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Signal transduction therapy for cancer targets specific molecular elements that are
essential for survival of the tumor. Gleevec has a profound effect on early phase chronic
myeloid leukemia because it inhibits the major driving factor of the tumor, BCR-ABL.
Almost all other cancers depend on several factors, and blocking a single signal trans-
duction factor is largely ineffective. Effective signal transduction therapy will entail
finding the appropriate combination of signal transduction inhibitors for each cancer.
We discuss the use of preclinical animal models to predict successful signal transduction
therapy in the clinic, and conclude that their utility is limited. © 2007 Elsevier Inc.

I. WHAT IS SIGNAL TRANSDUCTION THERAPY?
Just 5 vyears have passed since Gleevec (imatinib/Gleevec/STI-571)
revolutionized the treatment of chronic myeloid leukemia (CML). Other
targeted drugs are also beginning to have an impact on cancer treatment
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and prognosis. The new “targeted” cancer drugs have generated a lot of
excitement and heightened expectations of miracle cures. In this chapter,
we explore the development of signal transduction therapy for cancer.
We discuss some of its pitfalls, and how we believe some of these pitfalls
can be overcome.

Underlying many diseases are signaling pathways gone awry. The most
visible examples come from cancer biology, where numerous chromo-
somal changes occur. These chromosomal anomalies include polyploidy,
aneuploidy, and gross chromosomal rearrangements such as translocations.
Less obvious changes include mutations in protooncogenes that convert
them to oncogenes and loss-of-function mutations in tumor suppressor
genes. Cumulatively, these genetic changes lead to cell immortalization and
eventually to fully blossomed transformation into a metastatic cancer cell.

Currently, we are shifting from a “black box” approach to specific,
targeted therapy for the treatment of cancer. Over the past two decades, it
has become apparent that the many genetic and epigenetic changes in the
makeup of the cell on transformation, although complex, can be defined
biochemically. The identification of the specific signaling proteins involved
in cancer and the biochemical definition of the signal transduction pathways
gone awry form the basis for signal transduction therapy.

A premise behind signal transduction therapy is that cancer cells are
particularly sensitive to inhibition of their overexpressed or hyperactivated
signaling proteins (Fig. 1). This is because the complex, overlapping signal
transduction networks of the healthy cell provide robustness: when one
pathway is inhibited, the effect on the cell is minimized by the presence of
alternative, redundant pathways. Redundancy is reduced in cancer cells,
owing to the large number of mutations that these cells sustain. Thus,
cancer cell survival and proliferation depend on a few hyperactive signaling
pathways, an Achilles’ heel that the therapist can attack. Efforts are being
made to generate agents that target key signaling proteins with key roles in
carcinogenesis.

II. TYPES OF SIGNALING INHIBITORS

In principle, molecular targets that are implicated in a range of tumor
types should be the most attractive for drug development. Two main classes
of signaling inhibitors are in current use: small molecules and antibodies.
Recognizing the families of proteins involved in the initiation, progression,
and spread of cancer enables us to think rationally about which pathways to
manipulate in order to suppress the disease.
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Fig. 1 The principle behind “signal transduction therapy”: loss of redundancy, on the one
hand, and hyperactivation of one or a few elements, on the other, renders the cancer cell
exquisitely sensitive to targeted inhibition of the hyperactivated pathways.

A. Protein Kinases

The most popular candidates for targeted therapy are protein kinases
(PKs). PKs play central roles in communication between and within cells.
PKs control the balance between cell cycle progression, cell cycle arrest, and
cell death and have been implicated in cancer, as well as in nonmalignant
proliferative diseases, such as psoriasis and restenosis.

The human genome includes about 518 PKs. Ninety-one of these are
protein tyrosine kinases (PTKs), comprising 59 receptor PTKs (RPTKs)
and 32 nonreceptor PTKs. All of the PTKs and many of the serine/threonine
kinases play key roles in communication between and within cells. RPTKs
are transmembrane glycoproteins that transmit signals from outside the cell.

B. Targeting Cellular Proliferation

Many RPTKs are activated by growth factors and affect cellular prolifer-
ation. Examples of RPTKs with a known role in cancer include the epider-
mal growth factor receptor (EGFR) and the platelet-derived growth families
factor receptor (PDGFR). Considerable experience has been assembled with
EGFR inhibitors, which will be discussed below. Nonreceptor PTKs may be
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activated by RPTKs, G-protein-coupled receptors, or immune receptors.
Examples include the ABL and JAK families. Serine/threonine PKs such as
RAF, ERK, and the cyclin-dependent kinases (CDKs) play key roles in
proliferation and have been implicated in cancer. Many of the kinase
inhibitors under development aim to inhibit cellular proliferation, thereby
arresting tumor growth.

