and hyperacetylated in response
to TSA treatment [168]. Another group has reported that acetylation of ly-
sine residues in the hinge/ligand binding domain of ERa suppresses ligand
sensitivity and regulates transcriptional activation by HDAC inhibitors [42].
Conservation of the acetylated ERa motif in other nuclear receptors suggests
that direct acetylation may play an important role in the regulation of nu-
clear receptor signaling [42, 169].
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HDAC inhibitors affect regulation of several important cellular proteins
at both transcriptional and post-translational levels. Our group has shown
that TSA represses ERa and cyclin D1 transcription and promotes ubiquitin-
dependent proteasomal degradation of cyclin D1 in the MCF-7 breast cancer
cell line, leading to G;/S phase cell cycle arrest [170]. FK-228 was reported to
acetylate Hsp90 in lung cancer cells, destabilizing the chaperone complex of
Hsp90 with client proteins that include c-erbB2, c-Raf-1, and mutant p53,
and targeting them for degradation via the proteasome [171]. NVP-LAQ824
has been shown to promote proteasomal degradation of c-erbB2 in human
breast cancer cell lines [172], and induce degradation of Bcr-Abl in chronic
myelogenous leukemia blast crisis cells [173].

HDAC inhibitors induce apoptosis in human tumor cell lines by activat-
ing both death receptor and intrinsic apoptotic pathways [174-179]. Un-
transformed normal cells are resistant to HDAC inhibitor induced apoptosis.
The absence of a G, checkpoint in tumor cells may account for the selective
apoptotic response [156]. Normal human fibroblasts or melanocytes treated
with hydroxamic acid-based hybrid polar compounds do not undergo apop-
tosis at doses that are toxic to transformed cell lines [180, 181]. Breast cancer
cells treated with FK-228 undergo apoptosis associated with p53-independent
expression of p21WAFCIPL phosphorylation and inactivation of the anti-apop-
totic protein Bcl-2 [182]. Other studies suggest that apoptosis induced by
HDAC inhibitors is mediated by upregulation of c-Myc, gelsolin or pro-apop-
totic proteins such as Bax [145, 152, 183-186]. Enhanced production of reac-
tive oxygen species has been shown to play a role in the apoptotic response
to SAHA [187, 188] and MS-275 [189]. Interestingly, apoptosis of human lung
cancer cells induced by TSA or FK-228 was greatly augmented by the DNA
methyltransferase inhibitor 5-aza-2’-deoxycytidine (DAC) [190]. DNA methyl-
ation status is an important determinant of chromatin structure and func-
tion, and methylated DNA is transcriptionally repressed [32, 33, 191, 192].
Concurrent treatment of cells with TSA and DAC can restore expression of
methylated tumor suppressor genes [193]. However, in ERa-negative breast
cancer cell lines, TSA alone is sufficient to derepress the methylated ERa
gene [194]. The combination of DAC and an HDAC inhibitor FK-228 has
also been used to augment the expression of tumor antigens for adoptive im-
munotherapy [195].

HDAC inhibitors can inhibit hypoxia induced angiogenesis. In bovine
aortic endothelial cells, FK-228 blocked hypoxia-induced cell proliferation,
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invasion, migration, adhesion and tube formation [196]. Expression of an-
giogenic-stimulating factors such as vascular endothelial growth factor (VEGF)
was downregulated, while levels of angiogenic-inhibiting factors such as the
hypoxia sensor von Hippel Lindau were upregulated, suggesting that inhibi-
tion of angiogenesis by HDAC inhibitors was at the transcriptional level [196].

The potential clinical utility of HDAC inhibitors has been broadened by
the recent observation that these compounds can sensitize tumor cell lines
to other anticancer drugs. Pretreatment with either TSA or SAHA enhanced
the cytotoxicity of etoposide, ellipticine, doxorubicin, and cisplatin in D54
and U118 glioblastoma, MCF-7 breast carcinoma and RKO colon carcinoma
cell lines in culture [197]. NVP-LAQ824 sensitized human breast cancer cells
that overexpress c-erbB2 to apoptosis induced by trastuzumab, taxotere,
gemcitabine, and epothilone B [172]. HDAC inhibitors can also restore sen-
sitivity of tumor cells that are resistant to chemotherapeutics. For example,
imatinib-resistant Bcr-Abl-positive chronic myelogenous leukemia cells were
sensitized to imatinib by co-treatment with SAHA [198]. In another study,
TSA treatment sensitized ERa-negative breast cancer cells to tamoxifen prob-
ably by upregulating ERP activity [199]. Augmentation of HDAC inhibitor
induced tumor cell apoptosis by concurrent administration of a demethylat-
ing drug is another important strategy for cancer therapy.

7 Antitumor effects of HDAC inhibitors
in preclinical models

The short-chain fatty acids sodium butyrate, sodium phenylbutyrate, its meta-
bolic precursor sodium phenylacetate, and the lipophilic prodrug, pivaloyl-
oxymethyl butyrate all have antitumor activity in animal models of solid
and hematological cancers at relatively high doses that are associated with
significant toxicity [103, 200].

Other more potent HDAC inhibitors have been shown to inhibit tumor
growth when administered by various routes at doses that cause little or no
toxicity in experimental models. FK-228 administered by intraperitoneal
injection prolonged survival in syngeneic mouse leukemias and melanomas,
and had potent antitumor activity against MCF-7 breast and A549 lung
tumor xenografts [201]. Administered by intravenous injection, FK-228 was
active in syngeneic murine colon carcinoma, reticulum cell sarcoma and
fibrosarcoma models, and against human lung and stomach carcinoma
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xenografts [201]. FK-228 or ATRA were active against APL in a murine model,
and the combination was synergistic [202]. Oxamflatin increased survival of
mice with syngeneic melanomas at non-toxic doses [92]. The benzamide
MS-275 administered orally was effective in nude mouse xenografts models
of leukemia, colorectal, gastric, ovarian and pancreatic tumors. Dose-limit-
ing toxicities included weight loss and poor general appearance, but MS-275
had antitumor activity without toxicity at half the maximum tolerated dose
[106]. TSA was reported to be inactive against a human melanoma xenograft
mouse model [180]. However, our group observed that TSA administered by
subcutaneous injection had potent antitumor activity without toxicity in
vivo in the N-methyl-N-nitrosourea carcinogen-induced rat mammary cancer
model. Induction of differentiation was the likely mechanism of antitumor
activity [168]. Another study reported that TSA inhibits hypoxia-induced an-
giogenesis in vivo in the Lewis lung carcinoma model [203]. SAHA and other
hydroxamic acid-based hybrid polar compounds exhibit antitumor activity
without apparent toxicity in human melanoma [180] and androgen-inde-
pendent prostate tumor xenografts models [204], as well as preventive activ-
ity in carcinogen-induced rat mammary [205] and murine lung carcinoma
models [204]. The cyclic hydroxamic acid-containing peptide CHAP31 had
potent antitumor efficacy against syngeneic murine melanomas and human
breast, lung, melanoma and gastric tumor xenografts. CHAP31 was consider-
ably more stable in cell culture than either TSA or trapoxin, and effective
plasma concentrations were maintained for several hours after intravenous
administration in the rat. However, the therapeutic index of CHAP31 was
low and significant weight loss occurred at effective antitumor doses, limiting
its potential for clinical drug development [206].

8 HDAC inhibitors in clinical development

Phase I clinical and pharmacokinetic studies of sodium butyrate and sodium
phenylbutyrate have been performed in cancer patients despite the limita-
tions of low potency and lack of specificity of these compounds [207, 208].
Oral or intravenous dosing can achieve millimolar or high micromolar peak
plasma concentrations. Prolonged intravenous infusion of sodium phenyl-
butyrate resulted in potentially therapeutic steady-state circulating concen-
trations, but was complicated by somnolence and confusion [209]. Sodium
butyrate and phenylbutyrate are well absorbed from the gastrointestinal
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tract, but oral doses of several grams per day are needed to achieve biolog-
ically active plasma concentrations of 0.5 mM. Toxicity at these doses in-
cluded nausea, vomiting, confusion, edema, fatigue, hyperuricemia and hypo-
calcemia [210]. Sodium butyrate induced partial remission of AML [211],
and sodium phenylbutyrate in combination with ATRA was effective in one
patient with relapsed APL unresponsive to retinoids [104] but not in a larger
study. Histone hyperacetylation in normal peripheral blood mononuclear
cells or bone marrow, or in tumor tissues, can provide a useful pharmacody-
namic marker in clinical studies of HDAC inhibitors. Histone hyperacetyl-
ation was detectable in both bone marrow and peripheral blood mononuclear
cells during sodium phenylbutyrate treatment of the patient with APL [104].

In a phase I study, pivaloyloxymethyl butyrate was well tolerated at doses
of up to 3.3 g/day when given by intravenous infusion on days 1-5 in a
21-day treatment cycle. Toxicity was confined to fatigue, nausea and dysgeu-
sia. One patient with non-small cell lung cancer had an objective response
[212]. In a non-randomized phase II study of 47 patients with non-small cell
lung cancer, pivaloyloxymethyl butyrate was well tolerated at 2.34 g/m?/day
administered by intravenous infusion daily for 3 days in a 21-day cycle.
Three patients (6.4%) had a partial tumor response and 14 patients (30%) had
stabilization of disease for more than 12 weeks [213]. In preclinical studies,
pivaloxyloxymethyl butyrate had synergistic activity in combination with
cytotoxic drugs. A randomized phase II study comparing taxotere with the
combination of pivaloxyloxymethyl butyrate and taxotere is currently un-
derway in patients with non-small cell lung cancer [213].

The short-chain fatty acid valproic acid and its sodium salt have long
been used as antiepileptic drugs, but recently were found to inhibit HDAC at
millimolar or high micromolar concentrations [214]. Like other short-chain
fatty acid HDAC inhibitors, valproic acid lacks potency and specificity.
Millimolar concentrations of valproic acid are required to inhibit prolifera-
tion of the MCEF-7 breast cancer cell line (D.M. Vigushin, unpublished ob-
servation), while the effective anti-epileptic plasma concentration is in the
micromolar range. Metabolic disturbances and other serious dose-related
toxicities may preclude administration of valproic acid at potentially thera-
peutic anticancer doses.

