Annu. Rev. Pharmacol. Toxicol. 2005.45:357-384. Downloaded from arjournals.annualreviews.org
by NEW YORK UNIV.BOBST LIB. on 04/05/05. For personal use only.

Annu. Rev. Pharmacol. Toxicol. 2005. 45:357-84

doi: 10.1146/annurev.pharmtox.45.120403.100124

Copyright (© 2005 by Annual Reviews. All rights reserved

First published online as a Review in Advance on September 27, 2004

TYROSINE KINASE INHIBITORS AND THE DAWN OF
MOLECULAR CANCER THERAPEUTICS™

Raoul Tibes, Jonathan Trent, and Razelle Kurzrock
Division of Cancer Medicine, University of Texas M.D. Anderson Cancer Center,
Houston, Texas 77030; email: rkurzroc @mdanderson.org

Key Words imatinib mesylate, Ber-Abl, KIT, kinase, cancer

B Abstract The clinical application of tyrosine kinase inhibitors for cancer treat-
ment represents a therapeutic breakthrough. The rationale for developing these com-
pounds rests on the observation that tyrosine kinase enzymes are critical components
of the cellular signaling apparatus and are regularly mutated or otherwise deregulated
in human malignancies. Novel tyrosine kinase inhibitors are designed to exploit the
molecular differences between tumor cells and normal tissues. Herein, we will review
the current state-of-the-art using agents that target as prototypes Bcr-Abl, platelet-
derived growth factor receptor (PDGFR), KIT (stem cell factor receptor), and epidermal
growth factor receptor (EGFR). These compounds are remarkably effective in treating
diverse cancers that are highly resistant to conventional treatment, including various
forms of leukemia, hypereosinophilic syndrome, mast cell disease, sarcomas, and lung
cancer. It is now clear that the molecular defects underlying cancer can be targeted
with designer drugs that yield striking salutary effects with minimal toxicity.

INTRODUCTION

Cancer is the second most common cause of death in developed countries and
is a rising health problem in less developed parts of the world. The diagnosis
of cancer carries great physical and mental suffering for affected individuals and
poses asignificant burden on the health care system. For many tumors, conventional
management strategies (surgery, radiation, chemotherapy) have high toxicity with

*Abbreviations: ATF2: Activating transcription factor; ERK: Extracellular regulated kinase;
GCK: Glucokinase; Grb2: growth factor receptor-bound protein 2; JNK: Jun N-terminal ki-
nase/Janus kinase; MAPK: Mitogen-activated protein kinase; MEK: Mitogen ERK; MEKK:
Mitogen ERK kinase; MLK: Mixed lineage kinase; PAK: p21 activated kinase; PI3K:
phosphatidylinositide-3-kinase; PKC: protein kinase ¢; Myc: avian myelocytomatosis viral
oncogene homologue; PLCy: Phospholipase C y; RAF: murine leukemia viral oncogene
homologue; Ras: Rat sarcoma viral oncogene homologue; SH: src homology domain; S6K:
S6-kinase; Sos: Son of sevenless; STAT: Signal transducer and activator of transcription;
TPI2: thiol proteinase inhibitor 2.
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marginal efficacy. The consensus that has emerged among investigators is that
surmounting the cancer therapeutic problem will be greatly facilitated by an in-
depth understanding of the molecular genetics underlying individual malignancies.

Autonomous cell growth resulting in tissue invasion and metastases is the defin-
ing feature of all malignant neoplasms (1). Cancers do not necessarily arise solely
as a result of an accelerated rate of cell proliferation. Rather, they are the conse-
quence of an imbalance between the rate of cell-cycle progression (cell division)
and cell growth (cell mass) on one hand and programmed cell death (apoptosis)
on the other. Researchers now recognize that aberrant cellular signal transduc-
tion pathways play a vital role in driving this imbalance and hence in malignant
transformation (1).

Perhaps one of the most critical groups of signaling molecules involved in nor-
mal and abnormal cellular regulation are the tyrosine kinases (2). These proteins
constitute a family of enzymes that catalyze the phosphorylation of the tyrosine
residues of various target molecules. This process controls fundamental cellular
processes including cell cycle, migration, metabolism, proliferation, differentia-
tion, and survival (2). Importantly, several tyrosine kinases are aberrantly expressed
in malignancies. The underlying defects may include, but are not limited to, mu-
tation, hybrid gene formation, amplification, and perturbation of transcriptional
machinery (3).

In this review, we will highlight the role of select tyrosine kinases—Bcr-Abl,
KIT, and platelet-derived growth factor receptor (PDGFR)—in the clinical setting.
A specific inhibitor (imatinib mesylate) has been developed against these kinases,
and this compound demonstrates definitive therapeutic activity. More recently,
other kinases, including epidermal growth factor receptor (EGFR) and the vascular
endothelial growth factor (VEGF) system, have also been targeted successfully.
On the basis of the knowledge gained in the emerging field of molecular cancer
therapeutics, scientists are now developing a wealth of new compounds.

STRUCTURE AND FUNCTION OF TYROSINE KINASES:
AN OVERVIEW

Tyrosine kinases, enzymes that add a phosphate group to a tyrosine residue in a
protein substrate, exist as receptor-coupled forms (the receptor tyrosine kinases)
and cytosolic forms (2). Some kinases, such as Abl, may also be nuclear (4-6).
Common features of all tyrosine kinases include a separate domain for substrate
binding, ATP binding, and catalysis (Figure 1) (2). The latter domain promotes
the transfer of the terminal phosphoryl group from ATP to a tyrosine amino group
acceptor in a substrate. Autophosphorylation may also occur.

Over 90 tyrosine kinases have been identified, more than half of which are the
transmembrane receptor type; the balance are the cytoplasmic nonreceptor type (3).
Tyrosine kinase receptors transduce signals from both outside and inside the cell
and function as relay points for signaling pathways inside the cell. The cytoplasmic
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nonreceptor tyrosine kinases lack a transmembrane segment and generally function
downstream of the receptor tyrosine kinases (7).

