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Abstract: Over the last ten years, several new and therapeutically relevant cancer drugs targeting tyrosine kinase
signaling pathways have been developed. Tyrosine kinase inhibitors (TKIs) are a pharmaceutical class of small molecules,
orally available, well-tolerated, worldwide approved drugs for the treatment of several neoplasms, including lung, breast,
kidney and pancreatic cancer as well as gastro-intestinal stromal tumors and chronic myeloid leukemia. This
comprehensive review focuses on the most relevant members of the first and the second generation TKIs designed to
interact with receptor and nonreceptor TKs. Attention is mainly focused on molecular mechanisms in in vitro and in vivo
models related to the clinical activity of the drugs and to the development of resistance to treatment, still the major chal-

lenge in cancer research and care.
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INTRODUCTION

Protein tyrosine kinases (PTKSs) are a family of proteins
that play significant roles in cancer development [1]. They
can be broadly subdivided into two classes based on their
structure, function and localization: receptor tyrosine kinases
(RTKSs) and nonreceptor tyrosine kinases (NRTKSs). Both of
them have been involved in multiple cancer types including,
but not limited to, leukemia, lung cancer, breast cancer, pan-
creatic cancer and gastrointestinal stromal tumors (GISTs)

[2].
RECEPTOR TYROSINE KINASES

Receptor tyrosine kinases have crucial functions in
signaling pathways involved in many cellular processes such
as proliferation, differentiation and metabolism, migration,
angiogenesis and survival. Aberrant RTK activity has been
linked with tumor development and abnormal cell growth.
Because of this high oncogenic potential, RTKs have be-
come a preferred target in cancer therapy.

In the human genome 58 RTKs have been identified,
distributed into 20 subfamilies as defined by receptor and/or
ligand, including receptors for insulin and growth factors,
such as epidermal growth factor (EGF), fibroblast growth
factor (FGF), platelet-derived growth factor (PDGF), vascu-
lar endothelial growth factor (VEGF) and nerve growth fac-
tor [1]. The RTKs catalyze the transfer of the y-phosphate of
adenosine triphosphate (ATP) to hydroxyl groups of tyrosi-
nes on target proteins. All RTKs contain an extracellular
highly glycosylated ligand binding domain (ECD) connected
to the carboxy-terminal tail cytoplasmic catalytic domain
with the kinase activity by a single transmembrane domain.
Ligand binding to the extracellular domain induces homo- or
hetero-dimerization of receptors [3] and subsequent activa-
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tion of the kinase. Dimerized receptors induce phosphoryla-
tion of tyrosine residues on the receptors themselves and on
downstream proteins, thus initiating signaling cascades [4].
Multiple cytoplasmic signaling pathways [Ras/mitogen acti-
vated protein kinase (MAPK), phospholipase C, PI3-kinase,
signal tranducer and activator of transcription-3 (STATS3),
SRC/FAK, protein kinase C and JAK/STAT] may be acti-
vated [5] leading to altered DNA synthesis and cell division
as well as effects on a variety of biological processes, includ-
ing cell growth, migration, differentiation and death [6].

RECEPTOR TYROSINE KINASE INHIBITORS

Due to their key role in signaling pathways that affect
every aspect of cell growth, differentiation and metabolism,
PTKs have become prime targets for cancer-directed ther-
apy. A great deal of interest has been devoted to the devel-
opment of small molecules, the TKIs, a new class of drugs
with a unique mechanism of action. Unlike monoclonal
antibodies (mAbs), TKIs can translocate through plasma
membranes and interact with the cytoplasmic domain of cell-
surface receptors and can be orally administered.

First Generation Inhibitors of the HER Family

The HER family and the RTKs encoded by these genes
function in a wide range of cellular processes including cell
proliferation and apoptosis. Four HER family members are
known: the EGF Receptor 1 (EGFR, HER1 or ErbB1) [7];
the EGF Receptor 2 (HER2, HER2/neu or ErbB2) [8]; the
EGF Receptor 3 (HER3 or ErbB3) [9] and the EGF Receptor
4 (HER4 or ErbB4) [10]. All, except HER3 [11], contain
intracellular catalytically active TK domain and all, except
HER2, bind to known extracellular ligands [12]. The HER
family ligands include EGF, amphiregulin and transforming
growth factor-o. (TGF-o), betacellulin, heparin-binding
EGF-like growth factor and several other molecules [13].
HER2 seems to be the preferred dimerization partner for all
the other HER receptors [14]. HER2 heterodimers are more
stable [15] and their signaling is more potent than other re-
ceptor combinations without HER2 [16].
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Aberrant expression and signaling of the HER family has
been associated with bladder, brain, colon, head and neck,
lung, ovarian, and pancreatic as well as breast cancer [17].
Amplification of the HER2 gene, resulting in HER2 protein
overexpression [18] is present in about 25% of human breast
cancers and is associated with a more aggressive form of the
disease with significantly shortened disease-free survival
(DFS) and overall survival (OS) [19]. As a result, this RTK
family has been extensively studied as therapeutic target of
many types of human carcinomas. Three EGFR TKIs are
currently in clinical use: gefitinib [20], erlotinib [21] and
lapatinib [22]. All these compounds share a common 4-
anilinoquinazoline core even if they have distinct HER in-
hibitory profiles and mechanisms of action.

Overexpression of EGFR has been linked to the patho-
genesis of many human solid tumor types, playing a key role
in promoting tumor invasion and metastasis [23]. The first
signaling cascade downstream of the EGFR is the
Ras/MAPK pathway [24]. Following dimerization and auto-
phosphorilation of specific tyrosine residues, the SOS (Son
of Sevenless) guanine nucleotide exchange factor is recruited
to the plasma membrane via the Grb2/Drk/Sem5 adapter
protein. SOS stimulates the exchange of GTP for GDP on
Ras which becomes activated and, in turn, binds to and acti-
vates Raf. Raf then binds to, phosphorylates and activates
MEK, a dual kinase that can phosphorylate tyrosine and ser-
ine residues. MEK phosphorylates and activates MAPK
pathway to promote cell proliferation [25]. EGFR also medi-
ates cell functions through the phospholipase C gamma
(PLCy) and phosphatidylinositol-3-kinase (PI13K)/Akt/
mTOR pathways. The complexity of signaling is further in-
creased by cross-talk among individual pathways. Ras is able
to regulate PI3K activity and PLCy can indirectly regulate
Ras [26]. Another signaling cascade initiated by activation of
EGFR is the Janus kinase (JAK)/signal transducer and the
activator of transcription (STAT) pathway, which is also
implicated in cell survival responses [27]. JAK phosphory-
lates STAT proteins localized at the plasma membrane lead-
ing to the translocation of STAT proteins to the nucleus
where they activate the transcription of genes associated with
cell survival.

Non small cell lung cancer (NSCLC) still remains the
leading cause of death due to cancer despite progresses of
the last years in diagnosis and treatment [28]. NSCLC is
associated with a high rate of EGFR overexpression [23] and
somatic mutations of the EGFR have been detected in ap-
proximately 10% of European and North American NSCLC
patients and in 30-40% of East Asian patients [29]. These
mutations have been related to a higher sensitivity to EGFR
TKIls [30].

Erlotinib and gefitinib are orally active compounds be-
longing to the first generation of inhibitors of the intracellu-
lar TK domain of the EGFR [21].

Gefitinib

Gefitinib (Iressa®; ZD1839) is a low molecular weight
synthetic anilinoquinazoline compound with a high, selective
and reversible capacity to inhibit the TK activity the EGFR
in a dose-dependent and complete manner. Gefitinib targets

the ATP-binding cleft of the EGFR TK domain thus inhibit-
ing ATP binding, completely blocking EGFR autophos-
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phorylation and signal transduction. Among several quina-
zoline derived TKIs, gefinitinib has been selected for clinical
evaluation for its high EGFR TK inhibitory activity and long
half-life compatible with once-daily oral administration [20].
As a single agent and in combination with various chemo-
therapy agents, gefitinib inhibits tumor cell proliferation,
apoptosis and angiogenesis in a variety of EGFR-positive
human cancer cell lines and xenografts [31], but its activity
does not depend on the levels of expression of the EGFR
[32]. In NSCLC, responses to TKIs were noted in subsets of
patients, notably of East Asian ethnicity, female gender,
light- or never-smoking status and adenocarcinoma histology
[33, 34]. In the same subset of patients, EGFR mutations
predicting for response to TKIs were identified in the TK
domain [30]. In addition, more than 70% of NSCLCs with
EGFR mutations responded to TKIs, whereas only 10% of
wild type tumors responded [35]. Mutations are limited to
the first 4 exons (exons 18-21), in the ATP-binding region
of the EGFR gene TK domain leading to constitutive auto-
phosphorylation and aberrant activation of EGFR [36]. The
TK domain normally exists in on (active) or off (inactive)
conformational states. It consists of two roughly globular-
shaped lobes, the N-terminal (N-lobe) and C-terminal (C-
lobe) lobes [1] and the ATP-binding catalytic cleft lies be-
tween them. The smaller N-lobe consists largely of a B-sheet
and the prominent highly conserved aC helix, which has a
role in the conformational changes of the binding pocket and
for activation. The C lobe is larger and mostly helical. The
aC helix, the activation loop and the phosphate-binding loop
represent key structures required for function and activation
and surround the cleft. The most common mutations target
these key structures and can be classified as either class (i),
class (ii) or class (iii). Class (i) mutations are in-frame dele-
tions in exon 19, that almost always include amino acid resi-
dues leucine-747 to glutamic acid-749 and are located at the
N-terminus of the kinase domain C-helix. Deletions in exon
19 shorten a loop at the N-terminus of the aC helix (which
borders the catalytic cleft in the N-lobe and participates in
substrate binding), restrain the aC helix and shift the axis of
the helix downward. These deletions account for approxi-
mately 44% of the activating EGFR TK domain mutations.
Class (i) mutations are dominated by a single point mutation
in exon 21 in which the replacement of hydrophobic leucines
at residue 858 with an arginine (L858R) may thermodynami-
cally favor the stabilization of the activation loop in the acti-
vated position. This point mutation accounts for approxi-
mately 41% of EGFR TK activating mutations. An addi-
tional 4% of EGFR TK activating mutations result in gly-
cine-719 mutation to either serine, alanine, or cysteine, and a
further 6% are represented by other missense mutations.
Class (iii) mutations account for the remaining 5% of EGFR
TK activating mutations [37]. These mutations appear to
selectively activate Akt and STAT signaling, which pro-
motes cell survival by inducing resistance to apoptosis [38].

Clinical data have shown that lung cancers showing
EGFR mutations are sensitive to EGFR TKIs [30]. High re-
sponse rates (~ 70%) to gefitinib in patients with EGFR mu-
tations have been confirmed in recently published prospec-
tive phase Il studies [39]. In addition, patients with EGFR
mutations have a significantly longer survival when treated
with EGFR TKIs [40]. An increase in EGFR gene copy
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number has also been associated with significant survival
benefit from EGFR-TKIs treatment [41]. Further studies
indicated that other factors, like interactions with other
members of the EGFR family i.e. HER2 and HER3 might
play a role in determining response and survival after TKIs
[42]. On the other hand, transformation by the D770_N771
ins NPG (exon 20) EGFR insertion confer resistance to gefit-
inib or erlotinib treatment [36, 43]. A further complexity is
the clinical observation that somatic mutations of KRAS con-
fer intrinsic resistance to TKIs as it has been demonstrated in
patients with kRAS-mutated colorectal cancer [44, 45]. The
actual role of kRAS mutations will be discussed below in the
erlotinib paragraph. In addition, mesenchymal-epithelial
transition factor (MET) amplification and over-expression of
its ligand, the hepatocyte growth factor (HGF), have also
been reported as causes of acquired resistant of EGFR-TKI
[46, 47], and it is hypothesized that other mechanisms of
resistance may exist [48].

