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Abstract
With an understanding of the molecular changes that accompany cell transformation, cancer drug
discovery has undergone a dramatic change in the past few years. While most of the emphasis in
the past has been placed on developing drugs that induce cell death based on mechanisms that do
not discriminate between normal and tumor cells, recent strategies have emphasized targeting
specific mechanisms that have gone awry in tumor cells. However, the identification of cancer-
associated mutations in oncogenes and their amplification in tumors has suggested that inhibitors
against such proteins might represent attractive substrates for targeted therapy. In the clinic, the
success of imatinib (Gleevec®, STI571) and trastuzumab (Herceptin®), both firsts of their kind,
spurred further development of new, second-generation drugs that target kinases in cancer. This
review highlights a few important examples each of these types of therapies along with some
newer agents that are in various stages of development. Second-generation kinase inhibitors aimed
at overriding emerging resistance to these therapies are also discussed.

Keywords
kinase inhibitor; targeted therapy; monoclonal antibody; small molecule inhibitors

One of the most important breakthroughs in cancer research came from the discovery that
oncogenes of acute transforming viruses are in fact derived form normal cellular DNA and
that this genetic information is transduced by acute transforming viruses via genetic
recombination. Studies within the last few decades have also shown that tumor cells often
gain a growth advantage through amplification or mutation of various oncogenes, the end
result of which appears to be a profound enhancement in the amplitude of the growth and
survival signals. Some examples of these changes include, amplification of the epidermal
growth factor (EGF; also known as ErbB1) and ErbB2 receptors in lung and breast tumors,
mutation of the ras oncogene in a wide variety of human tumors and chromosomal
translocations such as the Philadelphia Chromosome, which results in the activation of the
Abl tyrosine kinase.

With an understanding of these molecular changes that accompany cell transformation,
cancer drug discovery has undergone a dramatic change in the past few years. The
elucidation of signaling pathways that are deregulated in tumor cells as well as the
identification of mutations in both oncogenes and growth suppressor genes has suggested
multiple targets and revealed approaches for the development of new classes of drugs
including antibodies to receptors and small molecule inhibitors to mutant kinases. The most
successful of these types of agents, by far, is Gleevec® (imatinib, STI57; Novartis), and it is
because of the tremendous success that this drug has had in the clinic that additional kinase
inhibitors have been and are being developed. Because the past five years have seen a large
amount of research performed in the area of rational drug design, it has not been possible to
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review all of the approaches that are currently being developed. We have therefore limited
this review to the discussion of a few rationally designed targeted therapies that have
received approval of the United States Food and Drug Administration (FDA) and exemplify
the utility and problems associated with this line of research.

BCR-ABL ONCOGENE TARGETED THERAPY
The Philadelphia Chromosome

The Philadelphia chromosome (Ph) was discovered in 1960 by Nowell and Hungerford, who
analyzed samples derived from 7 patients suffering from what was known at that time as
chronic granulocytic leukemia. Each patient harbored a similar “minute chromosome,” and
none showed any other chromosomal abnormality (Nowell and Hungerford, 1960). We now
know that this abnormal Ph chromosome results from a reciprocal translocation between
chromosomes 9 at band q34 and 22 at band q11. More importantly, this translocation fuses
the breakpoint cluster region (Bcr) gene with the Abl gene and creates the BCR-ABL
oncogene (Heisterkamp et al., 1985) (figure 2) whose expression is responsible for greater
than 90% of chronic meylogenous leukemias (CML) (reviewed in Shah and Sawyers 2003).

Imatinib
Until recently, CML was treated with a variety of chemo- and biotherapeutic drugs
(reviewed in Hehlmann, 2003). Because the BCR-ABL protein is active in the majority of
CML cases, it has been possible to synthesize small molecules that inhibit BCR-ABL kinase
activity in leukemic cells without adversely affecting the normal cell population. Gleevec®
(STI571, imatinib mesylate; Novartis) (figure 1) is a small molecule that binds to the kinase
domain of BCR-ABL when the protein is in its closed, inactive conformation (Druker et al.,
1996).

[C allout] Gleevec® (STI571, imatinib mesylate; Novartis) (figure 1) is a small
molecule that binds to the kinase domain of BCR-ABL when the protein is in its
closed, inactive conformation.

In this conformation, the catalytic central domain is blocked by the regulatory activation (A)
loop and mutations within this loop have been shown to prevent the kinase from adopting an
inactive conformation (reviewed in Apperley 2007).

As with most kinase inhibitors that are ATP mimetics, imatinib inhibits several tyrosine
kinases, including but not limited to platelet-derived growth factor receptor (PDGFR) a and
b, c-Kit, Lck, fms, FGFR-1, VEGFR-1, 2, 3 colony stimulating factor-1 receptor and c-raf
(reviewed in Deininger et al., 2005; Mashkani et al., 2010). NQO2 oxidoreductse is also
inhibited by the drug, even though it is not a kinase (Rix et al., 2007). Imatinib, however, is
most active against c-ABL and more so, its oncogenic forms. BCR-ABL+ cells that are
exposed to this drug do not proliferate and have been shown to undergo apoptosis, while
normal, IL-3-dependent cells remain virtually unaffected (Druker et al., 1996; Deininger et
al., 1997).