Receptor tyrosine kinases comprise an extracellular domain containing a ligand-
binding site, a single hydrophobic transmembrane « helix, and a cytosolic domain
that includes a region with protein-tyrosine kinase activity. Ligand binding causes
most receptor tyrosine kinases to dimerize. The protein kinase of the receptor
monomer phosphorylates a distinct set of tyrosine residues in the cytosolic do-
main of its dimer partner (autophosphorylation). Initially, tyrosine residues in the
phosphorylation lip near the catalytic site are phosphorylated. This leads to a con-
formational change that facilitates binding of ATP in some receptors (such as the
insulin receptor) and binding of protein substrates in other receptors (such as the
fibroblast growth factor receptor). Subsequently, the receptor kinase activity phos-
phorylates other sites in the cytosolic domain. The resulting phosphotyrosines serve
as docking sites for adapter proteins containing src homology 2 (SH2) domains.
These adapter proteins can either phosphorylate effector molecules themselves or,
if devoid of kinase activity, couple the activated receptors to other components of
the signal transduction pathway (2, 7-10) (Figure 1).

Altered tyrosine kinases drive the development of several malignancies. There
are four major mechanisms for oncogenic transformation by tyrosine kinases:
(a) retroviral transduction of a proto-oncogene corresponding to a tyrosine ki-
nase, concomitant with deregulating structural changes (a common transforming
mechanism in animals) (11); (b) genomic rearrangements, such as chromosomal
translocations, which result in oncogenic fusion proteins containing a tyrosine
kinase catalytic domain and part of an unrelated protein (e.g., Bcr-Abl in Philadel-
phia chromosome—positive leukemias); (c¢) gain-of-function mutations or small
deletions in tyrosine kinases (e.g., KIT in gastrointestinal stromal tumors); and
(d) tyrosine kinase overexpression resulting from gene amplification (e.g., EGFR
in several solid tumors) (3). In general, the transforming effect can be ascribed
to enhanced or constitutive kinase activity that escapes normal cellular control
mechanisms and induces quantitatively or qualitatively altered downstream sig-
naling. It is now apparent that aberrant kinases are excellent targets for therapeutic
intervention.

Development of Tyrosine Kinase Inhibitors:
Imatinib Mesylate as a Prototype

Initially, protein kinase enzymes were thought to be poor treatment targets because
of their ubiquitous nature and critical role in diverse physiologic processes. How-
ever, the advent of imatinib mesylate as a prototype of signal transduction inhibitors
(STI) demonstrated that designer tyrosine kinase inhibitors could be specific and
effective therapeutic tools (12—42). This is because kinases are notably distinct
in how their catalysis is regulated, even though they share catalytic domains con-
served in sequence and structure. The ATP binding pocket lies between the two
lobes of the kinase fold. This site, together with the less conserved surrounding
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pockets, has been the focus of inhibitor design that exploits differences in kinase
structure and pliability in order to achieve selectivity. Imatinib mesylate [also
known as Gleevec® (USA), Glivec® (Europe), STI 571, or CGP57148] has shown
remarkable clinical activity in Philadelphia chromosome—positive leukemias, in
gastrointestinal stromal tumors (GIST), and in several unusual tumors with alter-
ations in the PDGF system.

Imatinib mesylate was developed from a lead compound identified in a high-
throughput compound screening program searching for protein kinase C and PDGF
receptor inhibitors (13). The initial compound was a phenylaminopyrimidine that
was modified to increase cellular activity, solubility, and oral bioavailability (16).
Imatinib mesylate occupies the nucleotide-binding cleft of the Ber-Abl protein
tyrosine kinase, preventing access of ATP to the substrate and thus competitively
inhibiting phosphorylation of downstream effector molecules (14).

In pioneering work, Druker and coworkers demonstrated that imatinib mesylate
suppressed proliferation of BCR-ABL—positive chronic myelogenous leukemia
(CML) cells in vitro (15). Normal hematopoietic progenitors were mostly un-
affected (15). Imatinib mesylate also showed activity against Philadelphia chro-
mosome—positive acute lymphoblastic leukemia (ALL) cells and in in vivo models
(17). This compound is also an effective inhibitor of the PDGF receptor tyrosine
kinase and kit (CD 117) (stem cell factor receptor) tyrosine kinases (18). Imatinib
mesylate is very specific, with 50% inhibiting concentrations (IC50s) of 188 nM
for c-Abl, 413 nM for c-Kit, and 386 nM for PDGFR-f, as opposed to IC50s of
>10,000 nM for most of the other cellular tyrosine kinases (13). These observa-
tions laid the groundwork for the use of imatinib mesylate in the clinical setting,
with potential for killing tumor cells harboring the target kinases without harm to
normal host tissue. Imatinib mesylate shows striking antitumor effects in Bcr-Abl-
positive (Philadelphia chromosome—positive) leukemias, GISTs, with activating
KITmutations, and in a variety of cancers with alterations in the PDGF system
(19-42) (Tables 1 and 2).

Philadelphia Chromosome—Positive BCR-ABL—Positive
Leukemias: Clinical and Molecular Features

The Philadelphia chromosome is a shortened chromosome 22. It usually results
from a balanced translocate between chromosomes 9 and 22 [t(9:22) (q34;q11)]
(43, 44). Philadelphia chromosome—positive leukemias include CML and a subset
of acute leukemias, most commonly ALL. The Philadelphia translocation juxta-
poses two genes, BCR and ABL, to form a chimeric BCR-ABL gene, located on
chromosome 22. The Ber-Abl protein is a constitutively active tyrosine kinase. This
abnormal enzymatic activation is crucial to the oncogenic potential of BCR-ABL
(45-47).

The natural history of CML exemplifies the process of stepwise tumor progres-
sion. There is an inevitable evolution from the early chronic phase to an accelerated
phase, which ultimately leads to blast crisis. Though CML is a stem cell disorder,
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the chronic phase is characterized by neutrophilic leukocytosis and can be easily
managed. Managing the chronic phase, however, does not prevent the ineluctable
progression toward blast transformation, a stage that resembles an aggressive acute
leukemia. Once blast crisis occurs, patients succumb within 6 to 12 months. The
phenotype of blast crisis is myeloid in two thirds of patients and lymphoid in up
to one third. In contrast, Philadelphia-chromosome-positive ALL is characterized
by uncontrolled growth of immature lymphoid cells from the outset. Patients with
Philadelphia-chromosome-positive ALL responded poorly to chemotherapy when
compared to those ALL patients who do not have the Philadelphia chromosome
(48, 49).

The t(9:22) translocation appears to be the initial transforming event in CML
(50, 51). However, secondary molecular driving forces are needed for disease pro-
gression (52). The constitutively activated tyrosine kinase activity of BCR-ABL
generates constant activation of downstream signaling pathways, as opposed to
the closely regulated Abl tyrosine kinase (53, 54). In this way, Ber-Abl perturbs
myriad cellular functions: (@) Ras and PI3K signaling; () cytoskeletal structures;
(c) adhesion molecules; (d) cell survival/apoptosis; (e) growth factor dependence;
and (f) DNA damage and response processes (47). Consequently, disturbed pro-
liferation and survival of cells results in the chronic phase of CML, and the impact
of Ber-Abl on genomic stability/integrity may underlie progression toward blast
crisis (55).