Several potent and specific HDAC inhibitors are in early phase clinical
development as potential treatments for solid and hematological cancers.
FK-228 is one of the first potent compounds to enter clinical trials and is
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currently in phase II development [215]. Preclinical studies in rodents
showed that peak circulating levels in excess of those predicted to be thera-
peutic in vitro could be achieved with single intravenous or oral doses of
FK-228, and could be sustained with intravenous infusion [216]. Significant
cardiac and catheter-site-related toxicity occurred in preclinical models, but
FK-228 has been well tolerated in patients with manageable hematological
(neutropenia, thrombocytopenia) and non-hematological (nausea/vomiting,
fatigue, ECG changes, hypocalcemia) toxicity [217]. In a phase I and phar-
macokinetic study, escalating doses of FK-228 were delivered as a 4-hour
intravenous infusion on days 1 and 5 every 21 days [217]. The maximum
tolerated dose was 17.8 mg/m?; serum from patients treated at this dose
arrested proliferation of PC3 cells in culture and histone hyperacetylation
was detectable in peripheral blood mononuclear cells, indicating that bio-
logically active circulating concentrations of FK-228 were achieved. In phase
I and II studies, FK-228 had antitumor activity against renal cell carcinoma
[217], peripheral and cutaneous T cell lymphomas, and chronic lymphocytic
leukemia [215].

SAHA is in phase II development and is reported to be active in solid tu-
mors and Hodgkin’s disease at non-toxic doses [16]. Histone hyperacetylation
in tumor biopsy specimens and peripheral mononuclear cells was detectable
at subtherapeutic doses. SAHA had good oral bioavailability and early phase
clinical studies were reported to be ongoing in patients with both solid tu-
mors and hematological cancers [16]. In phase I studies, the closely related
compound pyroxamide caused severe fatigue and hepatotoxicity when ad-
ministered by the prolonged intravenous infusion required to achieve po-
tentially therapeutic circulating concentrations of the drug [16].

MS-275 is in phase II development, but to date there have been no pub-
lished reports of its toxicity or efficacy. Acetyldinaline (CI-994) is an orally
bioavailable HDAC inhibitor in early phase clinical development as a poten-
tial anticancer drug. In phase I trials the drug was well tolerated, penetrated
into cerebrospinal fluid, and had antitumor efficacy against non-small cell
lung and renal cell carcinomas [218]. Phase II studies of CI-994 monotherapy
resulted in low response rates, and further clinical development has therefore
been in combination with cytotoxic drugs. A recent phase I study reported
manageable toxicity and promising antitumor activity for CI-994 adminis-
tered in combination with carboplatin and paclitaxel to patients with ad-
vanced solid tumors [219].

167



Carlo Palmieri, R. Charles Coombes and David M. Vigushin

There remain a number of unanswered questions regarding the optimal
evaluation and utilization of HDAC inhibitors for cancer prevention and
treatment. Tumor regression is unlikely to be the best biological endpoint
for clinical studies of antitumor efficacy. Pharmacodynamic markers such as
histone hyperacetylation in peripheral mononuclear cells and pharmacoki-
netic endpoints that relate to target inhibition in preclinical models may
provide a better guide to plasma levels required for biological activity in pa-
tients. Future studies will define the role of combination therapies with
HDAC inhibitors and other anticancer drugs that exhibit synergistic or addi-
tive activities. HDAC inhibitors are an exciting class of relatively non-toxic
drugs that have potential utility for the treatment of solid and hematological
malignancies.
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1 Brief overview of cell cycle regulation

Upon activation of mitogenic signaling cascades, cells commit to entry into
a series of regulated steps allowing traverse of the cell cycle. Synthesis of
DNA (genome duplication), also known as S phase, is followed by separation
into two daughter cells (chromatid separation) or M phase. During the G,
phase (the time between the S and M phases), cells can repair errors that
occur during DNA duplication, preventing the propagation of these errors to
daughter cells. In contrast, the G; phase, the time between the M and S
phases, represents the period of commitment to cell cycle progression. In
order for cells to continue cycling to the next phase, the prior phase has to
be properly completed; otherwise, “fail safe” mechanisms, also known as
“cell cycle checkpoints” are elicited [1].

The cell cycle machinery is governed by the cyclical activation of the cy-
clin-dependent kinases (cdk), serine-threonine kinases composed by the cdk
catalytic subunit and cofactors such as cyclins and endogenous cdk inhibitors
(CKI), such as p21¢r/vafl The main function of cdk is the phosphorylation of
substrates required for cell cycle progression [2]. One crucial substrate of cdk
is the gene product of the retinoblastoma gene (Rb), a tumor suppressor gene
that is dysfunctional in the majority of human neoplasms due to “overac-
tive” cdk [3, 4]. Thus, manipulation of cdk and cofactors is a potentially
valuable strategy in cancer therapeutics [3, 4].

The fact that most tumors are aneuploid, reflecting abnormal sister chro-
matid separation has motivated increasing interest in the understanding of
the mitotic checkpoints [5, 6]. There are at least two serine-threonine kinases
relevant to mitotic checkpoints that are being targeted by small molecules:
aurora and polo-like kinases [5, 7-10]. Depletion of several mitotic compo-
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nents (including aurora and polo-like kinases) by either small molecules, in-
tracellular antibodies, dominant negative alleles or small interfering RNA
(siRNA), promotes cell death in in vitro cancer models [8, 11-13]. This novel
concept is being investigated intensely and several molecules are approach-
ing phase I/1I trials [14].

Another gene relevant to cell cycle regulation (and also to apoptosis) is
pS3, a tumor suppressor gene frequently inactivated in human cancer cells
[15]. Transformed cells with inactivated p53 are unable to undergo apopto-
sis, which leads to growth imbalance and genomic instability [15]. Since the
majority of tumor cells have lost the G; checkpoint (due to pS3 mutations)
but not the G, checkpoint, upon DNA damage they would arrest in G,. Thus,
the use of combination therapy of DNA-damaging agents (radiation or
chemotherapy) and small molecules that selectively abrogate the G, check-
point represents an attractive approach to cancer therapy. This approach
could lead to tumor cell death due to accelerated mitosis and un-repaired
DNA lesions, while sparing normal cells from some of the cytotoxic effects
(4, 16, 17].

2 Cell cycle alterations in human neoplasms

In the last few years, it became clear that cyclins, cdk complexes, and other
cell cycle regulators are mechanistically involved in the development of hu-
man tumors [18-20]. This is consistent with a large body of literature show-
ing the importance of inactivation of the Rb pathway in tumor development
[21]. The inactivation of Rb can be produced by direct mutation of the Rb
protein, but this is a relatively rare event occurring only in retinoblastomas,
osteosarcomas, and a minority of breast and some other tumors [22]. 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 decrease in cdk endogenous inhibitor or by overexpres-
sion of cyclins and cdks. For example, several laboratories have reported
that some tumors show loss of Rb or, alternatively, overexpression of cyclin
D1 [23-235]. Similarly, in other tumors, loss of pl6lnk4a and Rb are mutually
exclusive [26, 27]. This observation led to the hypothesis that inactivation of
the cyclin D/CDK/p16/pRb pathway can promote tumor development and
that either loss of the suppressor activity of Rb or pl6Ink4a, or overexpres-
sion of cyclin D1 can over-ride this checkpoint [22, 28]. Several reports have
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implicated D-type cyclins in neoplastic development, although limited in-
formation 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 hu-
man glioblastomas, but in these tumors overexpression and/or amplification
of D-type cyclins were not detected [29]. In addition, cdk4 mutations were
identified in patients with familial melanoma [30] and, recently, amplifica-
tion and overexpression of cdk4 were also detected in sporadic breast carci-
nomas [31], ovarian carcinomas [32], and sarcomas [33]. Taken together, pro-
teins that govern cell cycle control are reasonable targets for cancer therapy
[17, 34].

3 Manipulation of cdk activity for therapeutic
purposes

Several strategies could be considered to modulate cdk activity. These strate-
gies are divided into direct effects on the catalytic cdk subunit or indirect
modulation of regulatory pathways that govern cdk activity [17, 34, 35]. Small
molecular endogenous CKI (SCDKI) are compounds that directly target the
catalytic cdk subunit. Most of these compounds modulate cdk activity by in-
teracting specifically with the ATP-binding site of cdk [17, 34-37]. Examples
of this class include flavopiridol, roscovitine, aminothiazole, UCN-01 (7-hy-
droxystaurosporine), BMS 387032, and alsterpaullone. The second class are
compounds that modulate cdk activity by targeting the regulatory upstream
pathways that govern cdk activity: by altering the expression and synthesis of
the cdk/cyclin subunits or the cdk inhibitory proteins; by modulating the
phosphorylation of cdk; by targeting cdk-activating kinase (CAK), cdc25, and
weel/mytl; or by manipulating the proteolytic machinery that regulates the
catabolism of cdk/cyclin complexes or their regulators [3, 4, 35]. Examples for
this class of compounds include perifosine and UCN-01, among others.

4 Small-molecule cdk modulators

As mentioned previously, cdk can be modulated by direct effects on the cat-
alytic subunit and/or by disruption of upstream regulatory pathways. Several
examples and mechanisms are described elsewhere [3, 4, 34-41].

187



Adrian M. Senderowicz

5 Cdk modulators in clinical trials
5.1  Flavopiridol
5.1.1  Mechanism of antiproliferative effects

Flavopiridol (L86-8275 or HMR 1275) is a semisynthetic flavonoid derived
from rohitukine, an indigenous plant from India. Initial studies with this
flavonoid revealed clear evidence of G;/S or G,/M arrest, due to loss in cdk1
and cdk2 [42, 43]. Studies using purified cdk showed that the inhibition ob-
served is reversible and competitively blocked by ATP, with a K; of 41 nM
[42-44]. Furthermore, the crystal structure of the complex of deschloro-
flavopiridol and cdk2 showed that flavopiridol binds to the ATP-binding
pocket, with the benzopyran occupying the same region as the purine ring
of ATP [45], confirming the earlier biochemical studies with flavopiridol
[46]. Flavopiridol inhibits all cdk thus far examined (IC5, ~100 nM), but it
inhibits cdk7 (CAK) less potently (ICs, ~300 nM) [46, 47].