In the clinic, the Phase I trials aimed at assessing the safety of imatinib were remarkably
successful. In those CML patients who were previously treated with interferon (IFN)-α but
failed to respond, almost all of the patients who were treated with 300mg imatinib or greater
achieved complete hematological responses. Furthermore, complete cytogenetic responses
were observed in 13% of these patients. In Phase 2 studies evaluating the efficacy of
imatinib as a single agent, the results mirrored those obtained in Phase I trials, whereby a
significant number of patients in various stages of disease showed cytogenic responses.
Phase 3 trials and those assessing the effectiveness of imatinib in combination with other
cytotoxic agents and/or those aimed at improving the efficacy of imatinib monotherapy were
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equally successful, whereby imatinib proved to be the most effective treatment for various
stages of leukemic disease. As a result, imatinib is now considered as a first-line therapy for
the majority of CML cases due to its high efficacy level and relatively mild side effects
(reviewed in Deininger et al., 2005).

Imatinib Resistance in CML—In spite of the fact that the majority of patients receiving
imatinib respond to treatment at both the hematological and cytogenetic levels, relapse
occurs in a subset of patients with chronic disease, and this number jumps significantly to
nearly 100% in those patients whose disease is in the advanced stages (reviewed in Shah and
Sawyers, 2003). Several studies have attempted to address the mechanism(s) by which CML
cells acquire imatinib resistance.

Non-mutation-dependent mechanisms: Elevated levels of BCR-ABL are sometimes
expressed as a result of genomic amplification of the BCR-ABL locus (le Coutre et al.,
2000; Mahon et al., 2000; Weisberg and Griffin, 2000) and amplification of the locus and/or
multiple copies of the Philadelphia chromosome have also been reported in a small number
of patients (Gorre et al. 2001; Hochhaus et al., 2002). Studies have also revealed that
imatinib resistance can be mediated by increased levels of the Pgp multi-drug resistance
protein (MDR1; ABCB1) (Mahon et. al., 2000), although patient derived samples do not
tend to support such a mechanism in a clinical setting.

Other studies have examined signaling pathways and proteins that are activated downstream
of BCR-ABL. In some advanced stages of CML, levels of Hck and Lyn, members of the Src
family of tyrosine kinases, are increased and constitutively phosphorylated (Donato et al.,
2003 and 2004;Wu et al., 2008a). Additional BCR-ABL independent mechanisms that
mediate imatinib resistance include (but are not limited to), modulation of Janus Kinase 2
(JAK2) (Wang et al., 2007), the activation of the Akt/PI-3 kinase/mtor pathway (Burchert et
al., 2005), activation of RUNX transcription factors (Miething et al., 2007), activation of
MAP kinase activity (Chu et al., 2004) and inactivation/mutation of p53 (Wendel et al.,
2006; reviewed in Burchert, 2007).

Mutation of BCR-ABL: In spite of these studies, the majority of reports indicate that the
mechanism that accounts for the majority of imatinib resistant leukemias, in vivo, is
mutation of the BCR-ABL gene itself.

[Callout] the majority of reports indicate that the mechanism that accounts for the
majority of imatinib resistant leukemias, in vivo, is mutation of the BCR-ABL gene
itself.

Mutation within the kinase domain is most common (figure 2). The first study that analyzed
the frequency and of these mutations was published in 2001 by Gorre et al., and examined
cells derived from 11 patients in the advanced stages of CML who were being treated with
imatinib and had initially responded well to treatment but had relapsed. Although genomic
amplification was detected in three of the samples, a specific mutation within the BCR-ABL
kinase domain was present in six cases. Specifically, this mutation resulted in the
substitution of a threonine residue with isoleucine at amino acid position 315 (T315I). This
substitution, based on the crystal structure of the Abl kinase domain complexed with an
imatinib derivative, is thought to decrease the binding affinity of imatinib to the BCR-ABL
protein whereby the isoleucine substitution prevents hydrogen bond formation between
BCR-ABL and imatinib (Schindler et al., 2000).

Since that initial report, more than 50 mutations in the kinase domain of the BCR-ABL gene
have been identified in imatinib resistant leukemic cells. The list of mutations has been
extensively summarized and reviewed in 2007 by Apperley (Apperley, 2007). Although the
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exact mechanism(s) that drive the mutation process are at present unclear, it is widely
believed that many (if not all) result from the “selection pressure” exerted by exposure to
imatinib. Studies also indicate that they may also arise due to genetic instability induced by
BCR-ABL (Jiang et al., 2007a and 2007b) and inhibition of the mismatch (MMR) and
nucleotide excision repair (NER) processes (Canitrot et al., 2003; Sliwinski et al., 2008;
Stoklosa et al., 2008).