C. Targeting Cell Survival

The ability to escape apoptosis is a hallmark of most cancer cells and
often correlates with tumor aggressiveness and resistance to traditional
chemotherapeutic treatments. The serine/threonine kinase, PKB/Akt, pro-
motes cell survival, and inhibitors of this protein are in preclinical develop-
ment (Luo et al., 2003). Nonkinase anti-apoptotic proteins that are
candidates for signal transduction therapy include Bcl-2 and the inhibitor
of apoptosis (IAP) family (Schimmer et al., 2004).

D. Targeting Angiogenesis

Another strategy to arrest tumor growth involves curtailing blood supply
to the tumor by inhibiting angiogenic factors such as vascular endothelial
growth factor (VEGF) or its receptors. An antibody against VEGE, Avastin
(bevacizumab), extends survival of patients with advanced colorectal carcino-
ma by several months on average, and has been approved by the FDA for the
treatment of such patients, in combination with 5-fluorouracil (5-FU)-based
chemotherapy (Hurwitz et al., 2004).

E. Targeting Nuclear Factors

Many transcription factors are involved in promoting oncogenesis or
regulating apoptosis. The estrogen receptor (ER) was the first example of
successful targeting of a transcription factor. Indeed, the ER antagonist,
tamoxifen, can be considered to be the first successful signal transduction
inhibitor. Tamoxifen reduces the recurrence of estrogen-responsive breast
cancer (Fisher et al., 1998) and is now offered as a preventative measure to
women at increased risk of contracting breast cancer.

The so-called “guardian of the genome,” p53 (Lane, 1992), is mutated in
over 50% of solid tumors, and p353 is inactivated by other means in many
other tumors (Vogelstein and Kinzler, 2004). Reactivation of p53 appears to
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reinstate apoptosis and render some tumors more responsive to radiation
and chemotherapy (Cao et al., 2006; Coll-Mulet et al., 2006; Selivanova
et al., 1998).

Another transcription factor that is being tested in preclinical studies is
hypoxia-inducible factor 1a (HIF1a) (Kong et al., 2005; Kung et al., 2004;
Powis and Kirkpatrick, 2004). Inhibiting angiogenesis is not effective
against large, solid tumors, which are hypoxic and dependent on glycolysis,
a phenomenon described by Otto Warburg in the 1930s (Warburg, 1956).
HIFla is essential for the switch to anaerobic metabolism and is also
responsible for inducing VEGF (VEGFR). Thus, inhibiting HIF1« should
starve the tumor both by preventing induction of glycolytic enzymes and by
preventing angiogenesis and oxygen supply.

III. SIGNALING NETWORKS

Initially, we thought that signal transduction pathways were linear. The
first signaling pathways to be elucidated, such as the hormone-dependent
activation of adenylyl cyclase, indeed appeared to be linear. But we now
know that each PK signals to a number of elements, which in turn signal to a
number of downstream elements, such that a whole signaling network
emanates from one initiator PTK. At any stage in this network, PTKs may
be mutated into oncogenic forms. Extensive cross talk between signaling
pathways serves to complicate the picture yet further. Some central signaling
elements have multiple—and sometimes opposing—outputs, depending on
cell or tumor type, environmental signals, and cellular status (Vermeulen
et al., 2003). Ras is an example of a key signaling protein that can cause
cellular proliferation, growth arrest, or cell death, depending on circum-
stances. The effects of inhibiting such an oncoprotein will need to be
evaluated on a case-by-case basis.

There are only a few cases in which a disease can be linked to one major
signaling event. For example, CML at its chronic phase is driven by BCR-
ABL and can, therefore, be successfully treated by a BCR-ABL inhibitor
(see below). An activating mutation in the JAK2 gene (JAK2-V617F)
has been found in many patients with another myeloproliferative disease,
polycythemia vera, as well as in a large minority of patients with essential
thrombocythemia (Schafer, 2006). Clonal chromosomal translocations or
mutations that lead to activation of a specific tyrosine kinase are common in
hematological cancers (De Keersmaecker and Cools, 2006), suggesting that
these cancers in general might be susceptible to PTK inhibitors. Similarly,
the nonmalignant development of restenosis following balloon angioplasty
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is driven by PDGF and PGDFR, and therefore the process can be effectively
halted by a stent eluting a PDGFR kinase inhibitor (Banai et al., 2004).
Most solid tumors, on the other hand, are dependent on a conglomerate of
oncogenic mutations, so a single inhibitor may not have a profound effect,
even if its particular target is hyperactivated in a given tumor. Furthermore,
the intrinsic genomic instability of cancer cells leads to continual evolution
and to tumor heterogeneity so that a given inhibitor may target only a
subpopulation of the tumor cells. Thus, our hope that inhibiting one or
two major survival factors would lead to complete cancer cures has proven
to be simple-minded.

IV. TARGET AND DRUG EVALUATION USING
PRECLINICAL TUMOR MODELS

The shift from cytotoxic chemotherapy to targeted signal transduction
therapy necessitates a shift in preclinical drug assessment strategies. In the
quest for rationally developed drugs, target validation is a critical step
toward verifying a purported mechanism of action. Thus, a drug should
be tested on appropriate preclinical models in which the desired target is
known to be expressed and to be important for cell/tumor survival.