Imatinib Mesylate in Chronic Phase CML

Prior to the discovery of imatinib mesylate, standard treatment of chronic phase
CML was based on either interferon-o or allogeneic bone marrow transplant (56,
57). Unfortunately, interferon-o was ineffective in late chronic phase, accelerated
phase, and blast crisis. Even in early chronic phase, only a small fraction of pa-
tients (5-25%) achieved complete cytogenetic remission (defined as elimination
of the Philadelphia chromosome and return to a diploid status, as determined by
karyotype analysis of bone marrow metaphases). Allogeneic stem cell transplan-
tation did provide curative therapy, but was limited by donor availability and its
significant morbidity/mortality.

A large trial of previously untreated patients with chronic phase CML ran-
domized to either imatinib mesylate or to the prior standard therapy (interferon-«
given together with cytosine arabinoside, the IRIS trial) revealed that imatinib
mesylate was superior in terms of complete hematological response rates (95%
versus 56%) and complete cytogenetic responses (76% versus 15%) (37). In addi-
tion, freedom from progression to accelerated phase or blast crisis was 97% in the
imatinib mesylate-treated group. A survival difference could not be demonstrated,
most likely because of the high crossover rate (58%) from the interferon-« to the
imatinib mesylate group (37). Imatinib mesylate was also far better tolerated than
interferon-¢ and cytarabine, with an overall discontinuation rate of only 14% in the
imatinib group versus 89% for the interferon group. Molecular remissions were
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assessed by the sensitive polymerase chain reaction test that can detect BCR-ABL
transcripts from one leukemic cell among 10° normal cells. Thirty-nine percent
of imatinib-treated patients achieved more than a 3 log reduction in BCR-ABL
transcripts. For these patients, the probability of progression-free survival at 24
months was 100% (36).

Results of imatinib mesylate in patients with chronic phase CML who had failed
interferon-o were also impressive. Complete hematological responses were re-
ported in 95% of patients. Major and complete cytogenetic response rates were ap-
proximately 60% and 40%, respectively. In general, hematologic responses were
observed within days to weeks. Progression-free survival after 18 months follow-
up was 89% (39).

Imatinib mesylate is now used as front-line therapy for chronic-phase CML.
Complete hematologic remission is expected by three months with major (<35%
Philadelphia chromosome—positive metaphases) or complete cytogenetic response
by 6-12 months. In patients who do not achieve these milestones, the imatinib
mesylate dose can be increased or a different treatment strategy may be considered
(58).

Imatinib Mesylate in Accelerated Phase
and Blast Crisis of CML

Results of imatinib mesylate therapy in patients with accelerated phase of CML
and blast crisis are generally inferior to those observed with chronic phase disease.
In patients with accelerated CML, sustained (>4 weeks) complete hematological
responses were seen in only 34% of patients. Complete cytogenetic responses
were achieved in <20% of patients. Results were slightly better if a higher dose
of imatinib mesylate was given (600 mg rather than 400 mg per day) (40).

In myeloid blast crisis, the complete hematological response is about 10% to
20%. Major and complete cytogenetic response rates range from 5% to 16%.
Hematological responses are short lived, most patients relapse, and median re-
sponse duration is only about six months. Higher doses (600 and 800 mg) of
imatinib mesylate achieve somewhat higher and longer lasting responses (19, 21).
Compared with cytosine arabinoside—based chemotherapy regimens in blast crisis,
imatinib mesylate produces similar response rates, but with lower toxicity, lower
induction mortality, and better survival (59).

In lymphoid blast crisis and Philadelphia chromosome—positive ALL, imatinib
mesylate given at doses of 400 or 600 mg daily yields complete hematologic
response rates of about 20% or less and complete cytogenetic remission rates
of about 10% (19, 20). Reduction of blast count commonly occurs early, often
within one week after treatment start. The duration of responses is unfortunately
brief, with a median time to progression of about three months. Most patients who
progress will succumb to their disease soon thereafter.

Side effects of imatinib mesylate, especially grade three or four neutropenia
and thrombocytopenia, are more frequent in accelerated phase and blast crisis
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(20, 21). This is likely a consequence of decreased marrow reserve and progression
of underlying disease. Combination therapies of imatinib mesylate with more
conventional chemotherapy or other investigational agents are being studied.

Imatinib Mesylate after Allogeneic Stem Cell Transplantation

Imatinib mesylate also exhibits activity in patients who relapse after allogeneic
stem cell transplantation. Complete hematological response rates are in the range
of 70%. Major and complete cytogenetic responses occur in about 55% and 40% of
patients, respectively. More importantly, complete molecular remissions have been
observed in about 25% of patients. Response rates in all categories were highest
in chronic phase CML and progressively decreased in accelerated and blastic
phase (41, 42). Estimated overall survival at two years was 12% in blast crisis
and 100% in early chronic phase (42). Thus, imatinib mesylate can be considered
an important treatment alternative for CML patients who relapse after allogeneic
stem cell transplantation.

Resistance to Imatinib Mesylate

Despite the dramatic success achieved by imatinib mesylate, the issue remains as
how to maximize response and defy resistance. Even in early chronic phase CML,
not all patients will attain cytogenetic remission. Furthermore, most individuals
with blast transformation or Philadelphia chromosome—positive acute leukemia
who respond will relapse quickly. Because imatinib mesylate is commonly used
as front-line therapy in CML, its impact on long-term survival remains to be seen,
and comparison to allogeneic stem cell transplantation warrants full study.
Recent research has revealed mechanisms that mediate resistance. These in-
clude upregulation of multi-drug resistance proteins, functional inactivation of
imatinib mesylate, BCR-ABL gene amplification or mutations, and loss of the
Bcer-Abl kinase target (60-62). The most cogent evidence supports a role for mu-
tations in the emergence of resistance. Indeed, mutations in the BCR-ABL kinase
have been detected in up to 90% of patients who relapsed after initial response
(62-64). In some patients, mutations have been present prior to starting treatment
and thus, mutated clones were presumably selected by a growth advantage during
imatinib mesylate treatment, similar to selection of resistant bacterial clones with
antibiotic treatment (65). Alternative innovative approaches that directly interfere
with Ber-Abl function or enhance imatinib mesylate efficacy have therefore been
proposed: (a) targeting BCR-ABL RNA with antisense oligonucleotides or with
ribozymes (66); (b) using Ber fragments as therapy (on the basis of the observation
that high levels of Bcr attenuate Ber-Abl kinase activity) (67); (c) treating with
molecules, such as tyrphostin, that affect the binding of peptide substrates (rather
than ATP) to Ber-Abl; (d) combining imatinib mesylate with other suppressors of
signaling (Jak2, Ras) (68, 69); (e) administering interferon-o, which has known ac-
tivity in CML, together with imatinib mesylate; (f) using suppressors of nuclear
export to entrap Ber-Abl in the nucleus, where it promotes apoptosis (70); and
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(g) using dual src-abl inhibitors (such as BMS-354825), which impose less strin-
gent conformational requirements on ABL for kinase inhibition. Indeed, BMS-
354825 has proved effective in animal models and clinical trials are underway (72).