The imatinib-resistant mutations that arise in BCR-ABL can be classified as those that
potentially interfere with the ability of imatinib to interact directly with the BCR-ABL
kinase domain and those that are predicted to destroy or hinder the ability of the kinase
domain to adopt a conformation that is required for imatinib binding (reviewed in Shah and
Sawyers, 2003; Sawyers, 2004). The number of mutations that occur with the highest
frequency tend to be clustered within the P-loop, the imatinib-binding site, the catalytic
domain and the activation loop.

[Callout] The number of mutations that occur with the highest frequency tend to be
clustered within the P-loop, the imatinib-binding site, the catalytic domain and the
activation loop.

In patients, it is clear that certain mutations are present in particular phases of CML.
However, it is at present unclear whether some or any of the mutations are causative of
disease or whether they merely correlate with certain phases (reviewed in Apperley, 2007).

Second-generation BCR-ABL Inhibitors
Because of the frequency of mutations, efforts have been focused on the identification of
novel, second-generation BCR-ABL inhibitors that are active against imatinib resistant
mutants of the protein. The most successful alternatives to imatinib to date are second-
generation inhibitors of BCR-ABL that inhibit the protein at lower concentrations than
imatinib. Some agents, such as dasatinib, are unrelated to imatinib and are also inhibitory to
other tyrosine kinases, making them active against a variety of imatinib-resistant tumors.
Nilotinib, on the other hand, was developed as a rationally designed alternative to imatinib
that exploited imatinib's affinity and selectivity for the Abl kinase domain.

Dasatinib—Originally termed BMS-354825 (Lombardo et al., 2004; Shah et al, 2004),
dasatinib (Sprycel®; Bristol-Myers Squibb) is an orally bioavailable inhibitor of BCR-ABL
and was the first drug to be approved for the treatment of imatinib-resistant Ph+ leukemias
(figure 1). The drug has a shorter half-life than imatinib and no active metabolites (reviewed
in le Coutre et al., 2010). Although structurally unrelated to imatinib, dasatinib inhibits some
of the same target proteins such as BCR-ABL (albeit at lower concentrations than imatinib),
c-Kit and PDGFR. It is also inhibitory to other kinases such as Src family tyrosine kinases,
the Tec kinases Btk and Tec and the ephrin A (EphA) receptor tyrosine kinase (Lombardo et
al., 2004; Nam et al., 2005, Schittenhelm et al., 2006; Hantschel et al., 2007). Dasatinib does
not share structural conformation requirements for BCR-ABL with imatinib and therefore
binds to both active and inactive conformations of the protein (Tokarski et al., 2006). As a
result, the drug has been successful in inhibiting nearly all imatinib-resistant forms of the
protein, with the exception of T315I (Shah et al., 2004, O'Hare et al., 2005a, reviewed in
Ramirez and DiPersio 2008).

In the clinic, dasatinib has been successful in treating patients who were intolerant to
imatinib or whose disease was resistant to imatinib therapy. In clinical trials, the drug has
shown the greatest efficacy in patients in the chronic phase of CML. Nonetheless, cases of
dasatinib resistance have begun to emerge. Specifically, sequencing of BCR-ABL+ clones
isolated from patients receiving dasatinib after failing or showing intolerance to imatinib
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revealed a predominance of mutations at the T315 and F317 residues. In addition to the
T315I mutation, a second mutation at this residue, T315A, has also been detected in one
patient (Soverini et al., 2007; Khorashad et al., 2008). Interestingly, this same mutation was
isolated during a mutagenesis screen aimed at isolating dasatinib resistant forms of BCR-
ABL (Burgess et al., 2005). At the F317 residue, four different mutations have been
identified (F317I/L/V/C), although the F317L mutation has been documented in the greatest
percentage of cases. These studies suggest that these two residues may be key in the ability
of dasatinib to inhibit BCR-ABL (Soverini et al., 2006 and 2007). It is interesting to note
that the F317L was tested as part of the panel of imatinib resistant mutants in in vitro cell
based assays as well as in animal tumor model systems (Shah et al., 2004; O'Hare et al.,
2005a). While it has been noted that higher amounts of dasatinib were required to inhibit
kinase activity and cellular proliferation, the levels were not such that they substantially
exceeded those for other imatinib-resistant mutations that do not arise in dasatinib sensitive
patients. Other studies have identified mutations at several additional residues (Shah et al.,
2007; Soverini et al., 2007; reviewed in Lee et al., 2008) and compound mutations have also
been observed in patients undergoing sequential imatinib and dasatinib therapies. One of
these mutations, V299L, is of interest as it occurs at a residue that directly binds to dasatinib.
This mutation, however, is sensitive to both imatinib and nilotinib (Shah et al., 2007),
further underscoring the differences between these drugs.