In addition to directly inhibiting cdk, flavopiridol promotes a decrease in
the level of cyclin D1, an oncogene that is overexpressed in many human
neoplasias. Of note, neoplasms that overexpress cyclin D1 have a poor prog-
nosis [48]. Depletion of cyclin D1 appears to lead to the loss of cdk activity
[49]. Cyclin D1 decrease is caused by depletion of cyclin D1 mRNA and was
associated with a specific decline in cyclin D1 promoter, measured by a lu-
ciferase reporter assay [49]. The transcriptional repression of cyclin D1 ob-
served after treatment with flavopiridol is consistent with the effects of
flavopiridol on yeast cells (see above) and underscores the conserved effect of
flavopiridol on eukaryotic cyclin transcription [50]. In summary, flavopiridol
can induce cell cycle arrest by at least three mechanisms: (1) direct inhibition
of cdk activities by binding to the ATP-binding site; (2) prevention of the
phosphorylation of cdk at threonine-160/161 by inhibition of cdk7/cyclin H
[42, 44]; and (3) decrease in the amount of cyclin D1, an important cofactor
for cdk4 and cdk6 activation (G,/S arrest only).

In part, flavopiridol regulates transcription due to potent inhibition of
P-TEFb (also known as cdk9/cyclin T), with a K; of 3 nM, leading to inhibi-
tion of transcription by RNA polymerase II by blocking the transition into
productive elongation. Interestingly, in contrast with all cdk tested so far,
flavopiridol was not competitive with ATP in this reaction. P-TEFb is a re-
quired cellular cofactor for the human immunodeficiency virus (HIV-1)
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transactivator, Tat. Consistent with its ability to inhibit P-TEFb, flavopiridol
blocked Tat transactivation of the viral promoter in vitro. Furthermore, flavo-
piridol blocked HIV-1 replication in both single-round and viral spread as-
says with an ICs, of less than 10 nM [51]. These actions of the drug led to the
testing of flavopiridol through clinical trials for patients with HIV-related
malignancies [52].

An important biochemical effect involved in the antiproliferative activity
of flavopiridol is the induction of apoptotic cell death. Hematopoietic cell
lines are often quite sensitive to flavopiridol-induced apoptotic cell death
[53-57], but the mechanism(s) by which flavopiridol induces apoptosis have
not yet been elucidated. Flavopiridol does not modulate topoisomerase 1/I1
activity [56]. In certain hematopoietic cell lines, neither BCL-2/BAX nor p53
appeared to be affected [54, 58], whereas, in other systems, BCL-2 may be in-
hibited [55, 59]. It is still unclear whether the putative flavopiridol-induced
inhibition of cdk activity is required for induction of apoptosis.

Clear evidence of cell cycle arrest along with apoptosis was observed in a
panel of squamous head and neck cancer cell lines, including a cell line
(HN30) that are refractory to several DNA-damaging agents, such as y-irradi-
ation and bleomycin [60]. Again, the apoptotic effect was independent of
p53 status, and was associated with the depletion of cyclin D1 [60]. These
findings have been corroborated in other preclinical models [49, 61-63].

Flavopiridol targets not only tumor cells but also angiogenesis pathways.
Brusselbach et al. [64] incubated primary human umbilical vein endothelial
cells (HUVEC) with flavopiridol and observed apoptotic cell death even in
cells that were not cycling, leading to the notion that flavopiridol may have
anti-angiogenic properties due to endothelial cytotoxicity. In other model
systems, Kerr et al. [65] tested flavopiridol in an in vivo Matrigel model of
angiogenesis, and found that flavopiridol decreased blood vessel formation, a
surrogate marker for the anti-angiogenic effect of this compound. Further-
more, as mentioned earlier, Melillo et al. [66] demonstrated that, at low nano-
molar concentrations, flavopiridol prevented the induction of vascular en-
dothelial growth factor (VEGF) by hypoxic conditions in human monocytes
due to decreased VEGF mRNA stability. Similar anti-angiogenic effects were
observed in zebrafish in vivo models [67]. Thus, the antitumor activity of
flavopiridol observed may be in part due to anti-angiogenic effects. Whether
the various anti-angiogenic actions of flavopiridol result from its interaction
with a cdk target or other targets requires further study.
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The antitumor effect observed with flavopiridol can also be explained by
activation of differentiation pathways. It became clear recently that cells
become differentiated when exit of the cell cycle (G,) and loss of cdk2 activ-
ity occur. Based on this information, Lee et al. [68] tested flavopiridol and
roscovitine, both known cdk2 inhibitors, to determine if they induce a dif-
ferentiated phenotype. For this purpose, NCI-H358 lung carcinoma cell lines
were exposed to a cdk2 antisense construct, flavopiridol, or roscovitine.
Clear evidence of mucinous differentiation along with loss in cdk2 activity
was observed in this lung carcinoma model. Thus, it is plausible that the
antitumor effect of flavopiridol in lung carcinoma models may be due to
induction of differentiation, among others [68].

Several investigators determined that flavopiridol has synergistic effects
with standard chemotherapeutic agents in several in vitro models. Synergistic
effects were observed in A549 lung carcinoma cells when treatment with
flavopiridol followed treatment with paclitaxel, cytarabine, topotecan, dox-
orubicin, or etoposide [69-72]. In contrast, a synergistic effect was observed
with S-fluorouracil (FU) only when cells were treated with flavopiridol for
24 h before the addition of 5-FU. Furthermore, synergistic effects with cis-
platin were not schedule dependent [70]. However, Chien et al. [73] failed to
demonstrate a synergistic effect between flavopiridol and cisplatin and/or
y-irradiation in bladder carcinoma models. One important issue to mention
is that most of these studies were performed in in vitro models. Thus, confir-
matory studies in in vivo animal models are needed.

Experiments using colorectal (Colo205) and prostate (LnCaP/DU-145) car-
cinoma xenograft models, in which flavopiridol was administered frequently
over a protracted period, demonstrated that flavopiridol is cytostatic [74,
75]. These demonstrations led to human clinical trials of flavopiridol admin-
istered as a 72-h continuous infusion every 2 weeks [76] (see below). Sub-
sequent studies in human leukemia/lymphoma xenografts demonstrated
that flavopiridol administered intravenously as a bolus rendered animals
tumor free, whereas flavopiridol administered as an infusion only delayed
tumor growth [53]. Moreover, in HN-12 head and neck cancer xenografts
flavopiridol administered intraperitoneally for 5 days demonstrated a sub-
stantial growth delay [60]. Again, apoptotic cell death and cyclin D1 deple-
tion were observed in tissues from xenografts treated with flavopiridol [53].
Based on these results, a phase I trial of 1-h daily infusional flavopiridol
every 3 weeks has been conducted at the NCI [77].
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5.1.2 Clinical experience with flavopiridol

Two phase I clinical trials of flavopiridol administered as a 72-h continuous
infusion every 2 weeks have been completed [76, 79]. In the NCI phase I
trial (n = 76) of infusional flavopiridol, the dose-limiting toxicity (DLT) was
secretory diarrhea with a maximal-tolerated dose (MTD) of 50 mg/m?/day
for 3 days. In the presence of anti-diarrheal prophylaxis (a combination of
cholestyramine and loperamide), patients tolerated higher doses, defining a
second MTD, 78 mg/m?/day for 3 days. The DLT observed at the higher dose
level was a substantial proinflammatory syndrome that is associated with in-
duction of plasma IL-6 [76, 78]. Minor responses were observed in patients
with non-Hodgkin’s lymphoma, colon, and kidney cancer for more than
6 months. Moreover, one patient with refractory renal cancer achieved a
partial response for more than 8 months [76]. Plasma concentrations of 300-
500 nM flavopiridol, which inhibit cdk activity in vitro, were safely achieved
during this trial [76].

In a complementary phase I trial also exploring the same schedule (72-h
continuous infusion every 2 weeks), Thomas et al. [79] found that the DLT
was diarrhea, corroborating the NCI experience. Moreover, plasma concen-
trations of 300-500 nM flavopiridol were also observed. Interestingly, there
was one patient in this trial with refractory metastatic gastric cancer that
progressed after a treatment regimen containing 5-FU. When treated with
flavopiridol, this patient achieved a sustained complete response without
any evidence of disease for more than 2 years after treatment was com-
pleted.

The first phase I trial of a daily 1-h infusion of flavopiridol was recently
completed [77]. This schedule was based on antitumor results observed in
leukemia/lymphoma and head and neck cancer xenografts treated with
flavopiridol [53, 60]. A total of 55 patients were treated in this trial. The rec-
ommended phase II dose is 37.5 mg/m?/day for 5 consecutive days. The DLT
observed at 52.5 mg/m?/day are nausea/vomiting, neutropenia, fatigue, and
diarrhea [77]. Other side effects are local tumor pain and anorexia. To reach
higher flavopiridol concentrations, the protocol was amended to administer
flavopiridol for 3 days and then for 1 day only. With these protocol modifi-
cations, we were able to achieve concentrations (~4 pM) necessary to induce
apoptosis in xenograft models [53, 60]. Of note, the half-life observed in this
trial is much shorter (~3 h) than the infusional trial (~10 h). Thus, the high
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micromolar concentrations achieved in the 1-h infusional trial could be
maintained only for short periods of time

Several phase II trials using the continuous infusion schedule (50 mg/m?/
day over 72 h) were recently conducted in several malignancies including
melanoma, lung, kidney, and prostate cancer, and in patients with refractory
head and neck cancer, chronic lymphocytic leukemia (CLL), and mantle
cell lymphoma (MCL) among others. Unfortuntately, at this dose and sched-
ule, flavopiridol monotherapy did not show significant antitumor activity
[80-84].

Based on the interesting preclinical data in combination with cytotoxics
and also based on the feasibility of flavopiridol administration as a short
infusion, several phase I combination trials have been performed [85-88].
Activity was observed in patients with taxane-refractory disease. However,
results of phase 3 trials with these combinations are needed before conclud-
ing that combinations are active in refractory cases.