Based on the data from two phase 1l trials [33, 49], gefit-
inib initially received accelerated approval by the U.S. Food
and Drug Administration (FDA) in May 2003 for patients
with locally advanced or metastatic NSCLC who had pro-
gressed after platinum-based and docetaxel chemotherapy.
Later, a phase 11 trial comparing gefitinib with Best Suppor-
tive Care (BSC) did not show any statistically significant
difference in OS [50]. After the results of this trial, in June
2005 the FDA restricted the use of gefitinib to patients en-
rolled in clinical trials or deriving clinical benefit from ongo-
ing treatment. This effectively removed gefitinib from rou-
tine clinical practice within the U.S. However, gefitinib was
approved in other countries and clinical trials investigating
the role of gefitinib are still in progress. Of particular rele-
vance is the phase Il study INTEREST comparing gefitinib
with docetaxel in pretreated advanced NSCLC patients from
24 countries worldwide [51]. The trial established non-
inferior survival benefit of gefitinib vs docetaxel in almost
all subgroups with added advantages of improved tolerability
and quality-of-life, suggesting that gefitinib is a valid treat-
ment for pretreated patients with advanced NSCLC [52]. The
European Medicines Agency (EMEA) granted marketing
authorisation to gefitinib in 2009 for treatment of locally
advanced or metastatic NSCLC bearing activating mutations
of EGFR, across all lines of therapy.

Erlotinib

Erlotinib (Tarceva®; OSI-774) is an orally active quina-
zoline derivative that selectively and reversibly inhibits the
TK activity of the EGFR by competing with ATP for the
ATP-binding site within the intracellular TK domain of the
EGFR. Binding modality of erlotinib to the EGFR is essen-
tially the same as gefitinib [53]. Nanomolar concentrations
of erlotinib inhibit the growth of various cancer cell lines
that express the EGFR and this effect is accompanied by a
significant reduction of intratumoral EGFR phosphorylation
[21]. Erlotinib has additive growth inhibitory effects when
used in combinations with cytotoxic drugs, including pacli-
taxel and cisplatin [54]. The main circulating metabolites of
erlotinib are products of the O-demethylation of the side
chains (such as OSI-420 and OSI-413) and their activity
against EGFR is similar to that of erlotinib [55]. The phar-
macokinetics of erlotinib and its metabolite OSI-420 are
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dose-independent and not appear to be altered by the con-
comitant administration of paclitaxel and carboplatin [56,
57]. The recommended dose for the orally continuous sched-
ule is 150 mg/day. The primary route of metabolism is oxi-
dation by the cytochromes CYP3A4, CYP3A5, CYP1A1l and
CYP1A2 isoforms of the P450 enzymes [58]. Polymor-
phisms of these genes have been linked to interindividual
variability in erlotinib toxicity, i.e. acneiform skin rash and
diarrhea [33, 41].

Similarly to gefitinib, early experience with erlotinib re-
vealed that some patients experienced a rapid and tremen-
dous response to therapy, and that these responses were as-
sociated with a history of never-smoking, female sex, Asian
ethnicity, adenocarcinoma histology [44]. These clinical
subgroups have been found to have a higher prevalence of
activating EGFR mutations in the TK domain [59].

Despite the high response rates to gefitinib and erlotinib
in EGFR-mutant NSCLC, all patients will ultimately develop
acquired resistance [60]. Mechanism of resistance, in more
than 50% of patients, is secondary to EGFR mutations that
affect drug efficacy. There are currently two documented
point mutations linked to acquired resistance to erlotinib, the
threonine-790 to methionine (T790M) [44, 61] and aspartic
acid-761 to tyrosine [62]. EGFR T790M mutation has been
found in about 50% of tumors from patients that have devel-
oped acquired resistance to therapy [63]. Crystal structure
modelling has revealed that position T790 is located in the
ATP-binding pocket of the catalytic region and it is critical
for the binding of erlotinib. Substitution of the threonine at
this codon with a methionine, is thought to sterically hinder
the binding of these two drugs.

Other mechanisms of resistance have been related to
MET deregulation and to kRAS mutations. Pitfalls in the
MET/HGF signaling pathway can cause resistance via dif-
ferent mechanisms, including HGF and/or MET overexpres-
sion, MET gene amplification, mutations or rearrangements
[64]. Moreover MET interacts with the HER3-dependent
activation of PI3K thus allowing the cells to maintain activity
of downstream signaling pathways even in the presence of
EGFR inhibitors [59]. Somatic mutations of the KRAS onco-
gene have been assessed as a mechanism of de novo resis-
tance to TKIs in about 20% of NSCLC patients [65, 66]. The
Ras/Raf/ERK pathway activation plays a key role in tumor
growth and progression of various tumor types [67]. kRAS
mutations, most frequently found in codons 12, 13 and 61
[68], lead to impaired GTPase activity resulting into consti-
tutive activation of RAS signaling. This permits the cell to
evade apoptosis and acquire a growth advantage independent
of EGFR signaling and thereby resistant to EGFR TKIs ther-
apy [69]. However, an intact KRAS is necessary but not suf-
ficient to derive benefit from EGFR inhibition [70]. KRAS
and EGFR mutations seems mutually exclusive thus suggest-
ing that they might have functionally equivalent roles in lung
tumorigenesis. About 15-30% of lung adenocarcinomas con-
tain activating mutations of kRAS while they are quite un-
common in lung squamous cell carcinomas [68, 71]. Recent
reports indicate that alterations in other members of the
EGFR signaling cascade could also drive resistance to anti-
EGFR therapy, including BRAF mutations [72] and deregu-
lation of the PIK3CA/PTEN pathway [73].
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Erlotinib has been approved by the FDA on November
2004 and by the EMEA in October 2005 for the treatment of
locally advanced or metastatic NSCLC after failure of at
least one prior chemotherapy regimen on the basis of the
BR.21 trial, which showed a significant improvement in pro-
gression free survival (PFS) and OS with erlotinib in com-
parison to BSC in previously treated patients [34]. On the
other hand, two randomized, double-blind, placebo-
controlled phase 11 trials assessing the efficacy of erlotinib
in combination with chemotherapy in the first-line setting,
the TRIBUTE and the TALENT trial, failed to demonstrated
any survival advantage for patients receiving the addition of
erlotinib to a standard platinum-based doublet chemotherapy
[74, 75]. According to the last update of the American Soci-
ety of Clinical Oncology Clinical Practice Guidelines, er-
lotinib is now recommended as third-line therapy for the
treatment of patients with stage IV NSCLC who have not
received prior erlotinib or gefitinib [76]. Erlotinib has also
been approved by the FDA and EMEA in combination with
gemcitabine for the treatment of patients with locally ad-
vanced, unresectable or metastatic pancreatic carcinoma,
although clinical data showed a modest benefits in survival
rates [77].

Lapatinib

The HER family receptors, EGFR and HER2, are both
overexpressed in approximately 25% of primary breast can-
cers [18]. This overexpression is associated with poor prog-
nosis, suggesting HER targeting therapies as an attractive
modality for breast cancer treatment [19]. Nowadays the
standard of care for early and advanced stage HER2 overex-
pressing breast cancers is the anti-HER2 mAb trastuzumab
[78]. Unfortunately, most HER2-positive breast cancers do
not respond to trastuzumab and the majority of responders
progress within 12 months after initiating therapy [79]. Con-
sequently, other approaches to block HER2 signaling have
been developed including small molecules that compete with
ATP for binding the catalytic kinase domain of both EGFR
and HER2. On the other hand, EGFR is not a major thera-
peutic target in breast cancer [80] but it has been shown to be
relevant in other tumor types [23] or breast tumors that de-
velop insensitivity to HER2 targeted therapy [81]. The
knowledge of the mechanisms of trastuzumab resistance is of
paramount relevance to understand the role of lapatinib in
breast cancer treatment. The PI3K pathway can be activated
by a loss or low levels of the tumor suppressor phosphatase
and tensin homolog (PTEN) [82]. PTEN negatively regulates
cell proliferation and survival by inhibiting downstream ef-
fectors of PI3K, such as Akt [83]. Downregulation, muta-
tions and/or deletions of PTEN, reported in up to 50% of
breast cancer cases [84], may lead to trastuzumab resistance
[82]. The insulin-like growth factor (IGF) signaling system
regulates multiple levels of tumor progression, including
proliferation, evasion from apoptosis, metastasis and inva-
sion [85]. Overexpression of the IGF-1 receptor (IGF-1R) or
increased levels of IGF-1R/HER2 heterodimers may hyper-
activate PI3K and its downstream effector Akt, thus causing
trastuzumab resistance [86]. Amino terminally truncated
carboxyl terminal fragments of HER2 are termed p95-™52;
they are HER2 receptors that have a truncated ECD, but re-
tain their kinase activity. p955™®? may originate through the
proteolytic shedding of the extracellular domain of full-
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length HER?2 [87] or alternative initiation of translation from
methionines located near the transmembrane domain of the
full-length molecule [88]. They are found in up to 30% of
HER2-positive breast cancer cell lines and tumors [89] and
high levels of these molecules are correlated with reduced
DFS and OS [87, 89]. Expression of p955™® may disrupt
trastuzumab binding at the cell surface, hence signaling
pathways remain active even if trastuzumab is present.

Other unconfirmed mechanisms of resistance have been
reported [90] such as high levels of EGFR and HERS3 ligands
[81, 89], CD44 tumor cell overexpression [91], Fc receptor
status and lack of ADCC response [92], microRNA signa-
tures [93], phosphorylated HER2 receptor [89] and ¢c-MYC
amplification [94].

Lapatinib (Tykerb®/Tyverb®; GW572016) is a synthetic,
low molecular weight, orally-active compound, developed
from the quinazoline core found in other HER RTKIs. It
shows a reversible, non-covalent inhibition of the TK do-
main of both EGFR and HER2 [22], but it has a very slow
off-rate compared with gefitinib or erlotinib. This allows for
prolonged effects after drug concentrations have dropped,
even if the clinical relevance of this phenomenon is yet to be
established [95]. Lapatinib has been shown to inhibit the
growth of HER2-overexpressing breast cancer cells and to
have a synergistic effect with trastuzumab, the two com-
pounds being apparently non cross-resistant [96, 97].
Lapatinib also sensitizes HER2-overexpressing breast cancer
cells to radiation [98] and restores tamoxifen sensitivity in
tamoxifen-resistant breast cancer models [96]. A recent
meta-analysis of randomized phase Il trials in metastatic
breast cancer has shown that the clinical benefit from treat-
ment with lapatinib is limited to patients with HER2-positive
breast cancer, showing no activity in HER2-negative disease
[99].

The activity of lapatinib in trastuzumab resistant cells has
been related to different possibilities. Lapatinib seems to
have activity in tumors expressing the truncated p95="®
directly inhibiting phosphorylation of the constitutively acti-
vated TK activity within the cell [93]. Lapatinib is also able
to reduce the IGF-I signaling pathway in trastuzumab-
resistant cells and to inhibit signaling in tumor cells even in
the presence of elevated IGF-I [100]. These results are fur-
ther reinforced by data showing that co-administration of
lapatinib with an antibody that blocks IGF-IR, alpha IR3, has
an additive effect on decreasing breast cancer cell prolifera-
tion [100]. Lapatinib is effective also in cells in which PTEN
has been downregulated [67]. It has also been shown to in-
hibit HER2 phosphorylation and to prevent its ubiquitination
thus causing a marked accumulation HER2 at the cell sur-
face. This increase in receptor number at the cell surface may
enhance trastuzumab-mediated ADCC [101].

Lapatinib and trastuzumab have recently been shown to
interact synergistically in the inhibition of the proliferative
activity of a panel of HER2-amplified human upper
gastrointestinal cancer cell lines and xenografts, supporting a
role for these drugs in metastatic gastric cancer treatment
[102, 103].

Lapatinib has been approved by the FDA in 2007 and by
EMEA in 2008 for use in combination with capecitabine for
the treatment of patients with advanced or metastatic HER2-
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positive breast cancer who have received prior therapy in-
cluding an anthracycline, a taxane and trastuzumab [104].
On January 2010, the FDA approved lapatinib in combina-
tion with letrozole to treat hormone receptor positive and
HER2-positive advanced breast cancer in postmenopausal
women for whom hormonal therapy is indicated [105].