Nilotinib—Nilotinib (Tasigna®, AMN107; Novartis) (Weisberg et al, 2005) is structurally
related to imatinib, has a similar half-life and has a greater affinity (approximately 20-fold)
for wild-type BCR-ABL (reviewed in O'Hare et al, 2005b; le Coutre et al., 2010). Because
of the structural similarities between the two drugs (figure 1), in addition to inhibiting BCR-
ABL, nilotinib is also inhibitory to c-Kit, PDGFR and the TEL-PDGFRα and FIP1L1-
PDGFRα fusion proteins (Stover et al., 2005; reviewed in Lee et al., 2008). Also similar to
imatinib, nilotinib binds to BCR-ABL when it is in an inactive conformation; however, its
design allows it to bind more tightly, thereby enhancing its inhibitory activity (Manley et al.,
2005). As a result, most of the imatinib-resistant forms of BCR-ABL tested in in vitro cell-
based assays are also 20-fold more sensitive to this drug, although studies using certain
imatinib sensitive cell lines have shown that the increased potency may be as high as 60-fold
(Weisberg et al., 2005; Golemovic et al., 2005). Nilotinib does, however, when compared to
wild-type BCR-ABL, show a reduced ability to inhibit P-loop mutations and this is
correlated with a response to the drug in the clinic (Kantarjian et al., 2006). The only
exception is the T315I mutation, which is completely insensitive to nilotinib (Weisberg et al,
2005; reviewed in Deininger, 2008).

Overcoming T315I Resistance
The T315 residue is commonly referred to as the “gatekeeper” due to the fact that the T315I
mutation confers complete resistance to imatinib, dasatinib and nilotinib. It has become clear
that the use of ATP mimetics that have the ability to target the kinase domain drives the
emergence of such mutations and hence, compounds that inhibit the T315I conformation
directly are invaluable. Use of x-ray crystallography in conjunction with structure-guided
optimization has led to the isolation of SGX393, a compound that inhibits both T315I and
T315A. It does not, however, inhibit certain other P-loop mutations. Fortunately, some of
these mutations are inhibited by either nilotinib and/or dasatinib, suggesting that this agent,
should it be used in a clinical setting, could be used in combination therapy (O'Hare et al.,
2008). Other drugs with the ability to inhibit T315I directly that are undergoing clinical
trials are inhibitors of the Aurora kinases and include: MK-0457, XL228, PHA-739358 and
KW-2449 (reviewed in Quintas-Cardama et al., 2007; Quintas-Cardama and Cortes, 2008).
In addition to T315I inhibitors, it may also be possible to target signaling pathways that are
either downstream or parallel to BCR-ABL. There are numerous compounds at various
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stages of development that could possibly fill such a need, including (but not limited to) Src
family kinase inhibitors, inhibitors of HSP90, inducers of apoptosis, activators of protein
phosphatases and histone deacetylase (HDAC) inhibitors (reviewed in Quintas-Cardama et
al., 2007; Quintas-Cardama and Cortes, 2008) and even an allosteric BCR-ABL inhibitor
that binds to the kinase at its myrostoylation site (Zhang et al., 2010).

EPITHELIAL GROWTH FACTOR RECEPTOR TARGETED THERAPY
Epithelial Growth Factor Receptor and Cancer

The significance of the epidermal growth factor receptor (EGFR) in cancer was suggested
years before it was shown that the protein was altered or aberrantly expressed in tumors.
During the early 1980s, studies of the avian erythroblastosis virus led to the identification of
viral, transforming versions of the EGFR (Anderson et al., 1980; Vennstrom and Bishop,
1982; Yamamoto et al., 1983), and subsequent studies showed that introduction of the
EGFR gene into NIH-3T3 cells results in ligand-dependent transformation (Velu et al.,
1987; Hudziak et al., 1987). In certain types of tumors, such as gliomas, the EGFR locus is
amplified, resulting in high levels of the receptor. Other tumor types express mutant,
constitutively active forms of the protein (reviewed in Pao et al., 2004a). Activation of the
EGFR stimulates proliferation, metastasis, angiogenesis and other phenotypes that are
beneficial for tumor growth. EGFR is expressed in a variety of cell types and tumors,
including (but not limited to) those of the bladder, lung, head and neck, breast, colon and
pancreas. In certain types of malignancies, such as head and neck cancers, the level of
EGFR expression is of prognostic value where elevated levels are correlated with decreased
survival, whereas in others, this link is not as well defined (reviewed in Pao et al., 2004a).