Several studies have compared the efficacy of chemotherapeutic drugs on
various preclinical cancer models with the results from clinical trials
(Fiebig et al., 2004; Johnson et al., 2001; Voskoglou-Nomikos et al.,
2003). The take-home message from these studies is that preliminary
in vitro cytotoxicity tests using cell lines derived from cancer cells, together
with secondary screens using mouse xenografts of human tumors (primary
cells or cell lines), have some degree of use for screening candidate mole-
cules for traditional chemotherapy. The more cell lines and xenografts
display sensitivity to a drug, the more likely is the drug to show some level
of activity in clinical trials.

A. In Vitro Screens

When designing targeted therapy, we have a specific molecular target in
mind. Such projects often begin with an in vitro screen for inhibitors of
that target. Large scale screens have been undertaken by many groups
for specific, small molecular weight kinase inhibitors, using cell-free assays.
Cell-free assays have the advantage that the molecular target is defined, but
drugs that act on other components of the same signaling pathway will be
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missed. Another advantage of cell-free assays is that the chemist can define
the active portion of the lead compound and leave its pharmacological
formulation to a later stage.

Alternatively, the initial screen will employ a cancer cell line or a geneti-
cally engineered cell line in which the target is known to be strongly
activated because of either mutation or overexpression (or both). Lead
compounds obtained either through cell-free screening or in cultured cells
are then tested on additional cell lines, and inhibition of the target molecule
must be confirmed by biochemical studies.

Good in vitro models of cancer would simplify screening for cancer drugs,
as well as adding to our basic understanding of how cancer develops. To this
end, we have been developing a transformed cell line, based on repeated
in vitro passaging of primary keratinocytes transfected with human papillo-
mavirus, followed by treatment with the carcinogen, benzo(a)pyrene. We have
used this cell line to screen for PTK inhibitors with differential effects on
transformed keratinocytes versus primary keratinocytes (Ben-Bassat et al.,
1999, and unpublished data). We hope to “capture” and characterize the very
earliest steps in carcinogenesis, even before the recognition of preneoplastic
lesions. This knowledge will help us to find biomarkers for early detection and
targets for timely intervention, as well as to develop economical
in vitro screens for cancer drugs. So-called “raft” cultures of keratinocytes
(papillomavirus-transformed or otherwise) attempt to model the three-
dimensional properties of skin (Delvenne et al., 2001; Flores et al., 1999).
Other groups have taken the approach of introducing known genetic altera-
tions into primary cells and following their transformation into malignant
cells (Elenbaas et al., 2001; Milyavsky et al., 2005). All of these studies rely
on microarray and proteomic technologies to provide a global picture of the
changes that occur in the cells on transformation. None of these models
considers the roles of the surrounding stromal tissue, interstitial space,
developing blood vessels, or the immune system in tumor development,
although some of these issues can be addressed by coculture of more than
one cell type.

B. In Vivo Models: Xenografts

The most accessible models for looking at candidate cancer drugs in the
context of the whole animal are human cancer xenografts in immunocom-
promised mice. These xenografts are often subcutaneous, in which case
growth of a solid tumor can be easily assessed. Intraperitoneal xenografts
are also common. Injecting these types of xenografts does not require any
particular surgical skills. It is easier to generate xenografts from cell lines
than from primary tumor tissue, although the latter models are more closely



302 Shoshana Klein and Alexander Levitzki

related to the human disease. Xenografts can be established using cells
that have been genetically manipulated to express a specific oncogene, or
appropriate cell lines known to express the target. When it is important to
imitate the natural environment of the tumor, such as when studying
angiogenic factors, an orthotopic (i.e., to the same tissue) xenograft may
be preferred (Bibby, 2004; Killion et al., 1998). Orthotopic grafts are better
models for metastatic cancer. Despite metabolic differences between mice
and men, xenograft models are useful for preliminary pharmacological
characterization. Nonetheless, many drug candidates still fail during clinical
trials.

C. Transgenic Models

The lack of adequate cancer models is all the more serious when we
consider that the earlier a tumor can be detected, the more effective is the
treatment. In attempts to follow the earliest steps in tumorigenesis, trans-
genic mouse models have been established (Becher and Holland, 2006;
Herzig and Christofori, 2002; Rosenberg and Bortner, 1998). These models
are expensive and difficult to establish, and often do not faithfully mimic
human disease. An advantage of transgenic models is that they can be
generated in immunocompetent mice. Transgenic models are good for
looking at the consequences of a known mutation, but they are biased in
the sense that the initiating mutation of human cancer is usually not certain.