The efficacy of these strategies may depend on the mechanism of resistance,
which could vary among patients. Although a large body of data implicates BCR-
ABL mutations in the emergence of imatinib resistance, cells with mutated BCR-
ABL often do not make up the predominant population in resistant disease. Hence,
other mechanisms of resistance must be operative in some individuals. Loss of
the Ber-Abl kinase target or activation of pathways that supplant the role of Ber-
Abl may play a role (71). Approaches that target Ber-Abl function or levels may
be moot for persons in whom molecular pathways other than Bcr-Abl mediate
resistance to imatinib mesylate.

PDGEFR and Imatinib Mesylate

Recently, imatinib mesylate has shown remarkable activity in certain other hema-
tologic malignancies and solid tumors: idiopathic hypereosinophilic syndrome,
eosinophilia-associated chronic myeloid disorder, chronic myelomonocytic
leukemia, systemic mast cell disease, atypical CML and dermatofibrosarcoma
protuberans (Table 1). The generation of a constitutively active PDGFR tyrosine
kinase is the common feature in these responsive tumors. Activation of the receptor
can be caused by an aberration in the gene encoding the PDGF receptor or in the
gene encoding the PDGF ligand.

The PDGFR family consists of the PDGF-« and -8 receptors, which are tyrosine
kinase receptors stimulated by several extracellular PDGF ligands. Both receptors
have many well-characterized functions and are involved in proliferation, intracel-
lular organization, chemotaxis, apoptosis, as well as oncogenic transformation (for
review, see 10) (Figure 1). Imatinib mesylate inhibits the tyrosine kinase enzyme
activity of both PDGFR-« and PDGFR-S (18).

Idiopathic Hypereosinophilic Syndrome

Idiopathic hypereosinophilic syndrome and chronic eosinophilic leukemia com-
prise a spectrum of rare disorders characterized by eosinophil overproduction and
clinical symptoms arising from organ involvement. Some patients carry a fusion
gene designated FIP1L1-PDFGRA that activates PDGFR-« (31) and is generated
by a cryptic interstitial chromosomal deletion on chromosome 4q12. Imatinib me-
sylate is effective in patients harboring this abnormality, regardless of whether they
are classified as hypereosinophilic syndrome or as chronic eosinophilic leukemia.
In addition, responders can lack FIP1L1-PDGFR, suggesting that another relevant
kinase is present (73). Sustained responses with imatinib mesylate are achieved at
doses lower than those needed in CML, i.e., 100 to 400 mg per day, rather than
400 or more mg per day. This finding is consistent with the low IC50 of ima-
tinib mesylate for suppressing FIP1L1-PDGFR kinase (*3.2 nM) (31) compared
with its IC50 for the Ber-Abl kinase (200 nM). Response can be seen within



Annu. Rev. Pharmacol. Toxicol. 2005.45:357-384. Downloaded from arjournals.annualreviews.org
by NEW YORK UNIV.BOBST LIB. on 04/05/05. For personal use only.

TYROSINE KINASE INHIBITORS 367

four weeks. As in CML, new mutations in this fusion gene may lead to resistance.
Rarely, patients with systemic mast cell disease also carry a FIP1L1-PDFGR fu-
sion gene; patients harboring this mutation show response to imatinib mesylate
treatment (26).

Chronic Myelomonocytic Leukemia

Chronic myelomonocytic leukemia is a myeloproliferative disorder characterized
by an increased number of monocytes and granulocytes as well as dysplasia. There
is no approved standard therapy for this illness. A small proportion of patients with
chronic myelomonocytic leukemia have aberrations involving the PDGFR-8, with
constitutive activation of the receptor tyrosine kinase. This aberration is caused by
a translocation between chromosomes 5 and 12, t [5;12], creating a fusion gene
ETV6-PDGFRB (also called TEL-PDGFRB). Durable clinical, hematological, cy-
togenetic, and molecular responses can be achieved in these patients with the use
of imatinib mesylate (34, 35).

Atypical CML

In several cases of atypical CML, the BCR region is fused to PDGFR because of a
translocation between chromosomes 4 and 22 instead of the usual t(9:22). Rapid
responses to imatinib mesylate have been reported in patients with this variant,
demonstrating the activity against the PDGFR tyrosine kinase in vivo in these
individuals (74).

Dermatofibrosarcoma Protuberans

Dermatofibrosarcoma protuberans is an uncommon, low-grade, fibrohistiocytic
tumor of intermediate malignant potential. This neoplasm represents a unique
molecular situation where the PDGF ligand, rather than the PDGF receptor it-
self, is altered. Patients with dermatofibrosarcoma protuberans harbor a t(17, 22)
translocation that generates a Coll-PDGF fusion gene (75). Fusion to Coll en-
hances PDGF action by allowing constitutive expression of Coll/-PDGF ligand
and constitutive PDGFR kinase activation through autocrine stimulation. Expo-
sure of primary cultures of dermatofibrosarcoma protuberans to imatinib mesylate
in vitro has been shown to inhibit cell growth (76). Further, patients with this tumor
respond to imatinib mesylate even in the case of inoperable, metastatic disease (29,
30).

KIT and Gastrointestinal Stromal Tumors (GIST)

GIST are rare mesenchymal tumors arising from the interstitial cells of Cajal in
the gastrointestinal tract and abdomen. They represent less than one percent of
gastrointestinal tract tumors and a minority of all sarcomas (77). The vast majority
of GIST express the type Il receptor tyrosine kinase CD 117 (KIT or stem cell factor
receptor) (78). KIT resides on chromosome 4 (4q11-q12) and is translated as a
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145-kD receptor tyrosine kinase (79, 80). KIT is similar in structure and function to
the PDFGR or Flt3-receptor. Itis expressed by many cells including hematopoietic
progenitor cells, germ cells, and mast cells (81). Physiologic functions of KIT
include cell survival, proliferation, differentiation, adhesion, and apoptosis (82,
83).