Gefitinib and Erlotinib: Small Molecule Epithelial Growth Factor Receptor -targeted
Inhibitors

Gefitinib (ZD1839, Iressa®; AstraZeneca) (figure 1) belongs to a class of compounds
termed anilinoquinazolinones and is an inhibitor of EGFR enzymatic activity in the low
nanomolar range (Ward et al., 1994). Subsequent studies also revealed that gefitinib
effectively inhibited the proliferation of a variety of established tumor cell lines (Sirotnak,
2003), although this did not necessarily correlate with EGFR expression.

Gefitinib, as well as most targeted kinase inhibitors developed to date, acts by reversibly
competing with adenosine triphosphate (ATP) for binding to the EGFR, thereby inhibiting
its autophosphorylation and activity (Wakeling wt al., 2002).

[Callout] Gefitinib, as well as most targeted kinase inhibitors developed to date,
acts by reversibly competing with adenosine triphosphate (ATP) for binding to the
epithelial growth factor receptor (EGFR), thereby inhibiting its
autophosphorylation and activity.

Cells that have been exposed to this drug undergo cell cycle arrest and apoptosis (Magne et
al., 2002; Di Gennaro et al., 2003) and express lower levels of pro-angiogenic proteins such
as VEGF (Ciardiello et al., 2001; Hirata et al., 2002). EGF has been shown to regulate the
expression of VEGF, IL-8 and other angiogenic factors. It is therefore not surprising that
gefitinib has the ability to regulate tumor growth by controlling the neovasculature
(reviewed in Ono and Kuwano, 2006).

Response to Gefitinib Treatment—In the United States, Gefitinib was initially
approved for the treatment of non-small lung cancer (NSCLC) in patients who had failed or
were not able to receive standard chemotherapeutic regimens. In general, non-smokers,
women and Asians have an overall more favorable response to EGFR kinase inhibition
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(reviewed in Fukui and Mitsudomi, 2008). However, overall response to gefitinib has been
shown to vary considerably in these and other patient cohorts, thereby prompting research to
identify biomarkers that could account for this variability and predict sensitivity. Sequence
analysis of the EGFR in primary NSCLC tumors derived from patients in Japan and the
United States (Lynch et al., 2004; Paez et al., 2004) identified mutations within the tyrosine
kinase domain that correlated with sensitivity to gefitinib.

[Callout] Sequence analysis of the EGFR in primary non-small lung cancer
(NSCLC) tumors derived from patients in Japan and the United States (Lynch et
al., 2004; Paez et al., 2004) identified mutations within the tyrosine kinase domain
that correlated with sensitivity to gefitinib.

For the most part, the abnormalities are in-frame deletions in amino acids 747-750
(del746-750) or a point mutation at position 858 (L858R) (Lynch et al., 2004; Paez et al.,
2004; Pao et al., 2004b). These studies also showed that such mutations, which result in
increased levels of ligand-induced receptor autophosphorylation, are more common in non-
smokers, women, Japanese patients and those with the adenocarcinoma form of the disease.
Since these initial studies, other mutations in the forms of in-frame deletions and insertions,
point mutations and duplications within exons 19-22 of the EGFR gene that confer some
level of response to gefitinib have been identified. However, the “classical” L858R (exon
21) and the del746-750 (exon 19) mutations still account for roughly 90% of the alterations
in this region (reviewed in Irmer et al., 2007). Overall, NSCLC patients treated with
gefitinib (or erlotinib) who harbor the del746-750 mutation have a longer median survival
when compared to those with the L858R mutation (Riely et al., 2006; Jänne and Johnson.,
2006). In addition, immunohistochemical staining of tumor specimens for proteins that are
downstream of the EGFR revealed that patients with tumors that stained positive for
phosphorylated Akt (p-Akt) responded better to gefitinib treatment than those which stained
negative; however, there was no such correlation for phosphorylated MAP kinase
(Cappuzzo et al., 2004). Similar results were obtained using human NSCLC cell lines,
although these studies also revealed an association between p-Akt and ERK1/2
phosphorylation in gefitinib-resistant cells (Ono et al., 2004; Han et al., 2005).

Erlotinib—Erlotinib (Tarceva®, OSI-774, Genentech) (figure 1) belongs to the class of
quinazolinones and is a selective but reversible inhibitor of EGFR enzymatic activity in the
low nanomolar range (Pollack et al., 1999).

[Callout] Erlotinib (Tarceva®, OSI-774, Genentech) (figure 1) belongs to the class
of quinazolinones and is a selective but reversible inhibitor of EGFR enzymatic
activity in the low nanomolar range.