5.2 UCN-01
5.2.1 Mechanism of antiproliferative activity

Staurosporine is a potent nonspecific protein and tyrosine kinase inhibitor,
with a very low therapeutic index in animals [89]. Thus, efforts to find ana-
logues of staurosporine have identified compounds specific for protein ki-
nases. One staurosporine analogue, UCN-01, has potent activity against sev-
eral protein kinase C (PKC) isoenzymes, particularly the Ca?*-dependent PKC
with an ICs, ~ 30 nM [90, 91]. In addition to its effects on PKC, UCN-01 has
antiproliferative activity in several human tumor cell lines [91-93]. These ef-
fects appear not to be related to the effects of UCN-01 in PKC signaling [94].

Another interesting feature, again unrelated to PKC, is ‘inappropriate
activation’ of cdk kinases in intact cells [94]. This phenomenon correlates
with the G, abrogation checkpoint observed with this agent. Experimental
evidence suggests that DNA damage leads to cell cycle arrest to allow DNA
repair. In the presence of UCN-01, irradiated cells are unable to accumulate
in the G, phase with subsequent early mitosis and the onset of apoptotic cell
death [93]. The accelerated mitosis is due to activation of cdc2 kinase. These
activations could be partially explained by the inactivation of weel, the ki-
nase that negatively regulates the G,/M phase transition [95]. Moreover,
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UCN-01 can have a direct effect on chk1, the protein kinase that regulates the
G, checkpoint [96-98]. Thus, although UCN-01 at high concentrations can
directly inhibit cdk in vitro, UCN-01 can modulate cellular ‘upstream’ regula-
tors at much lower concentration, leading to inappropriate cdc2 activation.
Studies from other groups suggest that not only is UCN-01 able to abrogate
the G, checkpoint induced by DNA-damaging agents, it is also, in some cir-
cumstances, able to abrogate the DNA damage-induced S phase checkpoint
[99, 100].

Another interesting property of UCN-01 is its ability to arrest cells in the
G; phase of the cell cycle [91, 101-108]. When human epidermoid carci-
noma A431 cells (mutated p53) or HN12 head and neck carcinoma cell lines
are incubated with UCN-01, these cells were arrested in the G; phase with Rb
hypophosphorylation and p21%1/p27kipl accumulation [102, 106]. Chen et
al. [103] suggested that Rb, but not p53, function is essential for UCN-01-
mediated G, arrest. However, Shimizu et al. [107] demonstrated that lung
carcinoma cell lines with either absent, mutant, or wild-type Rb exposed to
UCN-01 displayed G, arrest and antiproliferative effects irrespective of Rb
function. Thus, the exact role of Rb or p53 in the G, arrest induced by UCN-
01 is still unknown. Further studies on the putative target(s) for UCN-01 in
the G, phase arrest of cells are warranted.

Recently, Facchinetti et al. [104] demonstrated that the G,/S arrest induced
by UCN-01 is due to the transcriptional upregulation of p21. This effect is
due to activation of the MAPK/ERK pathway, leading to p53-independent
transactivation of p21. Further studies are needed to understand the mecha-
nism by which UCN-01 activates MAPK.

As shown in several in vitro models, lack of functional p53 does not pre-
clude the cell cycle arrest and cytotoxicity induced by this agent [91, 93, 94,
101-108]. Thus, a common feature observed in more than 50% of human
neoplasias associated with poor outcome and refractoriness to standard
chemotherapies [109, 110] may render tumor cells more sensitive to UCN-01.

A very exciting recent development is the discovery that UCN-01 can
modulate the PI3 kinase/AKT survival pathway [111]. UCN-01 displays a po-
tent inhibition in vitro of the pdkl serine/threonine kinase, leading to de-
phosphorylation and inactivation of AKT [111]. Of note, induction of p21 is
not due to inhibition of PDK1/AKT, but occurs by activation of MAPK [104].
Although this is an exciting novel feature of UCN-01, it is of utmost impor-
tance to demonstrate whether the antitumor effects of UCN-01 are mediated
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by this action. Moreover, demonstration that these effects also occur in in
vivo settings is crucial.

As previously mentioned, synergistic effects of UCN-01 have been ob-
served with many signal transduction and chemotherapeutic agents, includ-
ing mitomycin C, 5-FU, carmustine, and camptothecin, among others [99,
100, 112-120]. Therefore, it is possible that combining UCN-01 with these or
other agents could improve its therapeutic index. Moreover, UCN-01 has
demonstrated synergistic effects with y-irradiation [93, 121]. Clinical trials
exploring these possibilities are currently being developed.

5.2.2 Clinical trials of UCN-01

In the first phase I trial of UCN-01, UCN-01 was initially administered as a
72-h continuous infusion every 2 weeks based on data from in vitro and
xenograft preclinical models [122, 123]. However, it became apparent in the
first few patients that the drug had an unexpectedly long half-life (~30 days).
This half-life was 100 times longer than the half-life observed in preclinical
models, most likely due to the avid binding of UCN-01 to a1-acid glycopro-
tein [124, 125]. Thus, the protocol was modified to administer UCN-01 every
4 weeks (one half-life) and, in subsequent courses, the duration of infusion
was decreased by half (total 36 h). Thus, it was possible to reach similar peak
plasma concentrations in subsequent courses with no evidence of drug accu-
mulation. There was no evidence of myelotoxicity or gastrointestinal toxic-
ity (prominent side effects observed in animal models), despite very high
plasma concentrations achieved (35-50 pM) [122-125]. Major toxicities were
nausea/vomiting (amenable to standard antiemetic treatments), symptomatic
hyperglycemia associated with an insulin-resistance state (increase in insulin
and c-peptide levels while receiving UCN-01), and pulmonary toxicity char-
acterized by substantial hypoxemia without obvious radiological changes.
The recommended phase II dose of UCN-01 given on a 72-h continuous in-
fusion schedule was 42.5 mg/m?/day [123]. One patient with refractory meta-
static melanoma developed a partial response that lasted 8 months. Another
patient with refractory anaplastic large-cell lymphoma that had failed multi-
ple chemotherapeutic regimens including high-dose chemotherapy has no
evidence of disease more than 4 years after the initiation of UCN-01. More-
over, a few patients with leiomyosarcoma, non-Hodgkin’s lymphoma, and
lung cancer demonstrated stable disease for 6 months [123, 126].
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To estimate ‘free UCN-01 concentrations’ in body fluids, several meth-
ods were considered. Plasma ultracentrifugation and salivary determina-
tion of UCN-01 revealed similar results. At the recommended phase II
dose (37.5 mg/m?/day over 72 h), concentrations of ‘free-salivary’ UCN-01
(~100 nM) that may cause G, checkpoint abrogation can be achieved. As
mentioned earlier, UCN-01 is a potent PKC inhibitor. To determine the pu-
tative signaling effects of UCN-01 in tissues, bone marrow aspirates and
tumor cells were obtained from patients before and during the first cycle of
UCN-01 administration. Western blot studies were performed in these sam-
ples against phosphorylated adducin, a cytoskeletal membrane protein and a
specific substrate phosphorylated by PKC. A clear loss in phospho-adducin
content in the post-treatment samples was observed in all tumor and bone
marrow samples tested, leading to the conclusion that UCN-01 can modu-
late PKC activity in tissues from patients in this trial [122, 123].

Several groups have conducted shorter duration (3-h) infusional trials of
UCN-01 [127, 128]. A recently published report by Dees et al. [128] presented
the experience with 1-h (and then 3-h) infusions with UCN-01. A total of
24 patients participated in this trial. The study started as a 1-h infusion; how-
ever, it appeared too toxic. The MTD using the 3-h infusion was 95 mg/m? for
the first course and 47.5 mg/m? over 3 h for second and subsequent courses.
The DLT was hypotension. Other toxicities observed were similar to the 72-h
infusion trial. However, in the 3-h infusion UCN-01 trial, CNS toxicities in-
cluding seizures and change and mental status occurred. No objective re-
sponses were observed. Mean (SD) pharmacokinetic (PK) variable values in
nine patients treated at 95 mg/m? over 3 h were volume of distribution at
steady state, 14 (5.4) L; B half-life, 406 (151) h ; systemic clearance, 0.028
(0.017) L/h; Cypax 51 (16) pM; and area under the curve, 19,732 (12,195)
pM/L h. When compared with the pharmacokinetics parameters of the 72-h
infusional trial, the 3-h infusional trial has some similarities and differences.
Unfortunately, based on the accelerated dose-escalation design [129], they
were not able to have “robust” PK parameters. Despite these limitations, PK
parameters are similar; it appears that, at the MTD, the 3-h trials demon-
strated, as expected, a slightly higher peak plasma concentration than the
72 h. However, the area under the plasma concentration curve (AUC) in the
former was slightly lower. In the 72-h infusion, antitumor activity was demon-
strated in a patient with metastatic melanoma and in a patient with anaplas-
tic Non-Hodgkin’s lymphoma, while the 3-h infusion had no evidence of
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antitumor effects. Finally, evidence of “free” UCN-0O1 concentrations were
demonstrated in the 72-h infusion trial by salivary UCN-01 concentration, by
plasma centrifugation, by plasma G, checkpoint ex vivo assay, and by down-
modulation of phospho-adducin, a known substrate of PKC. In contrast, the
3-h infusion showed salivary data in some patients at the MTD dose. In sum-
mary, it is still unknown what the best schedule to administer UCN-01 is.

Recently, a phase I combination study of 72-h infusion UCN-01 and 24-h
weekly FU was reported [130]. Increasing doses of weekly 24-h infusion of
FU were followed by UCN-01 dose of 135 mg/m? over 72 h in cycle 1, and
67.5 mg/m? over 36 h in subsequent cycles, based on the initial phase I trial
[122, 123]. The authors were able to escalate FU up to 2600 mg/m? in com-
bination with monthly UCN-01. The DLT included arrhythmia and syncope.
Other toxicities included hyperglycemia, headache, and nausea and vomit-
ing. Highest mean peak plasma concentration of UCN-01 (48.5 pM) was ob-
tained in cohort 5 (1.265 mg/m? FU) of 48.5 pM. Of note, the lowest mean
peak plasma UCN-01 concentration (17.6 pM) was observed in the highest
FU dose administered (cohort 8, 2.600 mg/m?) of 17.6 pM. The investigators
proposed cohort 8 as the recommended phase II dose. Unfortunately, there
were no objective responses.