Transgenic mice can be reasonably good models for some inherited cancer
predisposition syndromes. For instance, mice carrying heterozygous Apc
mutations develop polyps of the small intestine, whereas the same muta-
tions in humans generally lead to polyps in the colon, a condition known as
familial adenomatous polyposis (reviewed in Taketo, 2006). On the other
hand, unlike humans, mouse Rb1 heterozygous knockouts do not develop
retinoblastoma, unless they carry an additional mutation in the p107 tumor
suppressor gene (Robanus-Maandag et al., 1998). Newer mouse models of
retinoblastoma involving orthotopic xenografts of human retinoblastoma
cells directly into the eyes of newborn rats have been used to design
chemotherapeutic regimens (Laurie et al., 2005).

Germ-line-generated transgenic mice express the engineered mutation in
all cells of the body. It is often supposed that transgenic mice in which the
engineered gene is expressed inducibly in a tissue-specific manner are more
accurate models of cancer. Yet, cancers develop following transformation
of a single cell, not of all the cells in a given tissue. Therefore, even the
inducible, tissue-specific transgenic models are far from faithful mimics of
natural cancer development. Indeed, in this respect, xenograft models more
closely imitate the natural disease.
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The choice of preclinical model strongly influences the results obtained.
A pertinent example is the history of farnesyl transferase inhibitors
(Downward, 2003). The small G-protein, Ras, is an important regulator of
cell growth. Activating mutations in the three RAS family members, HRAS,
KRAS, and NRAS, are associated with a significant fraction of tumors.
Because Ras is posttranslationally farnesylated, it was hoped that farnesyl
transferase inhibitors would be effective against tumors with activating
RAS mutations. In order to validate this approach, transgenic mice over-
expressing oncogenic v-Hras were brought into play. These mice developed
palpable tumors, which regressed on administration of a farnesyl trans-
ferase inhibitor (Kohl et al., 1995). Unfortunately, in human cancer,
Hras mutations are the exception rather than the rule; mutations in Kras
are much more common. Unlike HRas, which must be farnesylated to be
active, KRas can function in the absence of farnesylation, as it is also subject
to another posttranslational modification, geranylgeranylation. In retro-
spect, therefore, it is not surprising that farnesyl transferase inhibitors have
failed in the clinic.

D. Clinical Trials

In the final analysis, and given the limitations of the available preclinical
models, the only way to evaluate a drug and determine the best regimen for
drug delivery is to test it on human patients. The advent of targeted drugs
also affects how clinical trials are designed. Although the principal question
is whether a drug improves survival of cancer patients without unacceptable
side effects, targeted therapy offers the opportunity to validate target inhi-
bition long before survival data are available. Furthermore, if and when
resistance emerges, we would like to know whether the target molecule has
been itself mutated or whether it has been bypassed (e.g., by activation of a
compensatory pathway), in order to design strategies to prevent resistance.

V. HOW SUCCESSFUL IS SIGNAL TRANSDUCTION
THERAPY IN THE CLINIC?

A number of signal transduction inhibitors have been approved for clini-
cal use and many more are in advanced clinical trials. In this chapter, we use
some of the best-studied inhibitors (Table I) to illustrate the problems and
successes of signal transduction therapy to date.



304 Shoshana Klein and Alexander Levitzki

Table I Signal Transduction Inhibitors Aimed at Cancer in the Clinic

Agent Molecular target Targeted tumor

Small molecules

Gleevec/STI 571/ BCR-ABL Chronic myeloid leukemia
imatinib Kit, PDGFR Gastrointestinal stromal tumor
PDGFR Chronic eosinophilic leukemia
Iressa/ZD1839/ EGFR Non-small cell lung carcinoma, colon
gefitinib carcinoma, glioblastoma multiforme
Tarceva/OSI-774/ EGFR (ErbB1) Non-small cell lung carcinoma, glioblastoma
erlotinib multiforme, renal cell carcinoma
Tykerb/GW572016/ EGFR and Breast cancer
Lapatinib ErbB2 (HER-2)
Antibodies
Herceptin/ ErbB2 (HER-2) Breast cancer
trastuzumab
Erbitux EGFR Head and neck squamous cell carcinoma
Avastin/ VEGFR Colon carcinoma, renal cell carcinoma
bevacuzimab

A. CML and Gleevec

The most dramatic success in the clinic has been achieved with Gleevec in
the treatment of CML. This disease is unusual in that it is almost invariably
associated with a translocation that leads to the formation of the BCR-ABL
oncogene. The resulting kinase activates the proliferative Ras-MAPK
and JAK-STAT pathways, as well as the anti-apoptotic PI3K-AKT and
Bcl-2 pathways (Shet et al., 2002). In early phase CML, the BCR-ABL
kinase is the major survival element in the leukemic cells and its inhibition
by Gleevec causes their demise. This is not the case for more advanced disease.
Gleevec has a temporary effect on acute CML, with disease recurrence in a
matter of months.