Second Generation Inhibitors of the HER Family

BIBW 2992

BIBW 2992 (Tovok®) is a still investigational, second
generation, orally available, irreversible in vitro and in vivo
inhibitor of EGFR and HER2 receptors [106]. BIBW-2992
inhibits proliferation of EGFR and HER2 positive tumors
[107], including NSCLC cell lines and animal models over-
expressing EGFR with the T790M point mutation, responsi-
ble for acquired resistance to gefitinib and erlotinib [108].
From phase | trials, the recommended dose is 70 mg once-
daily in a 14-day on, 14-day off schedule or 50 mg continu-
ously; it is generally well tolerated with only diarrhea and
skin rash as limiting toxicities [106, 109]. BIBW 2992 is
currently under clinical evaluation in NSCLC, breast and
prostate cancer, head and neck carcinoma as well as glioma.
The clinical efficacy and safety of BIBW 2992 versus
standard chemotherapy (cisplatin/pemetrexed) as first-line
treatment in NSCLC patients with EGFR mutations is
currently being investigated in a Phase 111 study. BIBW 2992
has received a Fast Track Designation status by the FDA for
NSCLC patients resistant to prior treatment with reversible
EGFR inhibitors.

Canertinib

Canertinib dihydrochloride (CI-1033; PD183805) is a
still investigational, second generation, orally available, irre-
versible pan-HER TKI. It irreversibly blocks ATP binding
site of all four members of the HER receptor family and in-
duces receptor ubiquitination and degradation [110]. Caner-
tinib has been shown to have anticancer activity against a
wide variety of tumor models, including NSCLC, glioblas-
toma, breast and ovarian cancer [111, 112]. It has also been
shown to act as a radiosensitizing agent and to sinergize with
chemotherapeutic agents [113-115]. Canertinib has been
evaluated in phase Il clinical studies at orally administered
daily doses ranging between 50 and 450 mg, using an inter-
mittent or a continuous-dosing schedule, however only the
50 mg dose was well tolerated [116, 117]. Higher doses of
canertinib have been associated with dose-limiting toxicities
such as diarrhea, edema, rash, anorexia, and thrombocy-
topenia [116, 117]. Single-agent canertinib did not show
clinically significant activity in pretreated patients with me-
tastatic breast cancer expressing one or more HER receptors.
The drug is currently under evaluation in several clinical
trials.

Neratinib

Neratinib (HKI-272) is a still investigational, second
generation, orally available, potent irreversible pan-HER
TKI selected among a series of 6,7-disubstituted 4-
anilinoquinoline-3-carbonitriles, all targeting of EGFR,
HER2, HER3 or HER4 kinases [118, 119]. It binds to a con-
served cysteine residue (Cys 797) within the ATP-binding
pocket of the HER receptors, forming a covalent complex
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[120]. Neratinib inhibits cell proliferation of most HER2-
positive breast cancer cell and EGFR-dependent cells [120].
It also blocks the growth of HER2 overexpressing tumor
xenografts in a way compatible with a once-daily oral dosing
[120]. Neratinib has also been shown to overcome multiple
mechanisms of gefitinib resistance in EGFR-T790M point
mutant NSCLC cells [121]. Neratinib is currently being
tested in the clinical setting at the once-daily dosing of 320
mg orally administered [122] mainly in patients with gefit-
inib and erlotinib resistant NSCLC and HER2 overexpress-
ing breast cancer, with promising preliminary results [119].
A randomized phase Il trial comparing neratinib versus
lapatinib and capecitabine in HER2-positive trastuzumab-
resistant metastatic or locally advanced breast cancer is
currently recruiting participants (NCT00777101).
Pelitinib

Pelitinib (EKB-569) is a still investigational, second gen-
eration, orally available, irreversible EGFR TKI [118]. It
binds covalently to cysteine residue in EGFR and HER2
thereby inhibiting receptor phosphorylation and downstream
signaling pathways [123, 124]. Pelitinib inhibits tumor cell
proliferation in in vitro [124] and in vivo animal models
[123]. It has good tolerability profile and its prolonged in-
hibitory effect on EGFR phosphorylation allows once-daily
oral administration with either intermittent or continuous
schedule, either in monotherapy or in combination with
chemotherapy [125-127]. Development of pelitinib for the
breast cancer treatment has been suspended for lack of activ-
ity in this setting.

Multitarget Tyrosine Kinase Inhibitors (MTKIs)

Multikinase inhibitors are small molecules capable to in-
hibit multiple RTKs and related signaling pathways [128].
Among them, multikinase angiogenesis inhibitors have
shown relevant clinical activity in several tumor types, in-
cluding kidney and liver cancer. In healthy individuals, the
formation and maintenance of new vasculature is a complex
multi-step process and its disregulation has significant im-
pact on many disease states including inflammation, cardio-
vascular diseases and cancer [129]. Angiogenesis is physio-
logically controlled by the balance between of pro- and anti-
angiogenic factors, while pathological angiogenesis is
shifted to a sustained production of pro-angiogenic factors
[130]. Pathological angiogenesis is necessary for tumors to
grow beyond the limits of passive diffusion and it is essential
for tumor cell survival, local invasion and metastatic spread-
ing [131]. Many extracellular, cell surface and intracellular
molecules able to induce angiogenesis have so far been iden-
tified, including VEGF, FGF, PDGF, TGF-al, adhesion
molecules, matrix metalloproteinases, urokinase plasmino-
gen activator, fibronectins and collagens, transcription fac-
tors such as hypoxia inducible factor (HIF), nuclear factor-
kB (NF-xB) and signaling molecules such as mTOR, Akt,
cyclooxygenase-2 and others [132]. The role of angiogenesis
inhibitors such as thrombospondin-1, metallopeptidase in-
hibitor-1, interleukin-10, angiostatin, endostatin and a num-
ber of other molecules, is to physiologically counteract
stimulatory effects on blood vessel formation [133]. The net
outcome between of pro- and antiangiogenic factors depends
mainly on hypoxia, oncogenes or growth factor signaling.
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VEGF (or VEGF-A) is a tumor-secreted cytokine with a
key role in promoting angiogenesis [134]. VEGF is a dimeric
glycoprotein, member of the PDGF superfamily of growth
factors that includes VEGF-B, VEGF-C, VEGF-D, VEGF-E
and placenta growth factor (PIGF). The VEGF gene, located
in the 6p21.3 region [135], is composed of eight exons and
alternative exon splicing results in generation of four major
VEGF isoforms (VEGF121, VEGFis5, VEGF3g, and
VEGF46is) [136, 137]. VEGF expression is mainly induced
by hypoxia mediated by HIF-1 overexpression [138] but also
other factors including cytokines [139], growth factors [140],
tumor suppressor genes [141] and hormones [142] contribute
to its regulation.

The VEGF-Receptor (VEGFR) family consists of three
membrane RTKs predominantly, but not exclusively, ex-
pressed in endothelial cells: VEGFR-1 (FIt-1), VEGFR-2
(KDR/FIk-1) and VEGFR-3 (flt-4) [143]. VEGF binding to
VEGFRs induces receptor homo- or hetero-dimerization
leading to autophosphorylation and activation of the intracel-
lular TK domain of the receptor [143]. Intracellular signaling
activated by VEGFRs include PLC-y, MAPK and PI3K-Akt
pathways [143, 144]. Members of the VEGF family have
different affinities for one of the three VEGFRs: VEGF-A
binds to VEGFR-1 and VEGFR-2; VEGF-B and PIGF bind
selectively to VEGFR-1 while VEGFR-3 is bound only by
VEGF-C and VEGF-D [143]. VEGFR-1 and VEGFR-2 are
prominently expressed by vascular endothelial cells in addi-
tion to selected other cell types; VEGFR-3 is prominently
expressed in lymphatic endothelial cells, although it can also
be expressed on activated blood endothelial cells [145]. It is
now agreed that VEGFR-2 is the major mediator of mito-
genic, angiogenic and permeability-enhancing effects of
VEGF [146].

Interference with VEGF pathways is the most validated
approach to block tumor angiogenesis. Currently approved
antiangiogenic drugs are represented by mAbs against circu-
lating VEGF (i. e. bevacizumab) and small MTKIs of
VEGFRs and related signaling molecules [147, 148].

First Generation MTKIs
Sunitinib

Sunitinib malate (Sutent®; SU11248) is an oral MTKI
with antitumor and antiangiogenic activities. Sunitinib selec-
tively inhibits members of the split-kinase domain RTKs,
including all three isoforms of VEGFR, PDGF receptor
(PDGFR)c,, PDGFRp, FLT3, KIT, colony-stimulating factor
1 receptor, RET and RET/PTC subtypes 1 and 3 [149, 150].
The VEGF and PDGF signaling pathways are critical in
transduction of extracellular signals and induction of angio-
genesis [151]. Simultaneous inhibition of both targets is
expected to suppress tumor neoangiogenesis to a greater
extent than inhibition of either of the targets alone [152].
Moreover, use of such a multitargeted strategy might delay
or prevent the emergence of resistance to therapy [153]. In
vitro, sunitinib inhibits the VEGF-induced proliferation of
human endothelial cells, abrogates migration and blocks their
ability to form capillary-like tubes [149, 151]. In vivo, sunit-
inib treatment prevents new blood vessel formation in the
tumor vascular window model, and slows progression of
tumor growth [154]. On the other hand, receptors such as c-
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KIT, FLT3, and RET are also relevant in signal transduction
and growth of solid tumors, including GISTs, small-cell lung
cancer, thyroid carcinoma and hematologic malignancies
such as lymphomas and leukemias [151, 155]. Preclinical
data have shown that sunitinib antitumor activity may result
also from a direct antiproliferative effect on tumor cells
[149].

Sunitinib is primarily metabolized by cytochrome P450
3A4 to SU12662, an active N-desethyl metabolite. SU12662
is also metabolized by cytochrome P450 3A4. The combina-
tion of sunitinib and SU12662 represents the total active
drug in plasma [156].

Sunitinib has been evaluated in the clinic as an antiangio-
genic agent in several types of cancer [157, 158] but its
higher activity has been detected in patients with metastatic
clear-cell renal carcinoma (RCC) [159, 160] and with
imatinib resistant or intolerant GIST patient [161, 162].

The pathogenesis of clear-cell RCC is associated with the
loss of function of the von Hippel-Lindau (VHL) gene
[163]. Inactivation of both VHL alleles via mutation or pro-
moter hypermethylation is present in more than 60% of spo-
radic, non-inherited clear-cell RCC and in RCC secondary to
the VHL syndrome, an inherited multi-system disorder char-
acterized by vascular tumors including RCC [164]. The VHL
gene product forms stable complexes with other proteins,
such as elongin C/B, Cullin2 and ring box1 and targets the
o-subunit of HIF-1o and HIF-2 o for ubiquitin- and protea-
some-mediated degradation [5, 165]. Under hypoxic status
or when the VHL gene is mutated, HIF overaccumulates in
the cell, thus promoting increased transcription of several
pro-angiogenic factors such as VEGF, PDGF, TGFa, Glu-
cose transporter-1 and EGFR. Understanding the VHL gene
pathways has allowed development of targeted approaches in
the treatment of patients with advanced RCC, i. e. with the
use of drugs such as sunitinib and sorafenib targeting the
VEGF and PDGF receptors.

A multicenter randomized phase Il study comparing
sunitinib with INF-a in front-line therapy of patients with
untreated metastatic clear-cell RCC defined the clinical ac-
tivity of the drug in this setting [160]. Sunitinib treatment
resulted in a response rate of 31% vs. 6% (p <0.001) and a
median PFS of 11 months (95% CI: 10-12) against the 5
months (95% CI: 4-6) in the IFN-a group (HR: 0.42; 95%
Cl: 0.32-0.54; p <0.001). These data allowed to recommend
sunitinib as the new reference standard for the first-line
treatment of metastatic RCC. Treatment with sunitinib has
recently been associated with a significant three-fold in-
crease in the risk of arterial thromboembolic events (ATES)
with no differences between RCC and non-RCC patients,
warranting a careful, continued surveillance and prompt re-
porting specially in high risk patients [166]. The role of
sunitinib in the adjuvant setting is currently under evaluation
in two large phase Ill studies (S-TRAC and ASSURE) in
high-risk patients.