Several activating mutations of KIT lead to constitutive, ligand-independent
activation of the receptor tyrosine kinase and intracellular downstream pathways
including STAT, PI3K and MAPK (82, 84). Therefore, KIT expression is thought to
represent a crucial step in tumorigenesis. Some GIST tumors lack a mutation in the
KIT gene but still possess an activated, phosphorylated KIT protein (85). Mecha-
nisms that might account for this finding include other undetected KIT mutations,
KIT ligand up-regulation, KIT heterodimerization, or alteration of phosphatases
that inhibit KIT (85). The natural ligand of KIT is stem cell factor. Interestingly,
60-70% of GIST also express the CD34 antigen, a hematopoietic stem cell marker
of unknown function (86).

Prior to the availability of imatinib mesylate, prognosis of GIST was grave.
Conventional chemotherapy had response rates close to zero. This changed dra-
matically with the use of imatinib mesylate. The first patient reported had rapidly
progressive GIST, resistant to chemotherapy but responded to imatinib mesylate
with a complete metabolic response and tumor shrinkage (87). In subsequent
large studies for recurrent or advanced GIST, imatinib mesylate exhibited over-
all response rates (stable disease or partial response) anywhere from >40% (by
conventional response criteria) to 85% meaningful clinical responses (22-24, 88).
The value of conventional response criteria [assessed by imaging studies, usually
in the form of computerized tomography (CT) scans] is in doubt because >90% of
treated patients showed clinical benefit, as manifest by long-term relief of cancer-
related symptoms. Patients should, therefore, be kept on the medication if they do
well symptomatically. Clinical improvement often occurs within one to two days.
Remarkably, positron emission tomography (PET) scans demonstrate metabolic
turn off of the tumor within several days and are highly predictive of anatomic
response (Figure 2). Conventional CT scans, on the other hand, may be mislead-
ing. They may demonstrate stability of disease or even disease growth for months,
despite clear-cut PET responses. On this basis, Choi and colleagues (89) proposed
new CT response criteria, including a greater than 10% decrease in tumor size
(rather than the usual greater than 50% decrease) or a greater than 15% decrease
in Hounsfield units, a measurement of tumor density on CT scan. Of particular
importance is that responses continue to increase with duration of treatment (23).
This is in contrast to chemotherapy, in which lack of early response predicts the
futility of further treatment. In the large phase III trials, progression-free survival
at 12 months was close to 70%, and overall survival was about 85%. Until now,
there has been no established dose response difference between 400, 600, and 800
mg imatinib mesylate (22, 90). However in patients failing treatment with 400 mg
of imatinib mesylate per day, increase to 800 mg per day of imatinib mesylate can
still be effective in up to 7% of patients (J. Trent, unpublished data). Response rate
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Pre-Treatment Post-Treatment

Figure2 PET scan of a patient with GIST before and after treatment with imatinib mesylate.
Positron emission tomography (PET) scan uses a small amount of radioactive glucose [(18F)
fluorodeoxyglucose (FDG, FDG-PET)] injected intravenously. This material enriches in areas
of increased metabolic activity, such as in tumors. Emitted gamma ray photons are detected
with a scanner reflecting cell/tumor metabolism and showing tumor distribution in vivo. PET
scans can be used for diagnosis, staging, and monitoring treatment of cancers. This scan
shows a GIST patient before and after treatment with imatinib mesylate. Dark areas represent
tumor (pretreatment). These areas disappear posttreatment.

appears to correlate with site of mutation. Mutations in exon 11 of KIT are more
favorable than mutations in exon 9. The least favorable prognostic group in GIST
lacks the KIT mutation and has no other identifiable mutations (91).

Taken together, these observations suggest that the molecular defect in GIST
is inextricably related to tumor response, and that evaluation of response with
new targeted therapies may require clinical and imaging endpoints that differ from
those established over the years for chemotherapy.

Mast Cell Disease—A Disorder with KIT
or PDGFR Deregulation

Systemic mastocytosis is a clonal neoplasm of the mast cell hematopoietic pro-
genitor. It is a clinically heterogenous disorder with accumulation of mast cells
limited to the skin (cutaneous mastocytosis) or involving one or more extracuta-
neous organs. Mast cell disease is often associated with gain-of-function mutations
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involving the tyrosine kinase domain of KIT (92). Pardanani et al. (28) prospec-
tively treated 10 adults suffering from symptomatic systemic mast cell disease
with imatinib mesylate at a dose of either 100 mg or 400 mg per day. Five of
the patients had a measurable response to the drug, four of whom had important
mast cell cytoreduction and two of whom had complete clinical and histological
remission. Three of the five patients with eosinophilia had major responses. The
other two, who did not respond to treatment, were the only patients with the KIT
Asp816Val mutation. It appears that these KIT mutations confer resistance to ima-
tinib mesylate by interfering with the binding of the drug to the enzymatic site of
the KIT molecule (27).

To date, two imatinib mesylate—sensitive molecular genetic defects have been
identified in mast cell disease. Akin et al. (25) reported a point mutation within the
transmembrane segment of KIT that resulted in a substitution of a phenylalanine
residue by a cysteine at codon 522 in a patient who was amenable to treatment
with imatinib mesylate. Pardanani et al. (26) demonstrated that FIP1LI-PDGFRA
is the therapeutic target of imatinib mesylate in the specific subset of patients with
mast cell disease and associated eosinophilia and that virtually all of these patients
respond to imatinib.

Adpverse Effects of Imatinib Mesylate

Imatinib mesylate is remarkably well tolerated. Predominant adverse effects are
usually mild and consist of thrombocytopenia, neutropenia, edema/fluid reten-
tion, musculoskeletal pain/muscle cramps, gastrointestinal complaints, fatigue, and
headache. Side effects are dose-related and have occurred more frequently with
advanced disease. More significant neutropenia and thrombocytopenia occurred
in advanced CML states and likely reflect effective inhibition of the leukemic cell
clone in the setting of depleted normal progenitors. Fluid retention affects almost
half of the patients and is unusual in its periorbital and central abdomen local-
ization. Nausea and gastrointestinal discomfort is uncommon at the 400 mg daily
doses, but is frequent at doses of 800 mg per day. Almost one quarter of patients
experience myalgias or skin rashes. Overall, fewer than 5% have discontinued
treatment because of side effects (93, 94).