Gleevec does not eradicate CML. Complete molecular remission is rare,
and relapse occurs if treatment is stopped (Cortes et al., 2004; Higashi
et al., 2004). Therefore, patients are now kept on Gleevec indefinitely,
unless resistance emerges. A number of mechanisms of resistance to Gleevec
have been characterized (Table II), the most common being mutations in the
ABL kinase domain (Gorre et al., 2001; Roche-Lestienne and Preudhomme,
2003; Roche-Lestienne et al., 2002). Other mechanisms include amplifica-
tion of the BCR-ABL gene (Shah et al., 2002) and the enhancement of
BCR-ABL independent oncogenic pathways (Donato et al., 2003; Ptasznik
et al., 2004). In the design of second generation drugs to overcome Gleevec
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Table Il Mechanisms of Resistance to Signal Transduction Inhibitors

Mechanism Example Resistance to References
Mutation Mutations in BCR-ABL, Gleevec Gorre et al., 2001;
kit, and PDGFR Schindler et al., 2000
kinase domains
Mutations in EGFR Iressa and Pao et al., 2005
kinase domain Tarceva
Gene BCR-ABL amplification Gleevec Gorre et al., 2001
amplification
Activation of Activation of Src Gleevec Donato et al., 2003;
alternative family signaling Ptasznik et al., 2004
pathways Activation of Lapatinib Xia et al., 2006
ER pathway

resistance, several factors need to be considered. If we consider Gleevec
and BCR-ABL to be a paradigm for signal transduction inhibitors, we shall
be able to apply the lessons we learn from the CML story to other cancers.

1. TARGETING THE ACTIVE KINASE CONFORMATION

A series of elegant experiments incorporating iz vifro mutagenesis and
screening for drug resistance, combined with crystal structure analysis, have
been used to classify the mutations that can lead to Gleevec resistance.
Most of the mutations that lead to Gleevec resistance affect binding of the
drug, either by changing the drug-kinase contact residues or by preventing
the kinase from adopting the specific inactive conformation to which
Gleevec binds (Azam et al., 2003; Nagar et al., 2002; Shah et al., 2002).
New drugs are being tested that bind both active and inactive forms of the
kinase (Nagar et al., 2002; O’Hare et al., 2005; Shah et al., 2004; von
Bubnoff et al., 2006). Dasatinib (BMS-354825) targets both ABL and Src
kinases. Despite being less specific than Gleevec, dasatinib is much more
potent than Gleevec, and is active against almost all of the clinically relevant
BCR-ABL mutants, the exception being the T3151 mutant. The crystal
structure of dasatinib-bound ABL kinase suggests this drug can bind multiple
states of the kinase, including the active conformation (Tokarski et al.,
2006). Early clinical trials of dasatinib have been encouraging. Inhibitors
that target the active conformation of an enzyme should be more potent and
less toxic than inhibitors of the inactive conformation, because the active
state is present only transiently in healthy cells, whereas it is the predominant
form of the enzyme in the targeted cancer cells (Levitzki and Bohmer, 1998).
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2. TARGETING THE SUBSTRATE-BINDING SITE

Most current small molecular weight PTK inhibitors, including Gleevec,
are ATP mimics. Because the ATP-binding site is strongly conserved among
kinases, ATP-competitive inhibitors tend to be poorly selective and to target
several related kinases. Indeed, Gleevec itself inhibits not only BCR-ABL,
but also the Kit and PDGFR kinases (Buchdunger et al., 1995, 2000). For
this reason Gleevec is used to treat gastrointestinal stromal tumors (GIST),
which are dependent on activated Kit or, occasionally, PDGFR«a (Hirota
et al., 1998, 2003; Rubin et al., 2001). Some of the earliest PTK inhibitors
were substrate-competitive (Anafi et al., 1992; Shechter ef al., 1989; Yaish
et al., 1988). Recently, a substrate-competitive inhibitor of BCR-ABL,
ONO012380, has been described. This molecule is effective against all of
the clinically relevant Gleevec-resistant mutants, including the T3151 mu-
tant, and synergizes well with Gleevec in preclinical models (Gumireddy
et al., 2005). Drug resistance is less likely to emerge during combination
treatment using Gleevec and ON012380, as two separate mutations would
be required.

3. MULTIPLE TARGETS

Although traditionally we have believed that the more specific an inhibi-
tor the less likely it is to cause side effects, there are sometimes advantages
to using inhibitors with more than one target. The commercial incentive is
clear: Gleevec is used not only in the treatment of CML but also of GIST, as
well as chronic myelomonocytic leukemia (CMML), which is sometimes
associated with PDGFR( activation (Apperley et al., 2002; Golub et al.,
1994) and of chronic eosinophilic leukemia (CEL), which is occasionally
associated with PDGFRa« activation (Awada et al., 2005). The issue also
impinges on our understanding of how signal transduction therapy should
work: it is the rare cancer that is dependent on one principle survival factor.
Therefore, we need to inhibit several oncogenic pathways in order to destroy
most tumors. A drug that targets multiple survival signals within the tumor
effectively provides “combination” therapy in a single formulation. Resis-
tance to Gleevec occasionally is caused by the compensatory activation of
Src family kinases (Donato et al., 2003; Ptasznik et al., 2004); use of a dual
Src-Abl inhibitor such as dasatinib should preclude this mode of resistance.