It also inhibits the constitutively active EGFRvIII variant that contains an in-frame deletion
in exons 2-7 of the EGFR gene (Lal et al., 2002). Erlotinib is currently approved for the
treatment of advanced or metastatic resistant NSCLC patients and for use in combination
therapy with gemcitabine in treating advanced, unresectable or metastatic pancreatic cancer
(reviewed in Bareschino et al., 2007;Gridelli et al., 2007). In in vitro assays, while the
degree to which wild-type EGFR and the delL474-S752 mutant were inhibited by both
gefitinib and erlotinib was similar, the L858R exhibited an approximate 10-fold increase in
sensitivity to both drugs. It is therefore not surprising that in the clinic, patients whose
tumors harbor mutant forms of the EGFR respond to treatment with erlotinib, which is
similar to what has been observed with gefitinib (Pao et al., 2004b; reviewed in Gridelli et
al., 2007).
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Gefitinib and Erlotinib Resistance
Secondary EGFR Mutations—In spite of the success that these drugs have had in
treating NSCLCs with EGFR activating mutations, resistance emerges in a percentage of
patients who have initially responded to treatment. Biochemical analysis and structural
modeling have resulted in the identification of a second point mutation at amino acid
position T790 (T790M) in a patient who had initially responded to gefitinib treatment but
who had relapsed (Kobayashi et al., 2005). At that time, resistance was also predicted to
occur in patients treated with erlotinib (Kobayashi et al., 2005), and as expected, cases of
erlotinib-resistant disease that harbor this mutation have emerged in the clinic (Pao et al.,
2005a). The same mutation has also been identified in a family with several cases of
inherited NSCLC and is thought to act in cis with a second somatic T790M mutation (Bell et
al., 2005). In cis cooperation has also been observed with both the L858R and del746-750
EGFR mutations as is evidenced by increased transformation potential and ligand-
independent signaling (Godin-Heymann et al., 2007). Termed as EGFR's “gatekeeper,”
T790 is analogous to T315 of BCR-ABL as it is necessary to maintain proper conformation
of the ATP-binding cleft and because of its ability to confer resistance to gefitinib and
erlotinib. However, T790M does differ from T315I in that it does not have increased
enzymatic activity in vitro (Pao et al., 2005a). At a basic mechanistic level, T790M
increases the affinity of the EGFR kinase domain for ATP (Yun et al., 2008) and this single
mutation accounts for approximately 50% of all resistance to both gefitinib and erlotinib
(Kosaka et al., 2006; Balak et al., 2006). In addition to T790M, other mutations that arise in
TKI-resistant tumors inhibition have been isolated in rare instances (Balak et al., 2006).

Non-EGFR Mutation Dependent m\Mechanisms—In addition to mutation of the
EGFR, mutations in RAS family genes are present in approximately 15-30% of lung
adenocarcinomas in patients with a history of cigarette smoking. Most of these mutations are
located in exons 12 and 13 of the K-ras gene and are associated with resistance to gefitinib
and erlotinib (Pao et al., 2005b).

Activation of parallel signaling pathways or those that are downstream of the EGFR can also
result in resistance to gefitinib and erlotinib. MET locus amplification was originally
identified in a gefitinib-resistant cell line and the resultant increased levels of MET protein
signal through Akt via ErbB3. Subsequent analysis revealed that the same pathway was
activated in the majority of gefitinib and erlotinib resistant tumors with MET amplification
and that this amplification occurs in the presence or absence of the T790M mutation
(Engelman et al., 2007; Bean et al., 2007). Other proteins/pathways whose activation is
associated with EGFR kinase inhibition include but are not limited to PI-3 kinase/Akt
(Engelman et al., 2006), the insulin-like growth factor receptor (IGF-1R) (Morgillo et al.,
2006; Guix et al., 2008), s-Src (in conjunction with c-Met) (Mueller et al., 2008) and MAPK
(Morgillo et al., 2006).

Overcoming T790M Resistance
Overcoming resistance to the T790M mutation is of critical importance in the area of EGFR
kinase inhibition. This mutation is a “generic” mutation and biochemical assays and x-ray
crystallization predict that it will confer resistance or at least reduce the inhibitory properties
of most if not all ATP-competitive inhibitors (Yun et al., 2008). Both erlotinib and gefitinib
are reversible inhibitors of the EGFR and T790M reduces the affinity of the EGFR for both.
Second-generation irreversible EGFR inhibitors, such as HKI-272 (Rabindran et al., 2004;
Kwak et al., 2005) have shown efficacy in mouse models and are predicted to overcome this
resistance through their ability to form covalent bonds with the EGFR protein (Li et al.,
2007; Yun et al., 2008). While these results are encouraging, resistance to HKI-272 has
recently been shown in in vitro cell culture systems (Godin-Heymann et al., 2008) and it is
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predicted that other irreversible EGFR inhibitors will be required to overcome the effects of
T790M.

ANTIBODY-BASED EPITHELIAL GROWTH FACTOR RECEPTOR /HER-2/
NEU/ERBB-2 TARGETED THERAPY
HER-2 and Cancer

Heregulin-2 (HER-2), also known as ErbB-2 and Neu, is a member of the epidermal growth
factor receptor (EGFR) family of receptor tyrosine kinases (Schechter et al., 1984; King et
al., 1985). ErbB-2 was first shown to be an oncogene gene in 1987 using NIH-3T3
transformation assays (Di Fiore et al., 1987; Hudziak et al., 1987). Soon after, MMTV
(mouse mammary tumor virus)-driven HER-2 expression was shown to cause mammary
tumors in transgenic mice (Bouchard et al., 1989), providing early experimental evidence
that suggested a role for this gene in the genesis and progression of breast cancer.