The majority of adult GIST cases result from activating
mutations of the KIT exon 11 gene, which encodes for the
KIT RTK (> 80%) or of PDGFRa (5-7%) [167, 168]. The
remaining 10-15% of wild type GISTs have no known mo-
lecular alterations even if it has been recently suggested
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other molecular alterations may be responsible, such as mu-
tations in the neurofibromatosis type 1 gene, mutations in
BRAF or amplification of the IGF-1R [169, 170]. GISTs
harbouring KIT exon 11 mutations achieve the best re-
sponses with TKI imatinib [171], a drug that targets the ATP
binding site of KIT and PDGFRA thus blocking signaling
pathway and cell growth (see below) while the KIT exon 9-
activating mutations predict resistance to imatinib therapy
[172]. However, about 12-14% of patients have primary re-
sistance and about 2-3 years after commencing treatment,
half of the patients show secondary resistance [173]. Follow-
ing progression during treatment with the imatinib at the
standard dose of 400 mg/day, it is advised to increase the
imatinib dose to 800 mg/day. The higher dose of 800 mg/day
is also recomended for patients with KIT exon 9-activating
mutations. In case of further progression or intolerance to
imatinib, second line therapy with sunitinib is now the treat-
ment of choice [161, 174]. In this setting, patients treated
with sunitinib have a response rate of 7%, with a median
PFS of about 6.3 months versus 1.5 months for patients re-
ceiving placebo [161]. Of interest, sunitinib was not as
effective in patients with secondary KIT exon 17 or 18
mutations (which encode the activation loop) [162].
Genotype testing, when available, could be an aid to select
the most appropriate first-line therapy for individual patients
[162].

Sunitinib has received regulatory approval in 2006 by the
FDA and by EMEA for the treatment of advanced renal cell
carcinoma and imatinib-resistant or imatinib-intolerant
GISTs and it is actually in phase 111 development across mul-
tiple tumor types.

Sorafenib

Sorafenib tosylate (Nexavar®; BAY 43-9006) is a biaryl
urea, orally available, multikinase inhibitor. Sorafenib was
originally developed as an inhibitor of the mutant B-RAF
and C-RAF kinases [175], members of the MAPK signaling
pathway [176] and later, after the hypertensive effect ob-
served in clinical trials, sorafenib has been shown to block
VEGFR-2 and VEGFR-3, PDGFR-B, FLT3, RET, c-KIT, the
serine/threonine kinases c-RAF and both wild-type and mu-
tant">*°€ BRAF [175, 177, 178].

Sorafenib inhibits in vitro tumor cell proliferation at a
concentration within plasma levels shown to be active in
clinical trials [179] and blocks in vivo the growth of human
tumor xenografts including colon, lung, breast, ovarian, pan-
creatic, thyroid and melanoma cancers in a dose-dependent
manner [175]. The growth inhibiting activity of sorafenib
has been related to a direct antitumor effect and to its antian-
giogenic properties depending on the tumor type, even if it is
difficult to determine the relative contribution to the soraf-
enib clinical efficay [175].

In the multicenter, double-blind, randomized, phase 11l
TARGET trial, sorafenib extended PFS from 2.8 to 5.5
months (HR: 0.44; 95% CI: 0.35-0.55; p < 0.01) in patients
who failed on cytokine therapy as compared with placebo
[180]. However, partial responses were reported in only 10%
of patients treated with sorafenib but many patients had sta-
ble disease. Even if the trial did not show an OS gain in the
sorafenib arm at the first preplanned interim analysis, pa-
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tients still on placebo were allowed to cross over to soraf-
enib. Interestingly, a preplanned secondary analysis censor-
ing patients crossing over from placebo to sorafenib, treat-
ment with sorafenib led to a survival advantage, suggesting
an important cross-over effect [181]. Data from this trial
allowed FDA approval in 2005 of the drug as second line
treatment, in cytokine-refractory advanced RCC patients. A
recently published randomized phase 11 trial failed to show a
PFS advantage of sorafenib vs IFN-o-2a in patients with
untreated RCC [182].

Liver cancer is highly resistant to cytotoxic chemother-
apy and death rates for are increasing worldwide [28]. Before
sorafenib, there was no standard treatment for patients with
non-resectable hepatocellular carcinoma (HCC). Hepatocar-
cinogenesis is a complex event, which has been mainly re-
lated to angiogenesis [183] and to the activation of the
MAPK signaling pathway [184]. Upregulation of the MAPK
pathway and overexpression of RAS has been reported in
preneoplastic lesions and HCC cells [185]. HCC is a hyper-
vascularized tumor and VEGF increases both HCC devel-
opment and metastases in preclinical models [186]. Moreo-
ver, in animal models, overexpression of PDGFR-B, a pro-
angiogenic factor [187], on endothelial cells of HCC tumors
is associated with a highly metastatic phenotype [188]. In
HCC models, sorafenib has been reported to inhibit cell pro-
liferation, to induce apoptosis and tumor regression by re-
ducing tumor angiogenesis and blocking the MAPK cascade
[189].

The international, multicenter, randomized, placebo-
controlled, phase I1l, SHARP trial confirmed these preclini-
cal data suggestions [190]. Previously untreated patients with
advanced HCC were randomized to receive either sorafenib
or placebo. The median OS was 10.7 months in sorafenib-
treated patients vs 7.9 months in placebo patients (HR: 0.69;
p =0.00058); time to progression was also significantly im-
proved (median 5.5 vs 2.8 months; HR: 0.58; p =0.000007).
These data are confirmed by a recent meta-analisys showing
that sorafenib-based therapy is superior to other agent-based
therapy in terms of time to disease progression and OS.
However, treatment with sorafenib, as shown for sunitinib,
has been associated with a significant increase in the risk of
ATEs [166].

Sorafenib has been approved by FDA and EMEA for
treatment of advanced unresectable HCC and it is the only
approved targeted therapy for these patients, thus becoming
the new reference standard [191]. The possible efficacy of
sorafenib as adjuvant treatment in order to prevent recur-
rences after resection or local ablation is currently being
evaluated in clinical studies [192].

Second Generation MTKIs
Axitinib

Axitinib (AG013736) is a still investigational, second
generation, orally available, angiogenesis inhibitor of multi-
ple RTKs including VEGFR-1, VEGFR-2, VEGFR-3,
PDGFR and cKIT. It has a relatively high potency against
VEGFR-2 with respect to other inhibitors [193, 194]. It has

been shown to reduce tumor angiogenesis, vascular perme-
ability, blood flow [195] and tumor growth of a murine
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Lewis lung carcinoma model in a dose-dependent manner
[193].

In phase I and II trials single-agent axitinib demonstrated
anti-tumor activity in multiple cancers, including advanced
RCC, NSCLC, melanoma, colorectal and thyroid cancer
[183-186]. The drug is administered at a daily dose of 10 mg
and the safety profile is acceptable, with secondary side-
effects such as diarrhoea, nausea, hypertension and voice
modification [196-199].

Cediranib

Cediranib maleate (Recentin®; AZD2171) is a second
generation, orally available, highly potent inhibitor of
VEGFR-2 and, to a lesser degree, of VGFR-1, VEGFR-3,
PDGFR-B, and cKIT [200]. Cediranib has been shown to
inhibit VEGF signaling and angiogenesis dependent proc-
esses in vitro and in vivo [200, 201]. Interestingly, cediranib
is able to prolong survival in glioblastoma bearing mice by
reducing tumor-associated edema with no effect on tumor
growth [202]. A similar effect on vascular normalization has
been shown in recurrent glioblastoma patients as early as
after 1 day after cediranib treatment (as evaluated by mag-
netic resonance imaging) and this reduction has been re-
ported to be predictive of increased PFS and OS [203].

Cediranib has been tested in phase I and phase II clinical
trials at 30-45 mg/day, either as a single agent or in combina-
tion with other agents in solid tumors and leukemias, show-
ing a significant antitumor activity and a good tolerability
profile, hypertension being the most commonly reported
adverse effect [204-209]. Cediranib is currently being evalu-
ated in phase III trials (HORIZON II and HORIZON III) in
combination with FOLFOX for the first-line treatment of
metastatic colorectal cancer and in a phase II study as sec-
ond-line treatment (HORIZON I) [210].

Pazopanib

Pazopanib hydrochloride (Armala®; GW-786034) is a
still investigational, second-generation, oral angiogenesis
inhibitor of multiple RTKs such as VEGFR-1, -2 and -3,
PDGFRa, PDGFRSB and cKIT [211] with interesting antitu-
mor and antiangiogenic activity against a broad range of
cancer cell lines and human tumor xenografts [211]. Pa-
zopanib has been selected among a large collection of similar
molecules because of its high biochemical potency and cell-
based selectivity together with a pharmacokinetic profile
supporting a once-daily oral therapy [212]. Preclinical
studies have shown that a steady-state plasma concentration
of >40 pmol/L is required for optimal in vivo activity, levels
required for the inhibition of in vivo VEGFR-2
phosphorylation [213]. Pazopanib is generally well tolerated,
the most frequent adverse events being nausea, anorexia, and
vomiting, hair color change, diarrhea, hypertension and a
low incidence of hand-foot syndrome [214].

A recently published, randomized, phase III clinical trial,
shows that pazopanib (at the dose of 800 mg once daily)
compared with placebo, is able to significantly prolong PFS
of patients with advanced RCC (median, PFS 9.2 v 4.2
months; hazard ratio, 0.46; 95% CI, 0.34 to 0.62; P <.0001)
[214]. Pazopanib is currently under clinical development for
other solid tumors, including glioblastoma, gynecologic can-
cer and sarcomas [215-217].
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Pazopanib has been approved by FDA on October 2009
for the treatment of patients with advanced RCC [218].

Vandetanib

Vandetanib (Zactima®; ZD6474) is an ATP mimetic
small molecule, orally available, with inhibitory activity on
different intracellular signaling pathways: VEGFR-2, EGFR
and RET [219, 220]. The RET (rearranged during transfec-
tion) proto-oncogene encodes a trans-membrane TK for the
glial cell line-derived neurotrophic factor family of ligands
[221]. RET signaling leads to activation of the Rass/MAPK
and the PI3K/Akt pathways, involved in the regulation of cell
growth, differentiation, and survival [222]. Activating muta-
tions of RET have been reported in nearly all hereditary
cases of medullary thyroid carcinoma and in about one quar-
ter to half of sporadic tumor cases [223]. Recent data show
that EGFR might contribute to RET kinase activation, sig-
naling and cell growth stimulation [224], reinforcing the
already well known concept that different signal transduction
pathways cooperate to promote tumorigenesis [225]. Vande-
tanib inhibits tumor-induced neovascularization and growth
of a variety of cancer cell lines and human tumor models,
including lung, colon, liver and medullary thyroid cancer
[226].

In the clinical setting, vandetanib is generally well toler-
ated at 300 mg/day, with a once-daily oral administration
schedule [227]. From phase II studies, rash, diarrhea, hyper-
tension and fatigue were the most common and manageable
adverse events [226]. Interestingly, vandetanib demonstrates
a significant clinical activity in patients with metastatic me-
dullary thyroid carcinoma, a disease lacking effective medi-
cal therapy [228, 229]. Clinical activity of vandetanib in
NSCLC is currently being tested in two large randomized
phase III trials, in combination with docetaxel (ZODIAC
trial) and with pemetrexed (ZEAL trial).

Vatalanib

Vatalanib succinate (PTK787/ZK 222584) is an oral an-
giogenesis inhibitor selected through high-throughput
screening, for its ability to block VEGF receptors, PDGF[
and cKIT [230, 231]. It inhibits tumor growth and reduce
tumor microvasculature, without impairing wound healing
[232]. Vatalanib has also an antiaromatase activity and it is a
competitive aromatase inhibitor, of potential interest for es-
trogen receptor positive breast cancer treatment [233].

From phase I trials, the recommended single agent dose
for administration of vatalanib as single agent is 750 mg BID
because of its relative short half-life of 3-6 hours [234]. The
clinical antitumor activity of vatalanib is currently under
evaluation, even if two phase III clinical trials in advanced
colorectal carcinoma using vatalanib in combination with
chemotherapy showed a non-significant benefit in terms of
PFS and OS [235, 236]. The most common toxicities associ-
ated with vatalanib administration have been grade 3—4 hy-
pertension, diarrhea, fatigue, nausea and vomiting.