A phase 1II trial of 3-h infusional UCN-01 in patients with progressive,
metastatic renal cell carcinoma was recently reported [131]. Twenty-one pa-
tients were enrolled into this study and received 90 mg/m? over 3 h based on
prior phase I trials using this schedule [127, 128]. Accrual was halted after
failure to reach a predetermined efficacy requirement with seven patients
remaining disease-progression free after 4 months. The median time to peak
(TTP) for all patients was 2.67 months (range 0.4-7.6 months). There were
no objective responses, and UCN-01 using this schedule was well tolerated
[131].

6 Outstanding issues related to the modulation
of cell cycle for cancer therapy

The role of cdk as targets for cancer therapy, especially with respect to cdk2
has been recently challenged [132-138]. Briefly, loss of cdk2 function in
some colon carcinoma cell lines failed to arrest at the G;/S entry [136].
Moreover, ablation of cdk2 and or cyclin E in mice demonstrated normal de-
velopment with significant meiotic perturbations [132, 134-138]. The lack of
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significant somatic effects in these models may be explained by the redun-
dancy of cdk [137]. To have significant antitumor activity, small-molecule
cdk modulators may need to target more than one cdk to avoid the rescue by
other redundant cdk.

7 Summary

Most human malignancies have an aberration in the Rb pathway due to ‘cdk
hyperactivation’. Several small-molecule cdk modulators are being discov-
ered and tested in the clinic. The first ATP-competitive cdk inhibitors tested
in clinical trials, flavopiridol and UCN-01, have shown promising results
with evidence of antitumor activity and plasma concentrations sufficient to
inhibit cdk-related functions. The best schedule to be administered, com-
bination with standard chemotherapeutic agents, best tumor types to be
targeted, and demonstration of cdk modulation from tumor samples from
patients in these trials are important issues that need to be answered to ad-
vance these agents to the clinical arena.
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1 Introduction

More than 30 years ago the mechanism of action for aspirin and aspirin-
like drugs was established as the inhibition of prostaglandin (PG) H, syn-
thase [1]. Twenty years later at least two cyclooxygenase (COX) isoforms
were identified [2], and more recently a third isoform, COX-3 has been de-
scribed [3]. The development of therapeutic agents that target the cyclo-
oxygenases has a record of being almost continuous [4]. Many of the early
drugs developed were non-selective; they inhibited both COX-1 and COX-2.
Other compounds, including meloxicam, etodolac, and nimesulide had an
improved gastrointestinal safety profile and appeared to be more selective
for COX-2 [4, 5].

In 1990, data on DuP697, an effective anti-inflammatory agent with re-
duced ulcerogenic properties was reported [6]. This improved safety profile
was considered to be related to the novel, non-acidic, chemical structure of
the compound. Additional experimental molecules, NS398, flosulide and
CGP28238 were generated also exhibiting an improved gastrointestinal safety
profile [4]. With the discovery of COX-2, the improved gastrointestinal safety
was soon related to selectivity of these molecules for the COX-2 isozyme.
The chemical structures of DuP697 and NS398 were central for industrial
chemists in the design of new COX-2 selective inhibitors, and now four
COX-2 selective agents have gained regulatory approval. Celecoxib (Celebrex®)
is indicated for the treatment of osteoarthritis and adult rheumatoid arthri-
tis, and the second generation selective inhibitor valdecoxib (Bextra®) is
indicated for acute and chronic treatment of the signs and symptoms of
adult rheumatoid arthritis and osteoarthritis, as well as the relief of pain as-
sociated with primary dysmenorrhea. The U.S. Food and Drug Admin-
istration (FDA) later approved celecoxib as an oral adjunct for usual care for
patients with familial adenomatous polyposis (FAP), a rare hereditary disease
that, left untreated, leads to the development of colorectal cancer. This ap-
proval in the cancer prevention setting has led to numerous clinical studies
of COX-2 selective inhibitors in the oncology setting.
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Rofecoxib (Vioxx®) was approved in the U.S. in 1999 for the relief of the
signs and symptoms of osteoarthritis and adult rheumatoid arthritis, man-
agement of acute pain in adults, primary dysmenorrhea and acute treatment
of migraine attacks with or without aura in adults. It was also approved for
the relief of the signs and symptoms of the most common forms of juvenile
rheumatoid arthritis in children. The second generation selective inhibitor
etoricoxib (Arcoxia™) was approved by the European regulatory authority,
and has been launched in 38 countries worldwide in Europe, Latin America
and the Asia-Pacific region.

Rofecoxib has now been withdrawn from the market following interim
analysis of the data from the Adenomatous Polyp Prevention on Vioxx
(APPROVe) study, designed to determine the effect of rofecoxib on benign
sporadic colonic adenomas [7]. There was a significant increase in the inci-
dence of serious thromboembolic adverse events in the group receiving 25
mg rofecoxib per day as compared with the placebo group [7]. Blood pres-
sure was elevated in patients in the rofecoxib group, and the incidence of
myocardial infarction and thrombotic stroke in the two groups began to di-
verge progressively after 1 year or more of treatment [7]. Meta-analyses of
randomized controlled trials of rofecoxib also identified evidence for the ad-
verse cardiovascular effects of rofecoxib [8].

In November 2004, the valdecoxib label had to be revised to include a
black-box warning regarding serious skin reactions, and a contraindication
for use in patients who have undergone bypass surgery [9]. A letter to the ed-
itor in the New England Journal of Medicine later recommended that clini-
cians stop prescribing valdecoxib except in extraordinary circumstances un-
til better cardiovascular safety data were available [9].

In mid-December 2004, Pfizer announced that celecoxib more than dou-
bled the risk of heart attack in patients from a large cancer-prevention trial
sponsored by the National Cancer Institute. The Adenoma Prevention with
Celecoxib (APC) trial found that patients taking 400 mg and 800 mg cele-
coxib daily had an approximately 2.5-fold increase in their risk of experienc-
ing a major fatal or non-fatal cardiovascular event compared to those pa-
tients taking placebo.

In a separate long-term study, the Prevention of Spontaneous Adenomat-
ous Polyps (PreSAP) trial, no increased cardiovascular risk was found for pa-
tients taking 400 mg celecoxib daily compared with those taking placebo.
These findings were based on an identical analysis to that used to assess car-
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diovascular risk in the APC trial, and were conducted by the same independ-
ent safety review board.

Additionally, data have recently been reported suggesting that the adverse
cardiovascular effects of these agents may be limited to rofecoxib [10]. In a
case-control study, the adjusted odds ratio for myocardial infarction (MI)
among celecoxib and rofecoxib users was analyzed, and demonstrated a sta-
tistically significant difference in the odds of non-fatal MI. This difference
was not due to an increased risk of MI among rofecoxib users, but rather was
due to lower odds of MI among celecoxib users [10]. Notwithstanding these
data, randomized trials will be needed to fully understand the adverse
cardiovascular effects for this class of agents.

It remains to be determined if the increased cardiovascular toxicity is re-
lated to the entire class of COX-2 selective inhibitors, or whether it is re-
lated to the chemical structure of some of these inhibitors [11]. The mecha-
nism proposed for the increased cardiovascular toxicity for selective COX-2
inhibitors is the inhibition of PGI, formation without coincidental inhibi-
tion of thromboxane A, (TxA,) that is formed by the unrestrained action of
COX-1 from platelets [12]; TxA, is a potent vasoconstrictor and platelet ag-
onist [12]. Additionally, inhibition of PGE, and PGI, within the kidney
could lead to sodium and water retention, with resultant blood pressure
elevations [13].

The toxicity could be related to the chemical structures of the COX-2
selective inhibitors. The approved drugs belong to the diarylheterocycle class
of compounds that contain a sulfur moiety (Tab. 1). In contrast, lumiracoxib
is an analogue of diclofenac (Tab. 1) that has the highest degree of COX-2
selectivity (Tab. 2) [14]. Results of the Therapeutic Arthritis Research and
Gastrointestinal Event Trial (TARGET) found the incidence of MI did not
differ between lumiracoxib and either ibuprofen or naproxen, irrespective
of aspirin use [15]. This finding could suggest that molecules not based on
the diarylheterocycle structure may not be associated with increased cardio-
vascular risk.

The observation of increased cardiovascular toxicity may not have nega-
tive implications for the use of this class of agents in the treatment of pa-
tients with cancer; therapies for cancer treatment are often associated with
cardiovascular toxicity [16]. The targeted therapy bevacizumab (Avastin™) is
associated with increased rate of hypertension, and a 1-2% increased risk of
gastrointestinal perforations and cardiovascular events [17]. In the face of
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these data, bevacizumab was approved for use in combination with intra-
venous S-fluorouracil-based chemotherapy as a first-line treatment for pa-
tients with metastatic cancer of the colon or rectum [17]. This suggests that
regulators and physicians may accept agents with cardiovascular toxicities

for use in patients with life-threatening conditions.
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2 Cyclooxygenase-1 and 2

The major COX isozymes (COX-1 and COX-2) are the rate-limiting en-
zymes for the production of prostaglandins and thromboxanes from free
arachidonic acid [18, 19]. COX-1 is constitutively expressed and is respon-
sible for normal kidney and platelet function as well as the maintenance of
the gastrointestinal mucosa [18]. In contrast, the COX-2 enzyme is induced
by a variety of stimuli, including oncogenes, growth factors, tumor pro-
moters, and chemotherapy via RAS and protein kinase C-mediated signal-
ing [20, 21].

3 Cycloxygenase-2

Increased amounts of COX-2 are commonly detected in premalignant and
malignant tissues [20]. Transcription factors including AP-1, CREB/NE-IL-6,
NF-kB, NFAT, PEA3, PPARy response elements, and Ets sites have all been
identified as stimulators of COX-2 transcription [20, 21]. Wild-type p53 and
the adenomatous polyposis coli gene can inhibit COX-2 transcription [22,
23], demonstrating that a balance between oncogenes and tumor suppressor
genes regulates the expression of COX-2 in tumors.