Trastuzumab
In human cancers, particularly those of the breast, amplification of HER-2 results in its
overexpression (approximately 25-30%) and is correlated with a poor prognosis, tumor
grade, likelihood of relapse and rate of survival (Slamon et al., 1987; Berger et al., 1988;
Slamon et al., 1989). High levels of HER-2 expression have also been observed in other
tumor types and like those of the breast, such expression is also correlated with poorer
outcomes (reviewed in Kruser and Wheeler, 2010). It is believed that this overexpression
results in constitutive activation via the formation of HER-2 homodimers (reviewed in
Sliwkowski et al., 1999). As a result, many groups focused their efforts on the development
of an antibody that could bind to the extracellular domain of HER-2 and block the adverse
effects of its overexpression. While several murine monoclonal antibodies were capable of
inhibiting the proliferation of cell lines and human breast cancer xenografts that
overexpressed the receptor, the most promising candidate in this regard proved to be
Genentech's MAb 4D5 (reviewed in Harries and Smith, 2002). The humanized, chimeric
version of this antibody, termed trastuzumab, or Herceptin® (Genentech), actually has a
higher affinity for HER-2 than its parent and shares its ability to suppress the proliferation of
HER-2+ cells and xenografts as opposed to cells that do not overexpress the receptor (Carter
et al., 1992; reviewed in Harries and Smith, 2002; Nahta and Esteva, 2003).

[Callout] The humanized, chimeric version of this antibody, termed trastuzumab
actually has a higher affinity for HER-2 than its parent and shares its ability to
suppress the proliferation of HER-2+ cells and xenografts as opposed to cells that
do not overexpress the receptor

Although the exact mechanism by which trastuzumab acts is not completely defined, studies
have shown that exposure to the antibody, which binds to the extracellular domain of
HER-2, inhibits dimerzation of the receptor and thereby attenuates HER-2 signaling (Junttila
et al., 2009; reviewed in Carter et al., 2009). As a result, the proteins that are activated
downstream of HER-2 that promote proliferation, such as phosphatidylinositol-3 (PI-3)
kinase, are effectively inhibited as well (Yakes et al., 2002). Those cells that have ceased
proliferating become arrested in the G1 phase of the cell cycle via increased levels of
p27Kip1/cdk-2 complexes (Ye et al., 1999; Lane et al., 2000; Le et al., 2000; Neve et al.,
2000; Yakes et al., 2002), effects which are enhanced by extending the exposure time to the
antibody and increasing the dosage (Marches and Uhr, 2004). Trastuzumab also antagonizes
tumor growth by inhibiting the expression of proangiogenic factors such as vascular
endothelial growth factor (VEGF) (Petit et al., 1997) and inducing others that are anti-
angiogenic such as thrombospondin 1 (TSP1) (Izumi et al., 2002). Finally, proteolytic
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cleavage of the extracellular domain of HER-2 is also inhibited by trastuzumab (Molina et
al., 2001).

Resistance—In the clinic, when used as a single agent, trastuzumab is effectively used in
metastatic breast cancer patients who have undergone previous treatment regimens with as
well as those who were untreated, resulting in overall responses of 20-35% and 11-18%,
respectively. These percentages improve when the drug is used in combination therapy
(Cobleigh et al., 1999, Vogel et al., 2002; reviewed in Roy and Perez, 2009). Based on this
and other data obtained in clinical trials, patients with HER-2-positive early-stage breast
cancer are placed on a 1-year course of trastuzumab therapy. Combination therapy is also
indicated for those patients with HER-2-positive metastatic disease. In spite of these
response rates, resistance to trastuzumab emerges in a percentage of patients who have been
treated with the drug within a period of one year (reviewed in Kruser and Wheeler, 2010).
The emergence of resistance over the course of treatment, taken together with the fact that
some tumors are inherently insensitive to trastuzumab underscores the need to understand
the pathways that are associated with a positive response to the drug.

At a mechanistic level, some of the first in vitro studies with breast tumor cell lines revealed
that increased levels of insulin-like growth factor-1 receptor (IGF-1R) antagonize the effects
of trastuzumab (Lu et al., 2001). These cells, which overexpressed the IGF-1R gene, also
showed reduced levels of p27Kip1, a phenotype that was also observed in resistant forms of
the SKBR3 cell line that overexpress HER2 (Nahta et al., 2004). In these cells, IGF-1R leads
to the upregulation of the Skp2 ubiquitin ligase that mediates degradation of p27 (Lu et al.,
2004; Nahta et al., 2004 and 2005).