NONRECEPTOR TYROSINE KINASES
NRTKs are a large family of cytosolic proteins that play

an important role in regulating cell proliferation, differentia-
tion, metabolism, migration and survival. Nine families of
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NRTKSs have been identified, which include ABL, Src, Tec,
CSK, FAK, SYK, JaK, TnK and FeS for a total of 32
NRTKs [237]. Most NRTKs are localized in the cytoplasm
while other NRTKs are anchored to the cell membrane
through aminoterminal modification [238]. In addition to a
TK domain, NRTKSs possess domains that mediate protein-
protein, protein-lipid and protein-DNA interactions. NRTKs
catalytically transfer a phosphate group from ATP to a tyro-
sine residue on an effector polypeptide/protein, thus initiat-
ing signaling cascades involved in cellular processes such as
proliferation and differentiation. As observed for RTKs, the
activity of these proteins can be disregulated due to multiple
causes such as genetic mutations or overexpression, leading
to abnormal signaling and/or loss of autoregulatory proc-
esses. NRTKs have been involved in the pathogenesis of
many types of cancer thus becoming an important therapeu-
tic target for the treatment of neoplastic diseases [30, 239].

First Generation Nonreceptor Tyrosine Kinase Inhibitors
(NRTKIs)

Imatinib

Imatinib mesilate (Gleevec®/Glivec®; STI571) acts
through a competitive inhibition at the ATP-binding site and
selectively blocks the BCR-ABL oncoprotein, cKit and
PDGFR [240].

The Philadelphia Chromosome (Ph) is the cytogenetic
hallmark of chronic myeloid leukemia (CML) [241]. This
chromosomal rearrangement, due to the reciprocal transloca-
tion of the long arm of chromosomes 9 and 22 [t(9:22)], gen-
erates a fusion gene encoding for an oncoprotein, referred to
as BCR-ABL, endowed with a constitutively activated TK
activity [241]. The BCR-ABL fusion protein may be present
in three forms: p190, p210 and p230 depending on the spe-
cific breakpoint on the BCR gene fusing with exon a2 of
ABL. P190+, p210+, and p230+ leukemias show distinct
clinical phenotypes reflecting the different oncogenic poten-
tial of the three fusion proteins [242]. In particular, p190 is
mostly associated to Ph+ acute lymphoblastic leukemia
(ALL) and rarely with CML, while p210 is found in the large
majority of CML, and in one third of Ph+ ALL cases [242].
Finally, p230+ leukemias usually show the longest latency
period and the less aggressive clinical behavior. Early ex-
perimental models allowed to recognize that the presence
BCR-ABL alone is sufficient to induce CML and the TK
activity of the protein is required for its tumorigenic activity
[243]. These data set the stage for the discovery and devel-
opment of imatinib, the first-in-class BCR-ABL inhibitor,
now considered the first-choice treatment option for chronic
phase CML [244-246]. In contrast, treatment with imatinib is
not so effective for blast crisis patients, suggesting that blas-
tic transformation may occur as a result of a BCR-ABL-
independent cell growth.

The BCR-ABL activation of PI3K is essential to leuke-
mic transformation [247] and PI3K inhibiting molecules can
block both myeloid and lymphoid leukemic transformation
[248]. Activation of PI3K by BCR-ABL is an indirect proc-
ess via the autophosphorylation of the BCR region on the
fusion protein [248]. Among the downstream PI3K signaling
pathways, Akt plays a key antiapoptotic role, activating a
number of proteins that promote cell survival, including

Natoli et al.

FoxO, Bad, and glycogen synthase kinase 33 [249]. Another
pathway activated by BCR-ABL is the JaK/STAT one. In-
deed, BCR-ABL constitutively activates STAT5 and, to a
lesser extent, STAT3 and STAT1 thus circumventing cyto-
kine or growth factor dependent dimerization of STAT5
[250]. This pathway results in increased expression of the
Bcl-2 family members MCL-1 and BCL-xL, as well as of
cyclin D1, thereby facilitating the G1-to-S phase cell cycle
progression [251, 252]. It has been experimentally observed
that BCR-ABL-transformed 32D cells can proliferate in low
serum conditions [253] and the induction of BCR-ABL ex-
pression is sufficient to initiate cell cycle progression in cells
arrested due to culture in low serum conditions [254]. This
phenomenon is associated with BCR-ABL-dependent acti-
vation of CDK2, a kinase required for G1/S progression,
which can be attributed in part to reduced nuclear accumula-
tion of the CDK inhibitor p27“"* [255]. Growth inhibition by
imatinib is selective for BCR-ABL+ hematopoietic cells and
does not affect normal cells [244].

The very high response rates and good safety profile in
clinical trials made imatinib the gold standard treatment for
previously untreated CML patients in chronic phase [245,
246]. Indeed, the six-year follow up of the phase Ill, ran-
domized, open-label IRIS trial of imatinib vs. interferon plus
low-dose cytarabine for newly diagnosed chronic-phase
CML patients, showed that nearly two thirds of patients re-
ceiving imatinib 400 mg daily were still on treatment, almost
all of them being in stable complete cytogenetic remission
(CCyR) with an estimated OS of 88% [256].

Criteria to establish failure and suboptimal and optimal
responses to imatinib have been recently defined as well
[257]. Imatinib dose escalation can be an option for patients
who achieve a suboptimal response, whereas those with
imatinib treatment failure should be switched to a second-
generation TKI, such as nilotinib or dasatinib (see below)
[257-259]. However there are cases of true drug resistance.
The predominant mechanisms of resistance to imatinib in-
clude: BCR-ABL kinase domain mutations, BCR-ABL on-
coprotein overexpression and clonal evolution with activa-
tion of additional transformation pathways [260]. The most
studied resistance mechanisms are point mutations within the
kinase domain of the BCR-ABL fusion protein. BCR-ABL
mutations are found in 40-90% of imatinib-resistant patients
according to the CML phase and method of detection [261].
Depending on the gene fragment involved, mutations can act
by disrupting key drug-target contact points or by inducing a
protein conformational changes that precludes imatinib bind-
ing. Currently, more than 100 different BCR/ABL mutations
have been identified, the most “dangerous” of which occur at
the ATP binding site of the protein, known as phosphate-
binding loop [261]. Moreover, patients with mutations have
been reported to have inferior progression-free survival com-
pared to those without mutations [262].

In addition to the inhibitory effect on BCR-ABL,
imatinib is also able to block other RTKSs including KIT and
PDGFRa [263]. This finding has provided rationale to ex-
plore the clinical activity of this agent in tumors in which
these target molecules are known to play a critical pathoge-
netic role.
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GISTs are among the best examples of fruitful applica-
tion of the TK inhibiting strategy to a solid tumor. The rate
of relapse after radical surgery is from 40% to more than
80%. Median survival associated with unresectable or metas-
tatic disease in the pre-imatinib era was 9 to 20 months with
any therapeutic approach [264]. For the pathogenetic mecha-
nisms, see above in the sunitinib paragraph. Initial clinical
experiences with imatinib in patients with advanced GIST
have shown high overall response rates and improvement in
quality of life as well as increased PFS and OS [245]. The
recommended starting dose of imatinib is 400 mg daily, al-
though phase Il dose-randomized trials suggested that a
higher dose (600 or 800 mg daily) could be of benefit for
patients with metastatic or progressing disease [265]. Muta-
tional status of KIT or PDGFRa correlates with clinical out-
come: exon 11 mutated patients have a statistically signifi-
cant PFS advantage compared to exon 9 mutated or unmu-
tated (wild type allele) patients [168, 266, 267].

Several mechanisms of imatinib sensitivity and resistance
have been proposed [268], including acquisition of a new
KIT or PDGFRa point mutations, KIT amplification with
subsequent protein overexpression and KIT activation out-
side the juxtamembrane region. One further mechanism of
imatinib resistance consists in an unbalanced expression of
intra- and extracellular drug transporters (i.e. influx and ef-
flux drug pumps) [269]. Some of these resistant patients may
still respond to the imatinib dosage increase, while for
“truly” imatinib-refractory patients, novel agents are being
considered, including new MTKI such as sunitinib (see
above), or molecules targeting downstream of KIT or
PDGFRo. such as the mammalian target of rapamycin-
inhibitor everolimus [270].

Activating mutations of KIT or PDGFRa genes play a
central role in the pathogenesis of other neoplastic diseases
including myelodysplastic/myeloproliferative  neoplasms
(MDS/MPN), systemic mastocytosis (SM), hypereosino-
philic syndrome (HES) or chronic eosinophilic leukemia and
dermatofibrosarcoma protuberans (DFSP).

Molecular pathogenesis of MDS/MPNs has largely re-
mained elusive until it was noticed that some patients dis-
played reciprocal chromosomal translocations involving re-
gions 4q12, 5931-33, 8pll, 9p24 and 13912, where candi-
date TK-encoding genes [namely PDGFRo, PDGFRp, Fi-
broblast Growth Factor Receptor 1 (FGFR1), JAK2 and
FLT3] are mapped. Such chromosomal aberrations result in
fusion genes where partners of PDGFR[ encode for proteins
able to induce its dimerization or oligomerization, thus mim-
icking the physiological mechanism of activation [271].
Small series and case reports have reported encouraging re-
sults with the use of imatinib in PDGFRp-positive
MDS/MPN patients, in some cases showing remarkable
CCyR rates and durable remissions with continuous treat-
ment [272].

A clonal rearrangement involving the PDGFRo. gene
which fuses with FIP1L1 to originate the FIP1L1-PDGFRo.
chimeric sequence has been reported in about 20% of HES
patients [273, 274]. Treatment of FIP1L1-PDGFRo positive
HES patients with imatinib has resulted in impressive reduc-
tion in fusion transcript levels [275], as well as remission of
lung, spleen, liver, soft tissue, but not cardiac abnormalities
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[276]. Notably imatinib suppresses but not eliminates the
neoplastic clone, as indicated by rapid rise of FIP1L1-
PDGFRa levels upon treatment withdrawal. This phenome-
non suggests that optimal initial dosing is a major determi-
nant of therapeutic success and should be tailored according
to FIP1L1-PDGFRo. molecular monitoring. A number of
new TKIs, including nilotinib, dasatinib and sorafenib are
presently tested in clinical trials and might be useful in the
treatment of imatinib-resistant PDGFRo-positive patients
[276, 277].

SM, characterized by the accumulation of mature-
appearing mast cells (MC) in several tissues, may be associ-
ated with aggressive clinical course and shortened patient
survival [278]. The recent identification of KIT-D816V mu-
tations in the large majority of these patients prompted re-
search for new molecularly-targeted therapies directed at
specifically inhibiting KIT-mediated signaling. It has been
shown that imatinib can block wild type-KIT in vitro [279]
and suppress the growth of certain KIT-mutated cell lines
[280]. Imatinib-sensitive mutations include the V560G, the
F522C, and the K509I, while D816V-positive cells, due to
conformational protein changes that prevent imatinib bind-
ing, are resistant to this agent [280]. The Spanish Network
on Mastocytosis, REMA, has recommended imatinib treat-
ment for: i) aggressive SM or MC leukemia KIT-D816V
mutation negative; ii) patient carrying the juxtamembrane
region mutation and with aggressive disease; iii) aggressive
SM associated with a clonal hematopoietic non-MC disorder
[281, 282].

DFSP is a rare sarcoma involving the dermis and under-
lying soft tissues. A characteristic cytogenetic aberration, the
t(17;22) (22;913), found in up to 90% of cases [283], deter-
mines the fusion of collagen type 1 alpha 1 (COL1A1) and
PDGFRP genes with generation of the COL1A1-PDGFRf3
chimeric sequence. PDGFRJ undergoes autocrine stimula-
tion with subsequent increased proliferation of DFSP cells
[284]. The discovery of COL1A1-PDGFRp as a constant
finding in DFSP has provided rationale for the use of
imatinib in these patients. Clinical experience with imatinib
in DFSP has demonstrated that 50% of patients with recur-
rent or metastatic disease harboring t(17;22) can achieve
objective responses while lack of FISH and/or RT-PCR-
detectable fusion gene is associated resistance to therapy
[285, 286]. However, several issues regarding the optimal
positioning of the drug, the duration of treatment or the
monitoring of response, still need to be addressed.

In light of all above mentioned considerations, the first
registered TKI, imatinib, is currently approved by the FDA
and EMEA for the treatment of Ph+ CML, cKIT-positive
GIST and for rare diseases such as MDS/MPN _associated
with PDGFR gene rearrangements, SM, HES or chronic
eosinophilic leukemia, recurrent and/or metastatic DFSP.