4. TUMOR STEM CELLS

Considerable evidence has accumulated that both hematopoietic (Hope
et al., 2004; Miyamoto et al., 2000; Warner et al., 2004) and solid tumors
(Al-Hajj et al., 2003; Kim et al., 20035; Singh et al., 2004) include a population
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of self-renewing “cancer stem cells” that carry cancer specific markers. Thus,
even if the bulk of a tumor is eradicated, the cancer stem cells may be
capable of regenerating the tumor. Unfortunately, cancer stem cells tend to
be refractory to current treatments. Several groups are profiling cancer stem
cells using microarray technologies, in order to identify possible therapeutic
targets (Almstrup et al., 2004; Georgantas et al., 2004).

Until the advent of Gleevec, CML was treated with interferon. In vitro
studies show that CML stem cells are more sensitive to interferon than are
differentiated CML cells, whereas the differentiated cells are more sensitive
to Gleevec (Angstreich et al., 2005). The combination of interferon and
Gleevec is now in clinical trials. Along a similar vein, in a murine myeloma
tumor model, combined therapy with a JAK2 inhibitor and IL-12 was more
effective than either agent alone (Burdelya ef al., 2002). Unlike cytotoxic
treatments, PTK inhibitors do not disarm the immune system. Thus, control
of cancer might be achievable by using PTK inhibitors to reduce tumor
load and cytokines to stimulate long-term immunity against the remaining
tumor cells.

B. Inhibiting the EGFR Family

The EGFR family comprises four members: EGFR (ErbB1), ErbB2
(Her-2), and ErbB4 have catalytic activity; ErbB3 is catalytically inactive
but retains ligand binding. These receptors are activated by ligand-induced
dimerization in assorted homo- and heterodimeric forms. Overexpression
and/or abnormal activation of EGFR family members is associated with
a wide spectrum of solid tumors, including non-small cell lung carcinoma
(NSCLC), breast cancer, pancreatic cancer, colon cancer, glioblastoma
multiforme (GBM), and head and neck cancer (Citri and Yarden, 2006).
EGFR was therefore an early candidate for signal transduction inhibition.
Some of the first PTK inhibitors were directed against the EGFR and
since then dozens of small molecule inhibitors have been reported (reviewed
in Levitzki and Mishani, 2006). Two EGFR kinase inhibitors, Iressa (gefitinib/
ZD 1839) and Tarceva (erlotinib/OSI-774), and an antibody against the
EGFR, Erbitux (cetuximab), have already been approved for clinical use.

1. TARGETING TUMOR SURVIVAL FACTORS

EGEFR is overexpressed in over 80% of NSCLC, so it was hoped that
drugs like Iressa would have a major impact on treatment of the disease. But
these hopes were shattered when only 10% of NSCLC patients responded
to Iressa in clinical trials in the United States. It thus became clear that
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overexpression of a purported oncogene does not suffice to predict tumor
dependence on that oncogene.

The frequency of response to Iressa was higher among women, nonsmo-
kers, and East Asians. Responsive tumors tend to have specific activating
mutations in the EGFR kinase domain that lead to stimulation of the
anti-apoptotic PI3K-PKB and JAK-STAT pathways (Lynch et al., 2004; Paez
et al., 2004; Sordella et al., 2004). Structural studies have shown that
binding of Tarceva, which is similar to Iressa, requires the active conforma-
tion of EGFR. The EGFR-activating mutations force the receptor into its
active conformation, rendering the molecule more sensitive to inhibitors
such as Tarceva and Iressa (Zhang et al., 2006). This is reminiscent of the
situation with GIST, where activating mutations in Kit render the tumors
more susceptible to Gleevec (Debiec-Rychter et al., 2004; Heinrich et al.,
2003).

Recent studies have confirmed that these mutations convert EGFR into a
strongly oncogenic form that can be an essential tumor survival factor, at
least in mice. When mutant EGFR was inducibly expressed in mouse
pneumocyte cells, lung adenocarcinomas developed. The tumors regressed
on treatment with Tarceva or the anti-EGFR antibody, Erbitux, or when
EGFR expression was stopped by withdrawal of doxycycline (]Ji et al.,
2006; Politi et al., 2006). For human NSCLC, there appear to be additional
factors that affect the response to treatment with Iressa or Tarceva. These
include strong overexpression of EGFR, coactivation and overexpression of
the EGFR-related receptor ErbB2 (HER-2) (Cappuzzo et al., 2005b), and
activation of PKB (Cappuzzo et al., 2005a).

Unfortunately, even patients who do respond to Iressa or Tarceva have a
short reprieve as they quickly develop drug resistance (Table II), owing to
secondary mutations in the EGFR gene (Pao et al., 2005).