Post-transcriptional mechanisms have also been shown to be involved in
the elevated levels of COX-2 found in tumors. The 3’-untranslated domain
of the COX-2 mRNA contains AU-rich elements (AREs) that are the sites for
interaction with a variety of ARE-binding factors [21]. These binding factors,
which include HuR, tristetraprolin, and AUE, influence the fate of COX-2
mRNA by controlling degradation, stabilization, or translation of COX-2
mRNA [24]. Variation in the amount or activity of these ARE-binding factors
can therefore dramatically impact COX-2 levels in tumors.

Importantly, standard cancer treatments appear to increase the level of
COX-2 in tumors. Paclitaxel and docetaxel stimulate COX-2 transcription
via an AP-1-dependent mechanism [25, 26]. Taxane treatment also enhances
the stability of the COX-2 mRNA [25, 26]. lonizing radiation has also been
shown to induce COX-2 expression [27, 28], again supporting that therapeu-
tic interventions can be responsible, in part, for the elevated levels of COX-2
found in tumors.
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4 Cellular expression of COX-2

Elevated expression of COX-2 in cancer has been localized to the neoplastic
epithelium [29], within the microvasculature [30] and to stromal cells [31].
These data show that multiple cell types in the tumor microenvironment
contribute to the elevated COX-2 expression. Overexpression of COX-2 by
these different cell types leads to the increased production of the prostanoids,
PGE,, PGF,,, PGD,, TxA, and PGI,. The prostanoids mediate their effects by
binding to G protein-coupled receptors that contain a series of transmem-
brane domains [20]. PGE, is the most abundant prostanoid detected in
epithelial malignancies [20]. PGE,, is known to promote colon carcinoma
growth and invasion [32], and was found to be a potent inducer of the an-
giogenic switch during mammary cancer progression [33]. Elevated PGE, also
demonstrates potent immunosuppressive effects [34-36], stimulates TCF-p-
catenin-mediated transcription leading to expression of cyclin D1 and c-myc
[37], activates cAMP/protein kinase A [38], and transactivates the epidermal
growth factor (EGF) receptor [39]. PGE, was also shown to be a mediator
of vascular endothelial growth factor (VEGF)- and basic fibroblast growth
factor (bFGF)-induced CXCR4-dependent angiogenesis; these angiogenic
effects of PGE, require CXCR4 expression [40]. PGE, has also been shown to
induce the expression of aromatase, resulting in the increased synthesis of
estrogen [41-43]

5 Non-clinical evidence supporting targeting COX-2
in cancer management

Numerous genetic and pharmacological non-clinical studies have focused
on targeting COX-2 to determine the therapeutic or preventive benefit in
cancer.

5.1 Genetic studies

The significant contribution of COX-2 in cancer promotion was demon-
strated experimentally in an animal model of human familial adenomatous
polyposis [44]. Mice, genetically predisposed for polyp formation by a tar-
geted truncation deletion in the adenomatous polyposis coli protein tumor
suppressor gene, were crossed with COX-2 knockout mice [44]. The tumor
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burden of the double-mutant offspring was significantly reduced by the
genetic knockout of COX-2; furthermore, the reduction in polyp formation
was equal to that achieved by treating the polyp-forming mice with a selec-
tive COX-2 inhibitor [44]. Additionally, it was shown that fibroblasts ob-
tained from COX-2 knockout mice demonstrated a 94% reduction in levels
of the angiogenic protein VEGF when compared to wild-type fibroblasts
[31]. Pharmacological exposure of wild-type fibroblasts to a selective COX-2
inhibitor also resulted in a 92% reduction in VEGF production [31]. Tumors
grown in COX-2 knockout mice demonstrated decreased expression of VEGF
mRNA, as well as a 30% decrease in vascular density compared to COX-2
wild-type mice [31].

Mice engineered to overexpress human COX-2 in mammary glands were
reported to develop focal mammary gland hyperplasia, dysplasia, and trans-
formation of tissue into metastatic tumors [33, 45]. A similar finding was
also observed in mice that were engineered to overexpress COX-2 in basal
keratinocytes, where mice developed epidermal hyperplasia as well as dys-
plastic features [46]. COX-2 overexpression in the basal keratinocytes led to
elevated levels of epidermal PGE,, PGF,,, and 15-deoxy-8'%14-PGJ,, that sen-
sitized the skin for genotoxic carcinogens [47].

5.2  Pharmacological studies

There have been numerous non-clinical studies using a variety of pharmaco-
logical inhibitors of COX-2 that have confirmed that this isozyme is an
important therapeutic target [20]. The growth inhibitory mechanism of a se-
lective COX-2 inhibitor was evaluated in an in vivo oncogenic mouse model
of spontaneous breast cancer [48]. The oncogenic mice carried the polyoma
middle T antigen driven by the mouse mammary tumor virus promoter and
developed primary adenocarcinomas of the breast. Oral administration of
celecoxib caused a significant reduction in mammary tumor burden asso-
ciated with increased tumor cell apoptosis and decreased proliferation in
vivo [48].

Celecoxib and sulindac were also evaluated in a transgenic mouse prostate
(TRAMP) model that resembles many features of human prostate cancer [49].
These compounds caused significant reductions in prostatic intraepithelial
neoplasia lesions, and reduced levels of androgen receptor, VEGF, NF-kB, p65,
Bcl-2 and AKT [49].
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Celecoxib treatment was found to reduce both Sp1 DNA binding activity
and transactivating activity [50]. This decreased activity correlated with
reduced Sp1 protein and its phosphorylation [S0]. In an animal model of
orthotopic pancreatic cancer, celecoxib treatment inhibited tumor growth
and metastasis via inhibition of angiogenesis, a finding that was correlated
with decreased Sp1 activity and VEGF expression [S0].

The combination of COX-2 selective inhibitors with ionizing radiation
has demonstrated that selective COX-2 inhibitors can act synergistically with
radiotherapy to improve tumor debulking and control in preclinical models
[51, 52]. The mechanism for the observed synergy between celecoxib and
radiotherapy results from the inhibition of COX-2-derived PGE,, a factor
shown to be essential for the tumor growth and associated vasculature [S3].

6 Application of COX-2 selective inhibitors in cancer

Based on the numerous compelling non-clinical studies, it is clear that
agents that selectively target COX-2 should be evaluated in human clinical
studies. Three distinct applications of COX-2 inhibitors could be envisioned
in the cancer setting. The most straightforward is in anti-tumor therapy,
where a COX-2 inhibitor is used, with or without chemotherapeutic agents
or ionizing radiation, to directly treat the tumor burden. A second applica-
tion is in the adjuvant setting, where a COX-2 inhibitor could be used, with
or without other drugs, to eradicate or control occult micro-metastases fol-
lowing surgery or radiation. The third setting consists of prevention of can-
cer, and includes primary prevention (prevention of first occurrence of a
cancer) and secondary prevention (prevention of recurrence of a cancer).
While primary prevention is desirable, demonstrating it in a clinical setting
is difficult for a variety of reasons including: (1) defining the target popula-
tion; (2) clinical trial length; (3) trial size; and (4) trial cost. It is, therefore,
most likely that these agents will be used in secondary prevention studies;
however, with growing safety concerns, these agents may be exclusively
evaluated in the cancer treatment setting.

Most cancers presenting at a late stage are poorly managed, and even early-
stage patients suffer a high recurrence rate. Current therapies are generally
limited by their toxicities, and are inappropriate for chronic administration.
Therefore, a COX-2 selective inhibitor having a generally well-tolerated safety
profile could have potential in the management of patients with cancer.
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7 COX-2 selective inhibitors and cancer prevention

Retrospective analyses suggest a 40-50 % reduction in the relative risk of de-
veloping colon cancer in persons taking aspirin or other NSAIDs on a regular
basis [54-56]. In a double-blind, placebo-controlled study, celecoxib was
tested in patients with familial adenomatis polyposis (FAP) [57]. In this trial,
treatment with celecoxib (100 or 400 mg twice daily) or placebo was carried
out for 6 months. The study found that 6 months of twice-daily treatment
with 400 mg celecoxib led to a significant reduction in the number of col-
orectal polyps [57]. The outcomes from this trial resulted in the U.S. Food
and Drug Administration approving celecoxib as an adjunctive therapy for
the management of polyps in patients with FAP. A similar study using an-
other COX-2 selective drug, rofecoxib, found that once-daily treatment with
25 mg rofecoxib, significantly decreased the number and size of rectal polyps
in FAP patients [58].

At the time of this writing, there are 14 oncology prevention-related clini-
cal trials ongoing (www.clinicaltrials.gov) involving regimens that include
celecoxib alone or in combination with other agents. The studies target pa-
tients with: FAP, oral leukoplakia, head and neck dysplasia, sporadic adeno-
matous colorectal polyps, basal cell and squamous cell carcinoma of the skin,
stage I non-small cell lung cancer (NSCLC), breast cancer in situ, lobular breast
carcinoma in situ, stage I adenocarcinoma of the colon, monoclonal gam-
mopathy of undetermined significance, cervical cancer, high-grade squamous
intraepithelial lesion, and early-stage noninvasive carcinoma of the bladder.

8 COX-2 and cancer therapy

Large quantities of prostanoids are detected in human and animal tumors
compared with normal adjacent tissues [21, 59]. In addition, many immuno-
histochemical studies have examined the expression of COX-1 and COX-2 in
tumor tissues from various cancers [55, 60]. COX-1 is ubiquitously expressed
in both normal and neoplastic regions in all tissues, and appeared to be par-
ticularly expressed in the stroma, including fibroblasts, smooth muscle cells
and the vasculature. Moderate to intense COX-2 expression was consistently
observed in the inflammatory cells, neoplastic cells, and blood vessels in
epithelial-derived human cancers, again supporting a role for COX-2 in the
formation and/or maintenance of human tumors [60].
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Selective COX-2 inhibitors are being evaluated alone and in combination
with chemotherapy and radiation for a variety of human cancers [61-63].
Reviews of ongoing and planned clinical trials can be found for: colorectal
[54]; breast [64]; upper aerodigestive [65]; genitourinary [66]; and lung [67, 68]
cancers.