Second Generation NRTKIs

Dasatinib

Dasatinib (Sprycel®; BMS-354825) is an orally available,
multi-kinase inhibitor showing an in vitro potency against
unmutated BCR-ABL which is 325 times greater compared
to that of imatinib [287]. It also inhibits most known BCR-
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ABL mutants with the remarkable exception of the T315I
[287]. Additional targets of dasatinib include PDGFR, cKIT,
SRC family kinases (SFK), FGFR1, and EGFR [288]. The
ability of dasatinib to inhibit other TKs, including SFKs such
as Lyn, is of particular clinical relevance since these mole-
cules may play an important role in the development of resis-
tance to imatinib [289, 290]. The SFK family is the largest
family of NRTKSs including nine members [291] and its ab-
errant activity has been widely implicated in the development
and progression of human cancer, thus representing a new
attractive target for potential novel anticancer therapies
[292]. Treatment with dasatinib at a dose of 70 mg twice
daily results in hematologic, cytogenetic and molecular re-
sponses in all CML phases in both imatinib-intolerant and -
resistant patients [259, 293, 294]. Dasatinib is generally well
tolerated and main toxicities include pleural effusions and
myelosuppression [293, 294]. Dasatinib is currently being
tested either alone or in combinations with other agents in a
variety of solid tumors [295, 296].

Dasatinib has recently been approved by the FDA and
EMEA for the treatment of patients with CML (chronic, ac-
celerated, or myeloid or lymphoid blast phases), with resis-
tance or intolerance to prior therapy including imatinib and
for Ph+ acute lymphoblastic leukemia with resistance or in-
tolerance to prior therapy.

Nilotinib

Nilotinib (Tasigna®; AMN-107) is an orally available,
second generation TKI characterized by a 20- to 50-fold en-
hanced selectivity and potency for BCR-ABL inhibition
compared to imatinib, the parental analog [297-299]. As ob-
served for dasatinib, nilotinib exhibits inhibitory activity
against a wide range of mutant BCR-ABL kinases with the
exception of the T3151 mutation [297-299]. Nilotinib is also
active against c-KIT, PDGFR, and ephrin receptor kinase
[300].

In phase I and 1l clinical trials, nilotinib at a dose of 400
mg BID produced cytogenetic and hematologic as well as
molecular responses across all phases of CML [259, 301,
302]. Nilotinib treatment is generally well tolerated and the
associated toxic effects may include myelosuppression, skin
rashes and biochemical abnormalities such as lipase, transa-
minase and bilirubin elevations [303]. QT interval prolonga-
tion, of initial concern, is usually minimal and clinically ir-
relevant [301, 304]. Recent data have shown an early and
potent therapeutic effects of nilotinib, 400 mg twice daily, in
previously untreated, early chronic phase Ph® CML patients
supporting a role for nilotinib for the frontline treatment of
CML [305]. Nilotinib has been approved in 2007 by the
FDA and EMEA for the treatment of adult patients with Ph+
CML resistant to or intolerant of prior treatment that in-
cluded imatinib. Results from the ENESTnd (Evaluating
Nilotinib Efficacy and Safety in Clinical Trials-Newly Diag-
nosed patients) trial, a phase 111 multicenter study comparing
the efficacy and safety of nilotinib at two separate dosages,
namely 300 mg BID and 400 mg BID, versus imatinib in
patients with newly diagnosed CML in chronic phase, have
been presented at the 2009 American Society of Hematology
meeting. Nilotinib has shown clear superiority over imatinib
in terms of molecular response rates at both the 6- and 12-
month timepoint (33 and 30 vs. 12% and 44 and 43 vs. 22%

Natoli et al.

for nilotinib 300 and 400 mg BID and imatinib, respec-
tively).

CONCLUDING REMARKS

In the early ‘90s, impressive clinical activity of the first
targeted therapies, such as trastuzumab and imatinib,
prompted worldwide scientists to claim that the “magic bul-
let” against cancer was finally available. Today we cannot
say that the prediction has come true: many “battles” are
won but not yet the “war”. A great number of new drugs
developed against several specific targets, all of them in
some way related to cancer development and progression,
are currently available, either registered or in clinical trials.
Among them, TKIs have a primary role. As reported in this
review, clinical studies conducted in the recent years con-
firmed that most TKIs are safe and therapeutically active
drugs for selected cancer histologies, and many of them are
now part of the standard treatment regimen for specific tu-
mor types. However basic and clinical research has clearly
assessed that most tumors have complex multifactorial
pathogeneses and are frequently linked to defects in more
than one signaling cascade, with interferences among recep-
tors within one as well as distinct pathways regulating cell
proliferation and survival [306]. From a clinical point of
view, this means that almost all cancer patients who initially
respond to treatment, will ultimately develop resistance.
Overcoming primary and acquired resistance to targeted
therapies is the major goal of the 21st Century Oncology.

ABBREVIATIONS

ALL = acute lymphoblastic leukemia

ATE = arterial thromboembolic event

ATP = adenosine triphosphate

CCyR = complete cytogenetic remission

C-lobe = C-terminal lobes

CML = chronic myeloid leukemia

COL1A1 = collagen type 1alphal

DFS = disease-free survival

DFSP = dermatofibrosarcoma protuberans

ECD = extracellular highly glycosylated ligand bind-
ing domain

EGF = Epidermal growth factor

EGFR = EGF Receptor

EMEA = European Medicines Agency

ErbB1 = EGF Receptor 1

ErbB2 = EGF Receptor 2

ErbB3 = EGF Receptor 3
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STAT = Signal tranducer and activator of transcrip-

tion

STAT = activator of transcription

T790M = threonine-790 to methionine

TGF-o = transforming growth factor-o

TKIs = tyrosine kinase inhibitors

VEGF = Vascular endothelial growth factor

VEGFR = VEGF-Receptor

VHL = von Hippel-Lindau gene

REFERENCES

[1] Robinson, D. R.; Wu, Y. M,; Lin, S. F. The protein tyrosine kinase
family of the human genome. Oncogene 2000, 19, 5548-5557.

[2] Shawver, L. K.; Slamon, D.; Ullrich, A. Smart drugs: tyrosine
kinase inhibitors in cancer therapy. Cancer Cell 2002, 1, 117-123.

[3] Heldin, C. H. Dimerization of cell surface receptors in signal trans-
duction, Cell 1995, 80, 213-223.

[4] Hubbard, S. R.; Mohammadi, M.; Schlessinger, J. Autoregulatory
mechanisms in protein-tyrosine kinases. J. Biol. Chem. 1998, 273,
11987-11990.

[5] Schlessinger, J. Cell signaling by receptor tyrosine kinases. Cell
2000, 103, 211-225.

[6] Blume-Jensen, P.; Hunter, T. Oncogenic kinase signalling. Nature
2001, 411, 355-365.

[7] Ullrich, A.; Coussens, L.; Hayflick, J. S.; Dull, T. J.; Gray, A;;
Tam, A. W,; Lee, J;; Yarden, Y.; Libermann, T. A.; Schlessinger, J.
Human epidermal growth factor receptor cONA sequence and aber-
rant expression of the amplified gene in A431 epidermoid carci-
noma cells. Nature 1984, 309, 418-425.

[8] Coussens, L.; Yang-Feng, T. L.; Liao, Y. C.; Chen, E.; Gray, A,;
McGrath, J.; Seeburg, P. H.; Libermann, T. A.; Schlessinger, J.;
Francke, U. Tyrosine kinase receptor with extensive homology to
EGF receptor shares chromosomal location with neu oncogene.
Science 1985, 230, 1132-1139.

[9] Kraus, M. H.; Issing, W.; Miki, T.; Popescu, N. C.; Aaronson, S. A.
Isolation and characterization of ERBB3, a third member of the
ERBB/epidermal growth factor receptor family: evidence for over-
expression in a subset of human mammary tumors. Proc. Natl.
Acad. Sci. USA 1989, 86, 9193-9197.

[10] Plowman, G. D.;. Culouscou, J. M; Whitney, G. S.; Green, J. M;
Carlton, G. W.; Foy, L.; Neubauer, M. G.; Shoyab, M. Ligand-
specific activation of HER4/p180erbB4, a fourth member of the
epidermal growth factor receptor family. Proc. Natl. Acad. Sci.
USA 1993, 90, 1746-1750.

[11] Guy, P. M.; Platko, J. V.; Cantley, L. C.; Cerione, R. A.; Carraway,
K. L. 3rd. Insect cell-expressed p180erbB3 possesses an impaired
tyrosine kinase activity. Proc. Natl. Acad. Sci. USA 1994, 91, 8132-
8136.

[12] Klapper, L. N.; Glathe, S.; Vaisman, N.; Hynes, N. E.; Andrews, G.
C.; Sela, M.; Yarden, Y. The ErbB-2/HER2 oncoprotein of human
carcinomas may function solely as a shared coreceptor for multiple
stroma-derived growth factors. Proc. Natl. Acad. Sci. USA 1999,
96, 4995-5000.

[13] Normanno, N.; Bianco, C.; De Luca, A.; Maiello, M. R.; Salomon,
D. S. Target-based agents against ErbB receptors and their ligands:
a novel approach to cancer treatment. Endocr. Relat. Cancer 2003,
10, 1-21.

[14] Graus-Porta, D.; Beerli, R. R.; Daly, J. M.; Hynes, N. E. ErbB-2,
the preferred heterodimerization partner of all erbB receptors, is a
mediator of lateral signaling. EMBO J. 1997, 16, 1647-1655.

[15] Roskoski, R. Jr. The ErbB/HER receptor protein-tyrosine kinases
and cancer. Biochem. Biophys. Res. Commun. 2004, 319, 1-11.

[16] Karunagaran, D.; Tzahar, E.; Beerli, R. R.; Chen, X.; Graus-Porta,

D.; Ratzkin, B. J.; Seger, R.; Hynes, N. E.; Yarden, Y. ErbB-2 is a
common auxiliary subunit of NDF and EGF receptors: Implications
for breast cancer. EMBO J. 1996, 15, 254-264.

EX2085.0012



474 Current Cancer Drug Targets, 2010, Vol. 10, No. 5

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Scholl, S.; Beuzeboc, P.; Pouillart, P. Targeting HER2 in other
tumor types. Ann. Oncol. 2001, 12, S81-87.

Slamon, D. J.; Clark, G. M.; Wong, S. G.; Levin, W. J.; Ullrich, A.;
McGuire, W. L. Human breast cancer: correlation of relapse and
survival with amplification of the HER 2/neu oncogene. Science
1987, 235, 177-182.

Slamon, D. J.; Godolphin, W.; Jones, L. A.; Holt, J. A.; Wong, S.
G.; Keith, D. E.; Levin, W. J,; Stuart, S. G.; Udove, J.; Ullrich, A.
Studies of the HER-2/neu proto-oncogene in human breast and
ovarian cancer. Science 1989, 244, 707-712.

Barker, A. J.; Gibson, K. H.; Grundy, W.; Godfrey, A. A.; Barlow,
J. J.; Healy, M. P.; Woodburn, J. R.; Ashton, S. E.; Curry, B. J.;
Scarlett, L.; Henthorn, L.; Richards, L. Studies leading to the iden-
tification of ZD1839 (IRESSA): an orally active, selective epider-
mal growth factor receptor tyrosine kinase inhibitor targeted to the
treatment of cancer. Bioorg. Med. Chem. Lett. 2001, 11, 1911-
1914.

Moyer, J. D.; Barbacci, E. G.; lwata, K. K.; Arnold, L.; Boman, B.;
Cunningham, A.; Di Orio, C.; Doty, J.; Morin, M. J.; Moyer, M. P.;
Neveu, M.; Pollack, V. A.; Pustilnik, L. R.; Reynolds, M. M.;
Sloan, D.; Theleman, A.; Miller, P. Induction of apoptosis and cell
cycle arrest by CP-358,774, an inhibitor of epidermal growth factor
receptor tyrosine kinase. Cancer Res. 1997, 57, 4838-4848.
Rusnak, D. W.; Affleck, K.; Cockerill, S. G.; Stubberfield, C,;
Harris, R.; Page, M.; Smith, K. J.; Guntrip, S. B.; Carter, M. C.;
Shaw, R. J.; Jowett, A.; Stables, J.; Topley, P.; Wood, E. R;
Brignola, P. S.; Kadwell, S. H.; Reep, B. R.; Mullin, R. J.;
Alligood, K. J.; Keith,, B. R.; Crosby, R. M.; Murray, D. M.;
Knight, W. B.; Gilmer, T. M.; Lackey, K. The characterization of
novel, dual ErbB-2/EGFR, tyrosine kinase inhibitors: potential
therapy for cancer. Cancer Res. 2001, 61, 7196-7203.