2. COMBINED THERAPY

A variation on the theme of “combination therapy” is to target the same
signaling molecule with more than one therapeutic moiety. Thus, in
preclinical studies, synergy or additivity occurred when EGFR was targeted
by small molecule inhibitors together with monoclonal antibodies (Huang
et al., 2004; Matar et al., 2004; Yoneda et al., 1991). Cooperative behavior
between PTK inhibitors and antibodies is dependent on the cell type in
which it is examined, and may involve coinhibition of related EGFR-like
heterodimers, such as EGFR-ErbB2. On the other hand, pancreatic carci-
noma cells that expressed EGFR and ErbB3 were resistant to the monoclonal
antibody Erbitux, apparently because the presence of ErbB3 prevented
antibody-mediated internalization of EGFR (Arnoletti et al., 2004; Lenferink
et al., 1998).
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A more common approach to combination therapy is to target several
different pathways that affect tumor growth. Avastin (bevacizumab; an
antibody to VEGF) is approved for the treatment of patients with
advanced colon carcinoma, who derive short-term benefit from the anti-
body. Advanced renal carcinoma is highly metastatic and appears to depend
strongly on neovascularization. Thus, VEGF inhibitors provide a slight
benefit to renal carcinoma patients, who generally have a very poor prog-
nosis. The effectiveness of combining Tarceva and Avastin is being tested on
several types of cancer. Results from patients with advanced metastatic renal
carcinoma who were treated with a combination of Tarceva and Avastin
are very encouraging (Hainsworth et al., 2005). Of 59 patients enrolled in a
phase II trial, 87% had a clear clinical benefit: tumor load was reduced by
at least 50% in 21% of patients, and the disease stabilized in a further 66 %.
At 18 months, 60% of patients were still alive. If these results hold up when the
treatment is extended to large numbers of patients, they will be unprecedented
for this type of cancer.

Advanced tumors tend to be desensitized to apoptotic signals and refrac-
tory to chemotherapy. Targeted inhibition of essential tumor survival factors
can resensitize the tumor to cytotoxic chemotherapy as originally shown by
Tsai et al. (1996). Thus, small molecule inhibitors often synergize with
chemotherapeutic treatments. About a quarter of breast cancers overexpress
ErbB2. These tumors are resistant to hormone therapy and, until recently,
carried a poorer prognosis than hormone-responsive tumors. Inhibition of
ErbB2 by small molecules or by the monoclonal antibody Herceptin
(trastuzumab) is synergistic with certain forms of chemotherapy (Yeon
and Pegram, 2005).

The additional factors, other than strong overexpression of ErbB2, that
determine which breast cancer patients will respond to Herceptin are not
clear. In any event, the benefit derived by patients with advanced disease is
unfortunately slight. On the other hand, treatment by chemotherapy plus
Herceptin was twice as effective in preventing the recurrence of ErbB2-
overexpressing breast cancer in patients with early, localized disease as
was chemotherapy alone (Piccart-Gebhart et al., 2005; Romond et al.,
2005). Signal transduction inhibitors that have been found to give only
slight benefit to advanced cancer patients may well be more effective when
given to patients with earlier stage disease.

The synergistic effect of Herceptin with chemotherapy may be at least
partly due to the fact that Herceptin reduces levels of DNA repair following
radiation or cisplatin treatment, thus increasing cytotoxicity (Pietras et al.,
1994, 1999). Herceptin is another good example of a multiple inhibitor.
Not only does Herceptin inhibit ErbB2 signaling, it also inhibits angiogene-
sis, which is stimulated by ErbB2 (Izumi et al., 2002). Some of its power
may also be due to its ability to invoke antibody-dependent cell-mediated
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cytotoxicity. Another inhibitor with multiple targets is Tykerb (lapatinib/
GW572016). This dual EGFR-ErbB2 inhibitor is in advanced clinical trials, as
a single agent and in combination with chemotherapy. Phase III trials showed
delay in disease progression among women with advanced, Herceptin-
resistant ErbB2-positive breast cancer (Geyer et al., 2006). In vitro studies
suggest that one mechanism of acquiring resistance to Tykerb is increased
signaling from the ER. These experiments point the way to clinical testing of
Tykerb together with aromatase inhibitors for patients with ErbB2-positive,
ER-positive tumors (Xia et al., 2006).

Combination regimens that look promising in preclinical models can fail
in the clinic. Combining anti-EGFR inhibitors with cisplatin treatment
was synergistic in combating EGFR-overexpressing glioblastoma in nude
mice (Nagane et al., 1998, 2001). A similar combination was not effective
in clinical trials to treat NSCLC (Tamura and Fukuoka, 2005), but it is
problematic to attempt to extrapolate from a glioma xenograft to human
lung cancer.

Extremely encouraging results were released from a clinical trial testing
the combination of Erbitux and radiation to treat head and neck cancer
(Bonner et al., 2006). Earlier in vitro and xenograft studies on head and
neck squamous cell carcinoma showed that Erbitux enhanced sensitivity to
radiation. Like Herceptin, Erbitux appears to inhibit DNA repair and
angiogenesis following radiation (Huang and Harari, 2000). A phase III
clinical trial showed significant tumor shrinkage, delay in progression and
increased survival when Erbitux was added to the standard radiation
regimen (Bonner et al., 2006).