It is too early to know if these studies will demonstrate a role for targeting
COX-2 in human cancers; however, a recent uncontrolled phase II study
suggests preliminary activity [69]. Twenty-nine patients with stages IB-IIIA
NSCLC were treated with two preoperative cycles of paclitaxel and carbo-
platin, as well as daily celecoxib, 400 mg b.i.d. followed by surgical resection.
The study end points were toxicity, response rate, and the measurement of
intratumoral levels of PGE,. The overall clinical response rate was 65% (48%
with partial response; 17% with complete response) [69]. The comparison
with previously reported response rates suggests that the addition of a COX-
2 selective inhibitor may enhance the response to preoperative paclitaxel
and carboplatin in patients with NSCLC. The study also demonstrated that
treatment with celecoxib 400 mg twice daily was sufficient to normalize the
increase in PGE, levels found in NSCLC patients after treatment with pacli-
taxel and carboplatin [69].

9 Future directions

The growing volume of non-clinical and clinical data strongly supports the
study of COX-2 selective agents in the prevention and treatment of cancer.
There are, however, outstanding issues that will need to be addressed.

9.1  Selectivity

The current COX-2 inhibitors were designed to be highly selective for COX-2,
and were thought not to interact with other protein targets [70]. Recent data
demonstrate that these agents are active against COX-independent targets
[71]. In addition, higher concentrations of NSAIDs or COX-2 selective agents
can inhibit the growth of cells that do not express COX-2 [72]. In addition,
celecoxib derivatives lacking COX-2 inhibitory activity were found to be
effective anti-cancer growth inhibitory and apoptotic agents [73-76]. Taken to-
gether these data suggest that both COX-dependent and -independent effects
could account for the potent anticancer activity of the COX-2 selective agents.
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9.2  Cellular target

The precise cellular target for the COX-2 selective agents remains unknown.
Certainly tumor cells have elevated levels of COX-2; however, the COX-2 se-
lective drugs are also potent inhibitors of angiogenesis [77]. COX-2 mediates
angiogenesis through multiple mechanisms, including: (a) increasing VEGF
production; (b) generating proangiogenic eicosanoid products (TxA,, PGI,,
PGE,) that directly stimulate endothelial cell sprouting, migration and tube
formation; (c) enhancing vascular endothelial cell survival by upregulation of
the anti-apoptotic proteins Bcl-2 and activation of the PI3K-Akt pathway; (d)
upregulating matrix metalloproteinases required for vascular invasion; (e) pro-
moting angiogenic functions of the avp3 integrin; (f) activating the EGF re-
ceptor to cause downstream angiogenic events; and (g) decreasing production
of the endogenous angiogenesis inhibitor IL-12 [77]. It has also been shown
that stromal expression of COX-2 is essential for tumor growth and angiogen-
esis [31]. These data suggest that the effects of COX-2 selective agents may be
directly targeting tumor cells, and/or the indirect targeting of angiogenesis as
well as the multiple other cell types found in the tumor microenvironment.

9.3 Anti-cancer dose

The dose for celecoxib that is being evaluated in current phase II and III trials
is the approved dose for patients with FAP, 400 mg b.i.d. There have been no
phase I single agent dose-escalation trials conducted with celecoxib to deter-
mine if the 400 mg b.i.d. dose is the most efficacious dose for cancer treat-
ment alone or in combination with ‘standard of care’ therapies. It is clear
from the study by Altorki et al. [69] in patients with NSCLC that the 400 mg
b.i.d. dose was sufficient to normalize the increase in PGE, levels found in
NSCLC patients after treatment with paclitaxel and carboplatin. It is unclear
if there would be an improvement if activity if these compounds were tested
at higher concentrations that appear to be associated with COX-independent
activities of the molecules.

9.4 Safety

The recent voluntary withdrawal of rofecoxib from the market and the dis-
continuation of large colorectal prevention trials evaluating celecoxib, due to
cardiovascular complications, would suggest that the safety of COX-2 selec-
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tive drugs needs to be more closely monitored in ongoing prevention and
treatment trials. Larger cooperative group, placebo-controlled studies that in-
clude selective COX-2 inhibitors will certainly provide much needed safety
data in the oncology therapeutic arena. Importantly, the National Institutes
of Health announced that early data from a study evaluating naproxen and
celecoxib for Alzheimer’s disease prevention revealed an apparent increase in
cardiovascular events among patients receiving naproxen (NIH Press release,
23 December 2004). If these data are confirmed, it would suggest that napro-
xen would be a poor comparator for cardiovascular safety assessments of
COX-2 selective agents.

Alternatively, the evaluation of COX-2 selective drugs derived from non-
selective NSAIDs could provide important opportunities if the cardiovascular
complications are in some manner related to the diarylheterocycle chemistry
of the compounds. Lumiracoxib (Prexige) is an analogue of diclofenac [78]
with the greatest degree of selectivity towards COX-2 [14, 70]. Lumiracoxib is
currently awaiting U.S. approval for the indications of osteoarthritis and acute
pain, pending the submission of the final report of the ongoing TARGET trial.
Additionally, a series of indomethacin amide derivatives were generated that
were shown to be highly selective COX-2 inhibitors [79]. These derivatives
of older NSAIDs may be more appropriate in the cancer treatment setting
as they have been shown to target key anti-cancer pathways including: acti-
vation of peroxisome proliferator-activated receptor y, cyclin-D1, NF-xB,
B-catenin, Akt, NAG-1 [80].

In summary, the use of COX-2 selective inhibitors still represents a viable
therapeutic option alone, and in combination with established therapeutics,
not only for the treatment of existing disease, but as an alternative for indi-
viduals at high risk of developing cancer, or in individuals at high risk of
disease relapse.

References

1 Vane JR (1971) Inhibition of prostaglandin synthesis as a mechanism of action for
aspirin-like drugs. Nat New Biol 231: 232-235

2 Fu JY, Masferrer JL, Seibert K, Raz A, Needleman P (1990) The induction and sup-
pression of prostaglandin H2 synthase (cyclooxygenase) in human monocytes. | Biol
Chem 265: 16737-16740

3 Simmons DL, Botting RM, Robertson PM, Madsen ML, Vane JR (1999) Induction of
an acetaminophen-sensitive cyclooxygenase with reduced sensitivity to nonsteroid
antiinflammatory drugs. Proc Natl Acad Sci USA 96: 3275-3280

220



10

11

12

13

14

15

16

17

18

19
20

21

22

Targeting cyclooxygenase-2 for cancer prevention and treatment

Flower RJ (2003) The development of COX2 inhibitors. Nat Rev Drug Discov 2: 179-
191

Warner TD, Giuliano F, Vojnovic I, Bukasa A, Mitchell JA, Vane JR (1999) Nonsteroid
drug selectivities for cyclo-oxygenase-1 rather than cyclo-oxygenase-2 are associated
with human gastrointestinal toxicity: a full in vitro analysis. Proc Natl Acad Sci USA
96: 7563-7568

Gans KR, Galbraith W, Roman RJ, Haber SB, Kerr JS, Schmidt WK, Smith C, Hewes
WE, Ackerman NR (1990) Anti-inflammatory and safety profile of DuP 697, a novel
orally effective prostaglandin synthesis inhibitor. ] Pharmacol Exp Ther 254: 180-187
Fitzgerald GA (2004) Coxibs and cardiovascular disease. N Engl ] Med 351: 1709-
1711

Juni P, Nartey L, Reichenbach S, Sterchi R, Dieppe PA, Egger M (2004) Risk of cardio-
vascular events and rofecoxib: cumulative meta-analysis. Lancet 364: 2021-2029
Ray WA, Griffen MR, Stein CM (2004) Cardiovascular toxicity of valdecoxib. N Engl
J Med 351: 2767

Kimmel SE, Berlin JA, Reilly M, Jaskowlak J, Kishel L, Chittams J, Strom BL (2005)
Patients exposed to rofecoxib and celecoxib have different odds of nonfatal myocar-
dial infarction. Ann Intern Med 142: 157-164

Davies NM, Jamali F (2004) COX-2 selective inhibitors cardiac toxicity: getting to
the heart of the matter. ] Pharm Pharm Sci 7: 332-336

Cheng Y, Austin SC, Rocca B, Koller BH, Coffman TM, Grosser T, Lawson JA, Fitz-
Gerald GA (2002) Role of prostacyclin in the cardiovascular response to thrombox-
ane A2. Science 296: 539-541

Krum H, Liew D, Aw J, Haas S (2004) Cardiovascular effects of selective cyclooxyge-
nase-2 inhibitors. Expert Rev Cardiovasc Ther 2: 265-270

Brune K, Hinz B (2004) Selective cyclooxygenase-2 inhibitors: similarities and differ-
ences. Scand ] Rheumatol 33: 1-6

Farkouh ME, Kirshner H, Harrington RA, Ruland S, Verheugt FW, Schnitzer TJ, Bur-
mester GR, Mysler E, Hochberg MC, Doherty M et al (2004) Comparison of lumi-
racoxib with naproxen and ibuprofen in the Therapeutic Arthritis Research and
Gastrointestinal Event Trial (TARGET), cardiovascular outcomes: randomised con-
trolled trial. Lancet 364: 675-684

Schimmel K]J, Richel DJ, van den Brink RB, Guchelaar HJ (2004) Cardiotoxicity of cy-
totoxic drugs. Cancer Treat Rev 30: 181-191

Hurwitz H (2004) Integrating the anti-VEGF-A humanized monoclonal antibody be-
vacizumab with chemotherapy in advanced colorectal cancer. Clin Colorectal Cancer
4 Suppl 2: S62-568

Dannenberg AJ, Subbaramaiah K (2003) Targeting cyclooxygenase-2 in human neo-
plasia: rationale and promise. Cancer Cell 4: 431-436

Herschman HR (1996) Prostaglandin synthase 2. Biochim Biophys Acta 1299: 125-140
Subbaramaiah K, Dannenberg AJ (2003) Cyclooxygenase 2: a molecular target for
cancer prevention and treatment. Trends Pharmacol Sci 24: 96-102