Salomon, D. S.; Brandt, R.; Ciardiello, F.; Normanno, N. Epider-
mal growth factor-related peptides and their receptors in human
malignancies. Crit. Rev. Oncol. Hematol. 1995, 19, 183-232.

Yoon, S.; Seger, R. The extracellular signal-regulated kinase: mul-
tiple substrates regulate diverse cellular functions. Growth Factors
2006, 24, 21-44.

Friday, B. B.; Adjei, A. A. Advances in targeting the
Ras/Raf/MEK/Erk mitogen-activated protein kinase cascade with
MEK inhibitors for cancer therapy. Clin. Cancer Res. 2008, 14,
342-346.

Karnoub, A. E.; Weinberg, R. A. Ras oncogenes: split personali-
ties. Nat. Rev. Mol. Cell Biol. 2008, 9, 517-531.

Henson, E. S.; Gibson, S. B. Surviving cell death through epider-
mal growth factor (EGF) signal transduction pathways: implica-
tions for cancer therapy. Cell Signal. 2006, 18, 2089-2097.

Jemal, A.; Siegel, R.; Ward, E.; Hao, Y.; Xu, J.; Thun, M. J. Cancer
Statistics, 2008. CA Cancer J. Clin. 2009, 59, 225-249.
Wheatley-Price, P.; Shepherd, F. A. Epidermal growth factor re-
ceptor inhibitors in the treatment of lung cancer: reality and hopes.
Curr. Opin. Oncol. 2008, 20, 162-175.

Lynch, T. J.; Bell, D. W.; Sordella, R.; Gurubhagavatula, S.; Oki-
moto, R. A.; Brannigan, B. W.; Harris, P. L.; Haserlat, S. M;
Supko, J. G.; Haluska, F. G.; Louis, D. N.; Christiani, D. C.; Set-
tleman, J.; Haber, D. A. Activating mutations in the epidermal
growth factor receptor underlying responsiveness of non-small cell
lung cancer to gefitinib. N. Engl. J. Med. 2004, 350, 2129-2139.
Ciardiello, F.; Caputo, R.; Troiani, T.; Borriello, G.; Kandimalla, E.
R.; Agrawal, S.; Mendelsohn, J.; Bianco, A. R.; Tortora, G.
Antisense oligonucleotides targeting the epidermal growth factor
receptor inhibit proliferation, induce apoptosis, and cooperate with
cytotoxic drugs in human cancer cell lines. Int. J. Cancer 2001, 93,
172-178.

Helfrich, B. A.; Raben, D.; Varella-Garcia, M.; Gustafson, D.;
Chan, D. C.; Bemis, L.; Coldren, C.; Barén, A.; Zeng, C.; Franklin,
W. A; Hirsch, F. R.; Gazdar, A.; Minna, J.; Bunn, P. A. Jr. Tumor
activity of the epidermal growth factor receptor (EGFR) tyrosine
kinase inhibitor gefitinib (ZD1839, Iressa) in non-small cell lung
cancer cell lines correlates with gene copy number and EGFR mu-
tations but not EGFR protein levels. Clin. Cancer Res. 2006, 12,
7117-7125.

Fukuoka, M.; Yano, S.; Giaccone, G.; Tamura, T.; Nakagawa, K;
Douillard, J. Y.; Nishiwaki, Y.; Vansteenkiste, J.; Kudoh, S.;
Rischin, D.; Eek, R.; Horai, T.; Noda, K.; Takata, I.; Smit, E.;

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Natoli et al.

Averbuch,, S.; Macleod, A.; Feyereislova, A.; Dong, R. P.;
Baselga, J. Multi-institutional randomized phase Il trial of gefitinib
for previously treated patients with advanced non-small-cell lung
cancer (the IDEAL Trial). J. Clin. Oncol. 2003, 21, 2237-2246.
Shepherd, F. A.; Rodrigues Pereira, J.; Ciuleanu, T.; Tan, E. H.;
Hirsh, V.; Thongprasert, S.; Campos, D.; Maoleekoonpiroj, S.;
Smylie, M.; Martins, R.; van Kooten, M.; Dediu, M.; Findlay, B.;
Tu, D.; Johnston, D.; Bezjak, A.; Clark, G.; Santabérbara, P.;
Seymour, L.; National Cancer Institute of Canada Clinical Trials
Group. Erlotinib in previously treated non-small-cell lung cancer.
N. Engl. J. Med. 2005, 353, 123-132.

Uramoto, H.; Mitsudomi, T. Which biomarker predicts benefit
from EGFR-TKI treatment for patients with lung cancer? Br. J.
Cancer 2007, 96, 857-863.

Greulich, H.; Chen, T. H.; Feng, W.; Janne, P. A.; Alvarez, J. V.;
Zappaterra, M.; Bulmer, S. E.; Frank, D. A.; Hahn, W. C.; Sellers,
W. R.; Meyerson, M. Oncogenic transformation by inhibitor-
sensitive and -resistant EGFR mutants. PLoS Med. 2005, 2, e313.
Kumar, A.; Petri, E. T.; Halmos, B.; Boggon, T. J. Structure and
Clinical Relevance of the Epidermal Growth Factor Receptor in
Human Cancer. J. Clin. Oncol. 2008, 26, 1742-1751.

Sordella, R.; Bell, D. W.; Haber, D. A.; Settleman, J. Gefitinib-
sensitizing EGFR mutations in lung cancer activate anti-apoptotic
pathways. Science 2004, 305, 1163-1167.

Tamura, K.; Okamoto, I.; Kashii, T.; Negoro, S.; Hirashima, T.;
Kudoh, S.; Ichinose, Y.; Ebi, N.; Shibata, K.; Nishimura, T.; Kata-
kami, N.; Sawa, T.; Shimizu, E.; Fukuoka, J.; Satoh, T.; Fukuoka,
M.; West Japan Thoracic Oncology Group. Multicentre prospective
phase 1l trial of gefitinib for advanced non-small cell lung cancer
with epidermal growth factor receptor mutations: results of the
West Japan Thoracic Oncology Group trial (WJTOGO0403). Br. J.
Cancer 2008, 98, 907-914.

Takano, T.; Ohe, Y.; Sakamoto, H.; Tsuta, K.; Matsuno, Y.; Tatei-
shi, U.; Yamamoto, S.; Nokihara, H.; Yamamoto, N.; Sekine, |.;
Kunitoh, H.; Shibata, T.; Sakiyama, T.; Yoshida, T.; Tamura, T.
Epidermal growth factor receptor gene mutations and increased
copy numbers predict gefitinib sensitivity in patients with recurrent
non-small-cell lung cancer. J. Clin. Oncol. 2005, 23, 6829-6837.
Tsao, M. S.; Sakurada, A.; Cutz, J. C.; Zhu, C. Q.; Kamel-Reid, S.;
Squire, J.; Lorimer, I.; Zhang, T.; Liu, N.; Daneshmand, M.; Mar-
rano, P.; da Cunha Santos, G.; Lagarde, A.; Richardson, F.;
Seymour, L.; Whitehead, M.; Ding, K.; Pater, J.; Shepherd, F. A.
Erlotinib in lung cancer: Molecular and clinical predictors of out-
come. N. Engl. J. Med. 2005, 353, 133-144.

Cappuzzo, F.; Varella-Garcia, M.; Shigematsu, H.; Domenichini,
I.; Bartolini, S.; Ceresoli, G. L.; Rossi, E.; Ludovini, V.; Gregorc,
V.; Toschi, L.; Franklin, W. A.; Crino, L.; Gazdar, A. F.; Bunn, P.
A.Jr.; Hirsch, F. R. Increased HER2 gene copy number is associ-
ated with response to gefitinib therapy in epidermal growth factor
receptor-positive non-small-cell lung cancer patients. J. Clin. On-
col. 2005, 23, 5007-5018.

Sasaki, H.; Endo, K.; Takada, M.; Kawahara, M.; Kitahara, N.;
Tanaka, H.; Okumura, M.; Matsumur,a A.; luchi, K.; Kawaguchi,
T.; Kawano, O.; Yukiue, H.; Yokoyama, T.; Yano, M.; Fujii, Y.
EGFR exon 20 insertion mutation in Japanese lung cancer. Lung
Cancer 2007, 58, 324-328.

Pao, W.; Wang, T. Y.; Riely, G. J.; Miller, V. A; Pan, Q.; Ladanyi,
M.; Zakowski, M. F.; Heelan, R. T.; Kris, M. G.; Varmus, H. E.
KRAS mutations and primary resistance of lung adenocarcinomas
to gefitinib or erlotinib. PLoS Med. 2005, 2, el7.

Gandhi, J.; Zhang, J.; Xie, Y.; Soh, J.; Shigematsu, H.; Zhang, W.;
Yamamoto, H.; Peyton, M.; Girard, L.; Lockwood, W. W.; Lam,
W. L.; Varella-Garcia, M.; Minna, J. D.; Gazdar, A. F. Alterations
in genes of the EGFR signaling pathway and their relationship to
EGFR tyrosine kinase inhibitor sensitivity in lung cancer cell lines.
PLoS One 2009, 4, e4576.

Onitsuka, T.; Uramoto, H.; Nose, N.; Takenoyama, M.; Hanagiri,
T.; Sugio, K.; Yasumoto, K. Acquired resistance to gefitinib: the
contribution of mechanisms other than the T790M, MET, and HGF
status. Lung Cancer 2010, 68, 198-203.

Yamada, T.; Matsumoto, K.; Wang, W.; Li, Q.; Nishioka, Y.;
Sekido, Y.; Sone, S.; Yano, S. Hepatocyte growth factor reduces
susceptibility to an irreversible epidermal growth factor receptor

EX2085.0013



Tyrosine Kinase Inhibitors

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

inhibitor in EGFR-T790M mutant lung cancer. Clin. Cancer Res.
2010, 16, 174-183.

Gazdar, A. F. Epidermal growth factor receptor inhibition in lung
cancer: the evolving role of individualized therapy. Cancer Metas-
tasis Rev. 2010, 29, 37-48.

Cohen, M. H.; Williams, G. A.; Sridhara, R.; Chen, G.; McGuinn,
W. D. Jr.; Morse, D.; Abraham, S.; Rahman, A.; Liang, C.; Lostrit-
to, R.; Baird, A.; Pazdur, R. FDA drug approval summary: Gefiti-
nib (ZD1839) (Iressa) tablets. Oncologist 2003, 8, 303-306.
Thatcher, N.; Chang, A.; Parikh, P.; Rodrigues, Pereira, J.;
Ciuleanu, T.; von Pawel, J.; Thongprasert, S.; Tan, E. H;
Pemberton, K.; Archer, V.; Carroll, K. Gefitinib plus best suppor-
tive care in previously treated patients with refractory advanced
non-small-cell lung cancer: results from a randomised, placebo-
controlled, multicentre study (lressa Survival Evaluation in Lung
Cancer). Lancet 2005, 366, 1527-1537.

Kim, E. S.; Hirsh, V.; Mok, T.; Socinski, M. A.; Gervais, R.; Wu,
Y. L, Li, L. Y.; Watkins, C. L.; Sellers, M. V.; Lowe, E. S.; Sun,
Y.; Liao, M. L.; Osterlind, K.; Reck, M.; Armour, A. A.; Shepherd,
F.A.; Lippman, S. M.; Douillard, J. Y. Gefitinib versus docetaxel in
previously treated non-small-cell lung cancer (INTEREST): a ran-
domised phase 111 trial. Lancet 2008, 372, 1809-1818.