For most tumors, targeted signal transduction inhibitors will not replace
the traditional cytotoxic chemotherapy and radiotherapy. Rather, it will be
necessary to find the optimal combinations of targeted therapy and cytotoxic
therapy for each tumor type.

VI. USING PK RECEPTORS AS HOMING MOLECULES
FOR CANCER THERAPY

There is no simple way to predict whether a given RPTK functions as an
essential tumor survival factor, but one can still use the RPTK as a “homing
device” for signal transduction or other therapy. Our laboratory is developing
this idea for the treatment of glioblastoma, as well as other cancers. One
approach involves using EGF bound to a vector carrying synthetic dsSRNA
to introduce the dsRNA into EGF-overexpressing glioma cells. This activates
the pro-apoptotic dsSRNA-dependent protein kinase, PKR, leading to death of
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the glioma cells. Even more encouraging, the dying cells release cytokines that
lead to a “bystander” effect so that neighboring glioma cells that do not
overexpress EGFR also die (Shir et al., 2006). This is important because most
tumors are heterogeneous; by invoking a bystander effect, even nontargeted
tumor cells can be induced to die (Shir and Levitzki, 2001). Normal cells
remain unharmed because they are more robust and resist stress.

Other strategies for directing nonspecific therapies to cancer cells include
the use of antibodies coupled to toxic or radioactive molecules (Kaminski
et al., 2005; Lemieux and Coiffier, 2005; Pastan, 2003). For these strategies
to work, it is sufficient to identify a unique or strongly overexpressed receptor
molecule on cancer cells; this receptor does not have to play any survival role
in the life of the cell.

VII. CONCLUSIONS

The impact of signal transduction therapy on cancer statistics has been
miniscule so far. Cancer is the second leading cause of death in the United
States, and the probability of contracting cancer at some point in one’s
lifetime is on the order of 40%. Billions of research dollars have been spent
in combating this deathly disease. Recently, the incidence of cancer has
shown signs of stabilizing and death rates have begun to decrease, at a rate
of about 1% per year (Jemal et al., 2005). Most of this decrease can
probably be attributed to earlier detection and intervention.

A cold cost-benefit analysis might lead to the conclusion that we are barking
up the wrong tree. Part of this disappointment is inevitable: clinical trials are
performed on patients for whom other therapies have failed. By definition,
these are the patients with the most advanced and recalcitrant disease. Just as
Gleevec is much more effective against early chronic CML than against ad-
vanced blast crisis disease, and as Herceptin significantly reduces the incidence
of recurrence of early stage breast cancer while delaying progression of ad-
vanced breast cancer by only a few months, other signal transduction inhibi-
tors will also be more effective at combating early than late disease. As more
targeted drugs become licensed and can be used to treat early cancer, we
anticipate that signal transduction therapy will begin to make its mark.

Targeted cancer therapy, as its name suggests, needs to be applied in a
specific manner. Slowly, we are learning which cancers respond to which
therapies, and which markers to look for to assist in choosing appropriate
drugs. Although a trial of Avastin (together with chemotherapy) on pancre-
atic cancer recently failed, results so far for renal carcinoma (together with
Tarceva) are very encouraging. Furthermore, with the exception of some
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hematological neoplasms, most cancers, even of the same tissue, include
different forms of the disease. Treatment of breast cancer already takes into
account whether the tumor is hormone responsive or not, and whether
ErbB2 is overexpressed on the tumor and to what extent. “Personalized”
treatment, using genomic or proteomic techniques to determine which are
the most susceptible molecular targets in a specific patient, is still a futuristic
idea, but is no longer a wild science fiction fantasy.

When interpreting preclinical data, we must bear in mind that a model is
just that: it should be as close as we can reasonably get—given constraints of
time and money—to the human disease, but it is very far from the real thing.
We have to clarify to ourselves which questions our model can answer and
where the model may serve only to reinforce our own preconceptions.

Recent experience shows that using signal transduction inhibitors as
monotherapy is unlikely to give pronounced benefit in most cancers: CML is
the exception, rather than the rule, and even for CML it is clear that Gleevec is
not the whole answer, as some patients are resistant and a significant propor-
tion of responsive patients eventually develop resistance. Combination thera-
pies are more effective than single therapies. Combining signal transduction
inhibitors against several pathways affecting growth and survival may
defeat certain cancers, even when a major survival factor is not apparent.
Furthermore, combining therapies is the most effective method to reduce
the emergence of resistance. Signal transduction therapy can sensitize can-
cers to chemotherapy and radiotherapy such that doses can be reduced and
toxic side effects minimized. A major challenge is posed by cancer stem
cells, which are believed to be responsible for recurrent disease and metas-
tases. Signal transduction therapy may also be used in conjunction with
immunotherapy to provide longer term protection against recurrence. But
the specific combinations and treatment regimens need to be worked out,
and at present this can only be accomplished using real human patients, in
clinical trials.
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