Pharmacology of Imatinib Mesylate

Imatinib mesylate has high oral bioavailability. Peak plasma concentrations oc-
cur within four hours. Its half-life in humans is from 13 to 16 hours. The drug is
metabolized in the liver (primarily via cytochrome P450-3A4). Sufficient plasma
concentrations to achieve IC50s can be attained at doses >400 mg once a day.
Serum levels of imatinib mesylate range from 1.46-4.6 uM (95). The recom-
mended dose of imatinib mesylate for patients with chronic phase CML is 400 mg
by mouth per day. The dose is 600 mg per day for patients in accelerated/blast
crisis phase of the disease.The dose can be increased to 800 mg per day based on
tolerance and response. Patients with GIST are treated at a recommended dose of
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TABLE 3 Tyrosine kinase inhibitors in the clinic

FDA-approved agents and best

Agent Target established clinical use Reference
Imatinib Ber-Abl Philadelphia chromosome—positive leukemia* (28, 35,
mesylate PDGFR Gastrointestinal stromal tumors* 37,73,
Kit Hypereosinophilic syndrome 93, 94,
Mast cell disease 96)
Dermatofibrosarcoma protuberans
Subset of chronic myelomonocytic leukemia
Gefitinib EGFR Non-small cell lung cancer* (127)
Head and neck cancer
Cetuximab EGFR Colorectal cancer* (97, 104)
Head and neck cancer
Bevacizumab VEGF Colorectal cancer* (99, 100,
Renal cell carcinoma 133)
Trastuzumab  Erb-2 (Her2/neu) Breast cancer® (102, 103)

Abbreviations: EGFR = epidermal growth factor receptor; FDA = Federal Drug Administration; PDGFR = platelet-derived
growth factor receptor: VEGF = vascular endothelial growth factor.

*Denotes FDA-approved uses.

400-600 mg/day, but 800 mg/day are easily tolerated and may yield better results.
Pediatric doses are calculated by body surface area (93, 94).

Targeting Other Tyrosine Kinase—Related Molecules:
Compounds Approved for Clinical Use

Drugs are in development that target aspects of the kinase machinery, from the
receptor tyrosine kinases that initiate intracellular signaling, through second mes-
sengers involved in signaling cascades, to the kinases that control the cell cycle and
govern cellular fate. The vast majority of this plethora of compounds are still in
preclinical or early clinical development. However, others have reached the stage
of Federal Drug Administration (FDA) approval (Table 3) (28, 35, 37, 73, 93, 94,
96-137). These include molecules that target the EGFR and the VEGF system.

The EGFR Story Unfolds

The EGFR is a family of receptor tyrosine kinases thought to contribute to the for-
mation of many solid tumors (105). This family consists of four different receptor
members: (a) EGFR, also known as ErbB1 or HER1; (b) ErbB2 or Her2/Neu,
(c) ErbB2 (HER3); and (d) ErbB4 (HER4) (2, 106). The ErbB receptors share
a similar structure with homology in their kinase domain, but diverge in their
extracellular domains and carboxy-terminal end tails (2). The EGFR itself is a
170-kDa transmembrane protein with a single polypeptide chain of 1186 amino
acids. It has a hydrophobic transmembrane segment of 23 amino acids attached
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to the intracellular domain with tyrosine kinase activity (107, 108). Endogenous
activating ligands are EGF, TGF-alpha, heparin-binding EGF, amphiregulin, beta-
cellulin, epiregulin, and many others (105, 109). Transactivation through G-protein
coupled receptors and cytokines plays a role (109). ErbB family receptors are
widely expressed in all tissues where they regulate diverse functions, including
mitogenesis, differentiation, and cell survival (105). Downstream target activa-
tion includes PLCy, Ras-Raf-MEK-MAPK (gene transcription and proliferation),
phosphatidylinositol-3 kinase (PI3K)/Akt (cell survival), the tyrosine kinase Scr,
the stress-activated protein kinases, PAK-JNKK, JNK, and the signal transducers
and activators of transcription (STAT) (110, 111). Of particular importance for the
ErbB receptor family is the ability of Erb2/Her2Neu to form heterodimers with the
other receptor subunits. ErbB2 does not have an extracellular ligand but is the most
oncogenic ErbB receptor-dimer known (109). The EGFR degradation constitutes
an important regulatory mechanism. After ligand binding, the receptor is internal-
ized, with signal termination often within seconds, and either further endocytotic
degradation or recycling of receptor components to the cell surface for repeated
signaling (112).

Mechanisms mediating transformation include receptor overexpression, gene
amplification, activating mutations, alterations in the dimerization process, and
structural rearrangements (reviewed and referenced in 105). Furthermore activa-
tion of autocrine growth factor loops (113) and deficiency of specific phosphatases
may be of importance, as well. Receptor and ligand overexpression and gene am-
plification are the common causes of oncogenic transformation (114). Indeed, the
rationale for targeting the EGF receptor tyrosine kinases is based on the receptor
overexpression discerned in many human malignancies including colorectal, head
and neck, esophageal, ovarian, cervical, breast, endometrial, and nonsmall cell
lung cancer (105, 115, 116).

Several strategies to interfere with aberrant EGFR signaling have emerged. The
most successful in the clinic are antibodies that block the extracellular ligand-
binding site (preventing ligand activation of the receptor) and small molecule
tyrosine kinase inhibitors that suppress the intracellular tyrosine kinase. To date,
the small molecule tyrosine kinase inhibitors Gefitinib (ZD1839, Iressa®) (117)
and the antibody Cetuximab (118) have been approved by the FDA for use in lung
and colorectal cancer, respectively. Trastuzumab, which targets Erb-2 (Her2/neu),
is approved for treatment of Her2/neu-positive breast cancer. Numerous other
inhibitors of the EGFR machinery are in development (reviewed in 119).

Initially, the modest response rates to some of these compounds were considered
disappointing. However, recent data demonstrate that it is possible to identify
subsets of patients whose tumors have mutations in the targeted kinase that confer
profound susceptibility to the inhibitor.