Simmons DL, Botting RM, Hla T (2004) Cyclooxygenase isozymes: the biology of
prostaglandin synthesis and inhibition. Pharmacol Rev 56: 387-437

Subbaramaiah K, Altorki N, Chung W], Mestre JR, Sampat A, Dannenberg AJ (1999)
Inhibition of cyclooxygenase-2 gene expression by p53. ] Biol Chem 274: 10911-
10915

221



Stephen T. Gately

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

222

Araki Y, Okamura S, Hussain SP, Nagashima M, He P, Shiseki M, Miura K, Harris CC
(2003) Regulation of cyclooxygenase-2 expression by the Wnt and ras pathways.
Cancer Res 63: 728-734

Dixon DA (2004) Dysregulated post-transcriptional control of COX-2 gene expres-
sion in cancer. Curr Pharm Des 10: 635-646

Subbaramaiah K, Hart JC, Norton L, Dannenberg AJ (2000) Microtubule-interfering
agents stimulate the transcription of cyclooxygenase-2. Evidence for involvement
of ERK1/2 AND p38 mitogen-activated protein kinase pathways. J Biol Chem 275:
14838-14845

Subbaramaiah K, Marmo TP, Dixon DA, Dannenberg, AJ (2003) Regulation of cy-
clooxgenase-2 mRNA stability by taxanes: evidence for involvement of p38, MAP-
KAPK-2, and HuR. ] Biol Chem 278: 37637-37647

Fukuda K, Sakakura C, Miyagawa K, Kuriu Y, Kin S, Nakase Y, Hagiwara A, Mitsufuji
S, Okazaki Y, Hayashizaki Y et al (2004) Differential gene expression profiles of radio-
resistant oesophageal cancer cell lines established by continuous fractionated irradi-
ation. Br ] Cancer 91: 1543-1550

Tessner TG, Muhale F, Schloemann S, Cohn SM, Morrison AR, Stenson WF (2004)
lonizing radiation up-regulates cyclooxygenase-2 in 1407 cells through p38 mito-
gen-activated protein kinase. Carcinogenesis 25: 37-45

Tsujii M, Kawano S, Tsuji S, Sawaoka H, Hori M, DuBois RN (1998) Cyclooxygenase
regulates angiogenesis induced by colon cancer cells. Cell 93: 705-716

Masferrer JL, Leahy KM, Koki AT, Zweifel BS, Settle SL, Woerner BM, Edwards DA,
Flickinger AG, Moore R], Seibert K (2000) Antiangiogenic and antitumor activities of
cyclooxygenase-2 inhibitors. Cancer Res 60: 1306-1311

Williams CS, Tsujii M, Reese ], Dey SK, DuBois RN (2000) Host cyclooxygenase-2
modulates carcinoma growth. J Clin Invest 105: 1589-1594

Wang D, Wang H, Shi Q, Katkuri S, Walhi W, Desvergne B, Das SK, Dey SK, DuBois
RN (2004) Prostaglandin E(2) promotes colorectal adenoma growth via transactiva-
tion of the nuclear peroxisome proliferator-activated receptor delta. Cancer Cell 6:
285-295

Chang SH, Liu CH, Conway R, Han DK, Nithipatikom K, Trifan OC, Lane TE
Hla T (2004) Role of prostaglandin E2-dependent angiogenic switch in cyclooxy-
genase 2-induced breast cancer progression. Proc Natl Acad Sci USA 101: 591-
596

Akasaki Y, Liu G, Chung NH, Ehtesham M, Black KL, Yu JS (2004) Induction of a
CD4* T regulatory type 1 response by cyclooxygenase-2-overexpressing glioma. J Im-
munol 173: 4352-4359

Pockaj BA, Basu GD, Pathangey LB, Gray RJ, Hernandez JL, Gendler SJ, Mukherjee P
(2004) Reduced T-cell and dendritic cell function is related to cyclooxygenase-2
overexpression and prostaglandin E2 secretion in patients with breast cancer. Ann
Surg Oncol 11: 328-339

Holla VR, Wang D, Brown JR, Mann JR, Katkuri S, Dubois RN (2004) Prostaglandin
E2 regulates the complement inhibitor CD55/decay accelerating factor in colorectal
cancer. ] Biol Chem 280: 476-483

Fujino H, Vielhauer GA, Regan JW (2004) Prostaglandin E2 selectively antagonizes
prostaglandin F2alpha-stimulated T-cell factor/beta-catenin signaling pathway by
the FPB prostanoid receptor. ] Biol Chem 279: 43386-43391



38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

Targeting cyclooxygenase-2 for cancer prevention and treatment

Shao J, Evers BM, Sheng H (2004) Prostaglandin E2 synergistically enhances receptor
tyrosine kinase-dependent signaling system in colon cancer cells. J Biol Chem 279:
14287-14293

Buchanan FG, Wang D, Bargiacchi F, DuBois RN (2003) Prostaglandin E2 regulates
cell migration via the intracellular activation of the epidermal growth factor recep-
tor. ] Biol Chem 278: 35451-35457

Salcedo R, Zhang X, Young HA, Michael N, Wasserman K, Ma WH, Martins-Green
M, Murphy WJ, Oppenheim ]JJ (2003) Angiogenic effects of prostaglandin E2 are me-
diated by up-regulation of CXCR4 on human microvascular endothelial cells. Blood
102: 1966-1977

Goss PE, Strasser-Weippl K (2004) Prevention strategies with aromatase inhibitors.
Clin Cancer Res 10: 3725-379S

Richards JA, Brueggemeier RW (2003) Prostaglandin E2 regulates aromatase activity
and expression in human adipose stromal cells via two distinct receptor subtypes. |
Clin Endocrinol Metab 88: 2810-2816

Brueggemeier RW, Richards JA, Petrel TA (2003) Aromatase and cyclooxygenases: en-
zymes in breast cancer. ] Steroid Biochem Mol Biol 86: 501-507

Oshima M, Dinchuk JE, Kargman SL, Oshima H, Hancock B, Kwong E, Trzaskos JM,
Evans JF Taketo MM (1996) Suppression of intestinal polyposis in Apc delta716
knockout mice by inhibition of cyclooxygenase 2 (COX-2). Cell 87: 803-809

Liu CH, Chang SH, Narko K, Trifan OC, Wu MT, Smith E, Haudenschild C, Lane TF,
Hla T (2001) Overexpression of cyclooxygenase-2 is sufficient to induce tumorigen-
esis in transgenic mice. ] Biol Chem 276: 18563-18569

Neufang G, Furstenberger G, Heidt M, Marks F, Muller-Decker K (2001) Abnormal
differentiation of epidermis in transgenic mice constitutively expressing cyclooxy-
genase-2 in skin. Proc Natl Acad Sci USA 98: 7629-7634

Muller-Decker K, Neufang G, Berger I, Neumann M, Marks F, Furstenberger G (2002)
Transgenic cyclooxygenase-2 overexpression sensitizes mouse skin for carcinogene-
sis. Proc Natl Acad Sci USA 99: 12483-12488

Basu GD, Pathangey LB, Tinder TL, Lagioia M, Gendler SJ, Mukherjee P (2004) Cyclo-
oxygenase-2 inhibitor induces apoptosis in breast cancer cells in an in vivo model of
spontaneous metastatic breast cancer. Mol Cancer Res 2: 632-642

Narayanan BA, Narayanan NK, Pittman B, Reddy BS (2004) Regression of mouse pro-
static intraepithelial neoplasia by nonsteroidal anti-inflammatory drugs in the trans-
genic adenocarcinoma mouse prostate model. Clin Cancer Res 10: 7727-7737

Wei D, Wang L, He Y, Xiong HQ, Abbruzzese JL, Xie K (2004) Celecoxib inhibits vas-
cular endothelial growth factor expression in and reduces angiogenesis and metasta-
sis of human pancreatic cancer via suppression of Sp1 transcription factor activity.
Cancer Res 64: 2030-2038

Kishi K, Petersen S, Petersen C, Hunter N, Mason K, Masferrer JL, Tofilon PJ, Milas L
(2000) Preferential enhancement of tumor radioresponse by a cyclooxygenase-2 in-
hibitor. Cancer Res 60: 1326-1331

Petersen C, Petersen S, Milas L, Lang FF, Tofilon PJ (2000) Enhancement of intrinsic
tumor cell radiosensitivity induced by a selective cyclooxygenase-2 inhibitor. Clin
Cancer Res 6: 2513-2520

Davis TW, O’Neal JM, Pagel MD, Zweifel BS, Mehta PP, Heuvelman DM, Masferrer JL
(2004) Synergy between celecoxib and radiotherapy results from inhibition of cy-

223



Stephen T. Gately

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

224

clooxygenase-2-derived prostaglandin E2, a survival factor for tumor and associated
vasculature. Cancer Res 64: 279-285

Koehne CH, Dubois RN (2004) COX-2 inhibition and colorectal cancer. Semin Oncol
31:12-21

Thun M]J, Henley §J, Patrono C (2002) Nonsteroidal anti-inflammatory drugs as an-
ticancer agents: mechanistic, pharmacologic, and clinical issues. ] Natl Cancer Inst
94: 252-266

Rao CV, Reddy BS (2004) NSAIDs and chemoprevention. Curr Cancer Drug Targets 4:
29-42

Steinbach G, Lynch PM., Phillips RK, Wallace MH, Hawk E, Gordon GB, Wakaba-
yashi N, Saunders B, Shen Y, Fujimura T, Su LK, Levin B (2000) The effect of cele-
coxib, a cyclooxygenase-2 inhibitor, in familial adenomatous polyposis. N Engl ] Med
342:1946-1952

Higuchi T, Iwama T, Yoshinaga K, Toyooka M, Taketo MM, Sugihara K (2003) A ran-
domized, double-blind, placebo-controlled trial of the effects of rofecoxib, a selec-
tive cyclooxygenase-2 inhibitor, on rectal polyps in familial adenomatous polyposis
patients. Clin Cancer Res 9: 4756-4760

Levine L (1981) Arachidonic acid transformation and tumor production. Adv Cancer
Res 35: 49-79

Koki A, Khan NK, Woerner BM, Dannenberg AJ, Olson L, Seibert K,