Another protein that has been shown to mediate a clinical response to trastuzumab is PTEN,
a lipid phosphatase that inhibits proliferation by inhibiting PI 3-kinase-mediating signaling
(reviewed in Leslie and Downes, 2004). Studies by Nagata et al. (Nagata et al., 2004) have
shown that treatment with trastuzumab reduces PTEN phosphorylation and increases its
membrane localization and activity within 10 minutes of administration. Patients with breast
cancers that do not express PTEN had poorer responses to treatment than those with normal
PTEN levels and that PTEN-deficient tumors regain their responsiveness to trastuzumab
when treated with PI-3 kinase inhibitors (Nagata et al., 2004). It was later demonstrated that
trastuzumab inhibits the ErbB-3/PI-3K/Akt pathway in vitro in a variety of tumor types and
that tumors that harbor activating mutations in PI-3 kinase (PI3KCA) are insensitive to the
drug. As PI-3 kinase is normally downregulated in response to trastuzumab, these results
indicate that trastuzumab resistance can be overcome with co-administering such inhibitors
(Junttila et al., 2009).

Resistance to trastuzumab is also observed tumors that express variants of HER-2 that lack
the trastuzumab-binding site in the extracellular domain, as well as high levels of
transforming growth factor-α (TGF-α) and MUC-4, both of which inhibit binding of
trastuzumab to the receptor (reviewed in Kruser and Wheeler, 2010). In cases such as these
where trastuzumab simply cannot bind to the receptor, use of second-generation EGFR/
ErbB-2 small molecule inhibitors, such as lapatinib (Glaxo-Smith-Kline), may be of
particular interest.

Other EGFR-Family Targeted Monoclonal Antibodies
Cetuximab (IMC, Erbitux®, Bristol-Meyers Squibb. Merck, Imclone Systems) is a chimeric
monoclonal IgG1 antibody that was approved in 2004 as either a monotherapy or as part of a
combination therapy regimen with irinotecan for metastatic colorectal cancer patients and
induces receptor internalization and antibody-based cytotoxicity (Bleeker et al., 2004).
Because subsequent clinical trials showed that the drug was efficacious against other solid
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tumors, cetuximab was later approved for use in combination therapy with radiation or as a
single agent in patients who previously underwent platinum-based chemotherapy (reviewed
in Lurje and Lenz, 2009). Interestingly, unlike many EGFR-targeted antibodies, cetuximab
also has demonstrable activity against the mutant vIII variant of the receptor that is
expressed in NSCLC, inhibiting its kinase activity and internalization (Perez-Torres et al,
2006; Doody et al., 2007; Steiner et al., 2007). This property suggests that cetuximab could
be useful in a greater variety of tumor types, including those that express mutant L858R/
T790M EGFRs, that are resistant to small molecule kinase inhibitors (Perez-Torres et al,
2006).

Another anti-EGFR monoclonal antibody currently approved for the treatment of metastatic
colorectal cancer is panitumumab (ABX-EGF-Vectibix®, Amgen), a human IgG2
monclonal antibody that binds to the extracellular domain of the EGFR and inhibits its
activity and internalization. Panitumumab was the first recombinant human antibody
approved for the treatment of EGFR-positive metastatic colorectal cancers that were
refractory to previous chemotherapy regimens that included either 5-fluorouracil, irinotecan
and oxaliplatin (reviewed in Wu et al., 2008b). Unfortunately, patients with mutations in
KRAS do not benefit from cetuximab or panitumumab treatment (Amado et al, 2008),
underscoring the need to use these agents in patients with wild-type KRAS or to use other
small molecule inhibitors that suppress Ras-mediated signaling pathways.

CONCLUSION
Targeted therapies represent some of the best discoveries that have resulted from the
convergence of basic and clinical research efforts. The development of imatinib and
trastuzumab, both firsts of their kind, have revolutionized the treatment of cancer and
spawned the development of second-generation inhibitors. While it is clear that we are
witnessing a change in the paradigm of cancer therapy, resistance to these inhibitors presents
a challenge to researchers and physicians alike. The emergence mutations in the ATP-
binding domains of tyrosine kinases and the activation of downstream and parallel signaling
pathways in drug-resistant tumors highlights the difficulty in generating inhibitors that can
effectively overcome resistant forms of the disease and reminds us that there is,
unfortunately, always a need to develop novel targeted therapies.
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Figure 1.
Structures of imatinib, nilotinib, dasatinib, gefitinib and erlotinib.
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Figure 2.
Schematic representation of the BCR-ABL protein. The positions of 10 of the most common
mutations in the kinase domain that confer imatinib resistance are shown. (Note: not drawn
to scale).
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Figure 3.
Schematic representation of the EGFR. The positions of the most commonly identified
mutations are shown. (Note: not drawn to scale).
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