Trastuzumab (Herceptin®)

The approval of Trastuzumab in 1998 for the treatment of breast cancer is a mile-
stone in the field of EGFR-directed therapy. It is now used worldwide for breast
cancer management.
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Her2/neu acts as a major signaling partner for other EGFR family members
by forming heterodimers with potent signaling activity leading to proliferative
and antiapoptotic effects. Her2/neu is amplified/overexpressed in about 30% of
breast cancers, and correlates with a poor outcome (101, 120). Trastuzumab is an
anti-ErbB-2 receptor (Her2/neu) humanized monoclonal antibody with benefit in
Her2/neu-positive metastatic breast cancer as a single agent (102). Compared to
chemotherapy alone, it demonstrates statistically significant increases in response
rate, time to progression, and survival time when combined with chemotherapy
(103). Benefit from Trastuzunab is only derived in Her2/neu positive patients, how-
ever, so selection of the study population for new targeted agents is very important.

Gefitinib (Iressa®)

Gefitinib is an oral, highly bioavailable, EGFR-specific, anilinoquinazoline, small-
molecule inhibitor. It binds to the ATP site of the EGFR tyrosine kinase domain with
approximately 100-fold increased affinity compared to other kinases and reversibly
inhibits autophosphorylation of the receptor by competitively blocking access of
ATP to the EGFR kinase domain (121, 122), which prevents downstream kinase
activation. The IC50 for the inhibition of autophosphorylation of the EGFR/Her1
receptor in intact cells is 0.033 M (123). In preclinical models, gefitinib inhibited
the growth of multiple cell lines and mouse tumor xenografts in a dose-dependent
manner and was synergistic and additive with chemotherapeutic agents (platinum,
taxanes, etoposide), radiation therapy, as well as with the monoclonal antibody
Trastuzumab (124-126).

In patients with nonsmall cell lung cancer, there was no synergism when gefi-
tinib was administered with cytotoxic agents, according to two large randomized
trials (INTACT-1 and INTACT-2) (134, 135). The combination of gefitinib with ra-
diation therapy might be more promising (124). Even so, gefitinib is now approved
for single-agent, third-line therapy of patients with nonsmall cell lung cancer who
have failed chemotherapy, on the basis of a response rate of about 10% (127).
This modest response rate was initially considered disappointing, and the lack of
a correlation between response and EGFR overexpression was frustrating (128).
However, a recent discovery indicates that activating mutations in the ATP-binding
pocket of the EGFR kinase domain confers susceptibility to gefitinib in nonsmall
cell lung cancer, hence allowing identification of subgroups of responsive patients
137).

Gefitinib is well tolerated. The most common side effects are skin rash and
gastrointestinal complaints. An oral dose of 250 mg of gefitinib per day is rec-
ommended. Steady-state concentrations are achieved in most patients at seven
days. Gefitinib can be used in extensively pretreated patients or those with poor
performance status, for whom a therapy with a low toxicity profile is needed.

Erlotinib (Tarceva™)

A second small-molecule EGFR inhibitor—erlotinib, Tarceva™, OSI-774—de-
monstrates response rates of 10% to 19% as a single agent in patients with
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nonsmall cell lung cancer who failed chemotherapy (129). However, large ran-
domized trials testing erlotinib in combination with chemotherapy in this disease
did not show any benefit derived from the addition of erlotinib (R. Herbst, personal
communication). Single agent Tarceva™ in patients with advanced NSCLC fail-
ing standard therapy has recently shown to have a survival advantage in a study
with 751 patients from Canada (F. Shepherd, Proc. ASW, June 2004).

Cetuximab (C-225) (Erbitux®)

Cetuximab is a chimeric, recombinant humanized monoclonal antibody to the ex-
ternal EGFR/ErbB1 domain. It prevents receptor autophosphorylation and leads to
EGFR internalization with subsequent receptor degradation (130). This antibody
has nonlinear pharmacokinetics, and clinically effective doses range between 200
and 400 mg/m? given intravenously. Cetuximab was recently FDA approved for use
in combination with irinotecan for the treatment of patients with EGFR-expressing,
metastatic colorectal carcinoma who are refractory to irinotecan-based chemother-
apy. Combinations of cetuximab with irinotecan yielded a 23% overall response
rate and median time to disease progression of four months (97). Cetuximab alone
resulted in about a 10% overall response rate (98). The most common side effects
of cetuximab were acneiform skin rash and folliculitis. Severe hypersensitivity
reactions were rare.

Angiogenesis: Targeting the Vascular System

Because tumor progression depends on the formation of new blood vessels, block-
ing angiogenesis is an appealing approach to anticancer therapy. VEGF is a key
angiogenic factor. It binds to the VEGF1 and 2 receptors on endothelial and other
cells. Binding activates the intracellular pathways necessary for physiologic and
tumor angiogenesis (131). Current research is directed to agents that target this
molecule or its receptor. Recently, Bevacizumab, which targets the VEGF ligand,
has been approved for clinical use in colorectal cancer.

Bevacizumab (Avastin®)

Bevacizumab is a humanized monoclonal antibody. It binds and inhibits the VEGF
growth factor ligand. A phase III trial involving 815 patients established Beva-
cizumab as the first angiogenesis-targeted agent to improve overall survival in
patients with metastatic colorectal cancer and lead to FDA approval. The addi-
tion of Bevacizumab in the frontline setting to a regimen containing multiagent
chemotherapy (irinotecan, 5-fluoruracil, and leucovorin) improved overall survival
from 15.6 to 20.3 months and progression-free survival from 6.4 to 10.6 months
when compared to the chemotherapy arm (99). These results, although modest,
were statistically significant. Bevacizumab has also been tested alone and/or in
combination with different conventional cytotoxic agents in several malignancies
(i.e., breast cancer, renal cell cancer, and nonsmall cell lung cancer). Overall re-
sults were disappointing and few partial tumor regressions were observed (132).
Promising results have been seen in renal cell cancer, however (133).
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Bevacizumab is administered intravenously at doses of 5-10 mg/kg every two
weeks. It is well tolerated. Side effects include headache/migraine, proteinuria,
hypertension, and rare cases of hemorrhage, thromboembolic events, and gas-
trointestinal perforations (100).

SUMMARY: THE STATE OF THE ART

Certain classes of signaling proteins and pathways are frequently altered by onco-
genic mutations. Molecules governing extracellular growth, differentiation, and
developmental signals, in particular, are often mutated in cancers. Tyrosine ki-
nases are especially important in this respect. These enzymes are pivotal regula-
tors of the signal transduction pathways that mediate development and intracellular
communication. Their activity is normally tightly controlled. Perturbation of ty-
rosine kinase signaling by mutations and other genetic alterations drive malignant
transformation.

In principle, for tyrosine kinases involved in cancer, oncogenic deregulation
results from alteration of one of several of the auto-control mechanisms that en-
sure the normal repression of catalytic domains. A little more than half of the
known tyrosine kinase receptors have been found repeatedly in either mutated or
overexpressed forms associated with (human) malignancies, including sporadic
cases. In addition, many of the cytoplasmic tyrosine kinases are also disturbed
in cancer, either directly through mutation or indirectly via other genetic driving
forces.

Imatinib mesylate, a potent inhibitor of the Ber-Abl, Kit, and PDGFR kinases,
has enjoyed great success in treating tumors, including those that are not suscep-
tible to standard chemotherapy. Response rates of more than 80%—-90% can be
achieved with little toxicity in some malignancies bearing the proper targets. On
the other hand, the use of imatinib mesylate in the treatment of neoplasms in which
the pathogenesis is not clearly dependent on activation of a susceptible tyrosine
kinase has been disappointing. Even so, there may be other imatinib-sensitive tu-
mors (or subsets of tumors), in addition to CML, GIST, chronic myelomonocytic
leukemia, mast cell disease, hypereosinophilic syndrome, and dermatofibrosar-
coma protuberans, in which occult activation of the Abl, KIT, or PDGFR tyrosine
kinases exists or in which there is activation of an undiscovered kinase. As an ex-
ample, some patients with hypereosinophilic syndrome without an obvious target
kinase aberration can respond to imatinib mesylate in a manner similar to those
with PDGFR abnormalities.

Other inhibitors of specific tyrosine kinases have been approved for clini-
cal use, albeit with initial response rates that pale in comparison with those of
imatinib mesylate. Antibodies and small-molecule inhibitors of the EGFR and
VEGF pathways are now applied in the management of patients suffering from
breast cancer, colorectal cancer, and lung cancer. The modest response rates at-
tained with these drugs are almost certainly due to the complex molecular hetero-
geneity of many solid tumors. Indeed, recent discoveries indicate that the pres-
ence of activating mutations in the EGFR allows identification of a subset of
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patients with lung cancer in whom EGFR inhibitors can elicit dramatic responses
137).

A synthesis of the knowledge gleaned from the clinical application of tyrosine
kinase inhibitors indicates that a new paradigm for cancer therapy is emerging.
Optimal exploitation of targeted designer drugs as part of the oncology arsenal
mandates that treatment should be based on the molecular fingerprint of the tumor
rather than its anatomic locale.

WHAT DOES THE FUTURE HOLD?

Several vital lessons have been learned during the process of developing the tyro-
sine kinase inhibitor, imatinib mesylate, and the EGFR inhibitors. First, it is now
clear that designer compounds can target even ubiquitously expressed families of
proteins in a specific manner. Second, tumors that are highly resistant to conven-
tional agents can be exquisitely sensitive to a rationally targeted agent. Third, with
the use of such agents, dramatic and durable responses can be achieved without
significant host toxicity. Fourth, proteins considered predominantly in the context
of the hematologic system (i.e., PDGFR or stem cell factor receptor KIT) may have
a profound contribution to solid tumors and vice versa. Fifth, to date, it appears
that activating mutations in kinases, rather than simple overexpression, confers
susceptibility to kinase inhibitors.

Future clinical trials may need to categorize patients by their molecular genetics
(e.g., p53 mutation-positive cancer for a therapy directed against the pS3 tumor
suppressor gene) rather than by the disease site of their illness (breast cancer or
colorectal cancer). Such a nosology would represent a significant paradigm shift
in that clinical trials could be designed so that patients are enrolled based exclu-
sively on the molecular defect in their tumor. This paradigm also recognizes that
classification of tumors based on anatomic location (e.g., lung cancer or sarcoma)
belies a complicated underlying molecular heterogeneity that, if unrecognized,
may obscure response rates. For instance, GIST comprise only a minority of sar-
comas, and these are the only sarcomas that demonstrate profound sensitivity to
imatinib mesylate. Similarly, the 10% response to EGFR inhibitors in lung cancer
was initially considered a failure or, at best, a marginal success, despite the fact
that some patients with chemotherapy-refractory disease demonstrated profound
responses. This changed with the discovery that the subset of responders could be
identified on the basis that their neoplasms harbor an activating EGFR mutation
(137). It is likely that many other cancers, including breast, colorectal, and others,
are comprised of numerous small-molecular subsets, and that successful treatment
will require precise pinpointing and exploitation of molecular defects as targets
for therapy.

The field of molecular cancer therapeutics is now advancing rapidly. Indeed,
the time from the discovery of the activating KIT mutation in GIST tumors (138)
to the remarkable reversal of the hopeless prognosis for this disease via treatment
with imatinib mesylate (24) was only three years. Even considering that some
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kinase inhibitors may have serious limitations in their salutary activity, our current
successes almost certainly represent the tip of the therapeutic iceberg for targeted

treatments.

The Annual Review of Pharmacology and Toxicology is online at
http://pharmtox.annualreviews.org
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TYROSINE KINASE INHIBITORS C-1
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Figure 1 PDGEFR signaling Cascade: PDGFR B is used as an example. Binding of PDGF
ligand to extracellular receptor domains leads to dimerization of receptor subunits, followed
by receptor autophosphorylation creating docking sites for several molecules leading to
induction of parallel intracellular signaling pathways. This process mediates pleiotropic bio-
logic effects, including regulation of proliferation, cell cycle progression, apoptosis, survival,
and cell migration. Coupling proteins, such as PI3K, PLCy, Src and others, facilitate GDP-
GTP exchange and phosphorylation. Other molecules, such as Grb2, Shc, and Crk, are devoid
of enzymatic activity but link the receptor to downstream targets. PI3K activates AKT, which
promotes cell survival through effects on transcription factors and inhibition of apoptosis.
Rho/Rac are involved in cellular structure, actin organization and chemotaxis. The RassMAP
kinase pathway is initiated by the adapter molecule Grb2, which forms a complex with Sos.
Raf stimulation of the MAPK pathway results in proliferation mediated by nuclear transcrip-
tion factors. PLCy phosphorylates PKC, which is a Ras-independent activator of the MAPK
pathway. Recruitment of src tyrosine kinase activates various cascades including the tran-
scription factor c-myc. Not depicted in the figure is the JAK/STAT pathway, in which STATs
translocate from the membrane to the nucleus and directly activate cytokine-responsive
genes. Insert: Structure of the PDGFR B. The extracellular region of PDGFRp has five
immunoglobulin chain-like sites. The intracellular sites most frequently autophosphorylated
are shown by the numbers.
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