Douillard, J. Y.; Shepherd, F. A.; Hirsh, V.; Mok, T.; Socinski, M.
A.; Gervais, R.; Liao, M. L.; Bischoff, H.; Reck, M.; Sellers, M.
V.; Watkins, C. L.; Speake, G.; Armour, A. A.; Kim, E. S. Molecu-
lar predictors of outcome with gefitinib and docetaxel in previously
treated non-small-cell lung cancer: data from the randomized phase
11 INTEREST trial. J. Clin. Oncol. 2010, 28, 744-752.

Yun, C. H,; Boggon, T. J.; Li, Y.; Woo, M. S.; Greulich, H.; Mey-
erson, M.; Eck, M. J. Structures of lung cancer-derived EGFR mu-
tants and inhibitor complexes: mechanism of activation and in-
sights into differential inhibitor sensitivity. Cancer Cell. 2007, 11,
217-227.

Higgins, B.; Kolinsky, K.; Smith, M.; Beck, G.; Rashed, M.;
Adames, V.; Linn, M.; Wheeldon, E.; Gand, L.; Birnboeck, H.;
Hoffmann, G. Antitumor activity of erlotinib (OSI-774, Tarceva)
alone or in combination in human non-small cell lung cancer tumor
xenograft models. Anticancer Drugs 2004, 15, 503-512.

Frohna, P.; Lu, J.; Eppler, S.; Hamilton, M.; Wolf, J.; Rakhit, A;
Ling, J.; Kenkare-Mitra, S. R.; Lum, B. L. Evaluation of the abso-
lute oral bioavailability and bioequivalence of erlotinib, an inhibi-
tor of the epidermal growth factor receptor tyrosine kinase, in a
randomized, crossover study in healthy subjects. J. Clin. Pharma-
col. 2006, 43, 282-290.

Hidalgo, M.; Siu, L. L.; Nemunaitis, J.; Rizzo, J.; Hammond, L. A,;
Takimoto, C.; Eckhardt, S. G.; Tolcher, A.; Britten, C. D.; Denis,
L.; Ferrant, K.; Von Hoff, D. D.; Silberman, S.; Rowinsky, E. K.
Phase | and pharmacologic study of OSI-774, an epidermal growth
factor receptor tyrosine kinase inhibitor, in patients with advanced
solid malignancies. J. Clin. Oncol. 2001, 19, 3267-3279.

Tran, H. T.; Zinner, R. G.; Blumenschein, G. R. Jr.; Oh, Y. W,;
Papadimitrakopoulou, V. A.; Kim, E. S.; Lu, C.; Malik, M.; Lum,
B. L.; Herbst, R. S. Pharmacokinetic study of the phase IlI, ran-
domized, double-blind, multicenter trial (TRIBUTE) of paclitaxel
and carboplatin combined with erlotinib or placebo in patients with
advanced Non-small Cell Lung Cancer (NSCLC). Invest. New
Drugs 2010, Jan 22.[Epub ahead of print].

Li, J.; Cusatis, G.; Brahmer, J.; Sparreboom, A.; Robey, R. W;
Bates, S. E.; Hidalgo, M.; Baker, S. D. Association of variant
ABCG2 and the pharmacokinetics of epidermal growth factor re-
ceptor tyrosine kinase inhibitors in cancer patients. Cancer Biol.
Ther. 2007, 6, 432-438.

Engelman, J. A.; Janne, P. A. Mechanisms of Acquired Resistance
to Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitors in
Non Small Cell Lung Cancer. Clin. Cancer Res. 2008, 14, 2895-
2899.

Cho, B. C,; Im, C. K,; Park, M. S.; Kim, S. K.; Chang, J.; Park, J.
P.; Choi, H. J.; Kim, Y. J,; Shin, S. J.; Sohn, J. H. Phase Il study of
erlotinib in advanced non-small-cell lung cancer after failure of ge-
fitinib. J. Clin. Oncol. 2007, 25, 2528-2533.

Kobayashi, S.; Boggon, T. J.; Dayaram, T.; Janne, P. A.; Kocher,
O.; Meyerson, M.; Johnson, B. E.; Eck, M. J.; Tenen, D. G.; Hal-
mos B. EGFR mutation and resistance of non-small-cell lung can-
cer to gefitinib. N. Engl. J. Med. 2005, 352, 786-792.

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

Current Cancer Drug Targets, 2010, Vol. 10, No.5 475

Balak, M. N.; Gong, Y.; Riely, G. J.; Somwar, R.; Li, A. R;
Zakowski, M. F.; Chiang, A.; Yang, G.; Ouerfelli, O.; Kris, M. G.;
Ladanyi, M.; Miller, V. A.; Pao, W. Novel D761Y and common
secondary T790M mutations in epidermal growth factor receptor-
mutant lung adenocarcinomas with acquired resistance to kinase
inhibitors. Clin. Cancer Res. 2006, 12, 6494-6501.

Kosaka, T.; Yatabe, Y.; Endoh, H.; Yoshida, K.; Hida, T.; Tsuboi,
M.; Tada, H.; Kuwano, H.; Mitsudomi, T. Analysis of epidermal
growth factor receptor gene mutation in patients with non-small
cell lung cancer and acquired resistance to gefitinib. Clin. Cancer
Res. 2006, 12, 5764-5769.

Toschi, L.; Cappuzzo, F. Clinical implications of MET gene copy
number in lung cancer. Future Oncol. 2010, 6, 239-247.

Eberhard, D. A.; Johnson, B. E.; Amler, L. C.; Goddard, A. D,;
Heldens, S. L.; Herbst, R. S.; Ince, W. L.; Janne, P. A.; Januario,
T.; Johnson, D. H. Mutations in the epidermal growth factor recep-
tor and in KRAS are predictive and prognostic indicators in pa-
tients with non-small-cell lung cancer treated with chemotherapy
alone and in combination with erlotinib. J. Clin. Oncol. 2005, 23,
5900-5909.

Linardou, H.; Dahabreh, I. J.; Kanaloupiti, D.; Siannis, F.; Bafa-
loukos, D.; Kosmidis, P.; Papadimitriou, C. A.; Murray, S.
Assessment of somatic k-RAS mutations as a mechanism associ-
ated with resistance to EGFR-targeted agents: a systematic review
and meta-analysis of studies in advanced non-small-cell lung can-
cer and metastatic colorectal cancer. Lancet Oncol. 2008, 9, 962-
972.

Xia, W.; Husain, I.; Liu, L.; Bacus, S.; Saini, S.; Spohn, J.; Pry, K.;
Westlund, R.; Stein S. H.; Spector, N. L. Lapatinib antitumor activ-
ity is not dependent upon phosphatase and tensin homologue de-
leted on chromosome 10 in ErbB2-overexpressing breast cancers.
Cancer Res. 2007, 67, 1170-1175.

Suzuki, Y.; Orita, M.; Shiraishi, M.; Hayashi, K.; Sekiya, T. Detec-
tion of ras gene mutations in human lung cancers by single-strand
conformation polymorphism analysis of polymerase chain reaction
products. Oncogene 1990, 5, 1037-1043.

Malumbres, M.; Barbacid, M. RAS oncogenes: The first 30 years.
Nat. Rev. Cancer 2003, 3, 459-465.

Suda, K.; Tomizawa, K.; Mitsudomi, T. Biological and clinical
significance of KRAS mutations in lung cancer: an oncogenic
driver that contrasts with EGFR mutation. Cancer Metastasis Rev.
2010, 29, 49-60.

Brose, M. S.; Volpe, P.; Feldman, M.; Kumar, M.; Rishi, I.; Ger-
rero, R.; Einhorn, E.; Herlyn, M.; Minna, J.; Nicholson, A. BRAF
and RAS mutations in human lung cancer and melanoma. Cancer
Res. 2002, 62, 6997-7000.

Di Nicolantonio, F.; Martini, M.; Molinari, F.; Sartore-Bianchi, A.;
Arena, S.; Saletti, P.; De Dosso, S.; Mazzucchelli, L.; Frattini, M.;
Siena, S.; Bardelli, A. Wild-type BRAF is required for response to
panitumumab or cetuximab in metastatic colorectal cancer. J. Clin.
Oncol. 2008, 26, 5705-5712.

Sartore-Bianchi, A.; Martini, M.; Molinari, F.; Veronese, S.;
Nichelatti, M.; Artale, S.; Di Nicolantonio, F.; Saletti, P.; De
Dosso, S.; Mazzucchelli, L.; Frattini, M.; Siena, S.; Bardelli, A.
PIK3CA mutations in colorectal cancer are associated with clinical
resistance to EGFR-targeted monoclonal antibodies. Cancer Res.
2009, 69, 1851-1857.

Herbst, R. S.; Giaccone, G.; Schiller, J. H.; Natale, R. B.; Miller,
V.; Manegold, C.; Scagliotti, G.; Rosel,I R.; Oliff, I.; Reeves J. A.;
Wolf, M. K.; Krebs, A. D.; Averbuch, S. D.; Ochs, J. S.; Grous, J.;
Fandi, A.; Johnson, D. H. Gefitinib in combination with paclitaxel
and carboplatin in advanced non-small-cell lung cancer: a phase 11
trial-INTACT 2. J. Clin. Oncol. 2004, 22, 785-794.

Gatzemeier, U.; Pluzanska, A.; Szczesna, A.; Kaukel, E.; Roubec,
J.; De Rosa, F.; Milanowski, J.; Karnicka-Mlodkowski, H.; Pesek,
M.; Serwatowski, P.; Ramlau, R.; Janaskova, T.; Vansteenkiste, J.;
Strausz J.; Manikhas, G. M.; Von Pawel, J. Phase Il study of er-
lotinib in combination with cisplatin and gemcitabine in advanced
non-small-cell lung cancer: the Tarceva Lung Cancer Investigation
Trial. J. Clin. Oncol. 2007, 25, 1545-1552.

Azzoli, C. G.; Baker, S. Jr.; Temin, S.; Pao, W.; Aliff, T.; Brahmer,
J.; Johnson, D. H.; Laskin, J. L., Masters, G.; Milton, D.;
Nordquist, L.; Pfister, D. G.; Piantadosi, S.; Schiller, J. H.; Smith,
R.; Smith, T. J.; Strawn, J. R.; Trent, D.; Giaccone, G.; American

EX2085.0014



476 Current Cancer Drug Targets, 2010, Vol. 10, No. 5

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

(88]

[89]

[90]

[91]

[92]

[93]

Society of Clinical Oncology. American Society of Clinical Oncol-
ogy Clinical Practice Guideline update on chemotherapy for stage
IV non-small-cell lung cancer. J. Clin. Oncol. 2009, 27, 6251-6266.
Laurent-Puig, P.; Taieb, J. Lessons from Tarceva in pancreatic
cancer: where are we now, and how should future trials be designed
in pancreatic cancer? Curr. Opin. Oncol. 2008, 20, 454-458.
Slamon, D. J.; Leyland-Jones, B.; Shak, S.; Fuchs, H.; Paton, V.;
Bajamonde, A.; Fleming, T.; Eiermann, W.; Wolter, J.; Pegram,
M.; Baselga, J.; Norton, L. Use of chemotherapy plus a monoclonal
antibody against HER2 for metastatic breast cancer that overex-
presses HER2. N. Engl. J. Med. 2001, 344, 783-792.

Vogel, C. L.; Cobleigh, M. A.; Tripathy, D.; Gutheil, J. C.; Harris,
L. N.; Fehrenbacher, L.; Slamon, D. J.; Murphy, M.; Novotny, W.
F.; Burchmore, M.; Shak, S.; Stewart, S. J.; Press, M. Efficacy and
safety of trastuzumab as a single agent in first-line treatment of
HER2-overexpressing metastatic breast cancer. J. Clin. Oncol.
2002, 20, 719-726.

Smith, I. E.; Walsh, G.; Skene, A.; Llombart, A.; Mayordomo, J. |.;
Detre, S.; Salter, J.; Clark, E.; Magill, P.; Dowsett, M. A phase Il
placebo-controlled trial of neoadjuvant anastrozole alone or with
gefitinib in early breast cancer. J. Clin. Oncol. 2007, 25, 3816-
3822.

Ritter, C. A.; Perez-Torres, M.; Rinehart, C.; Guix, M.; Dugger, T;
Engelman, J. A.; Arteaga, C. L. Human breast cancer cells selected
for resistance to trastuzumab in vivo overexpress epidermal growth
factor receptor and ErbB ligands and remain dependent on the
ErbB receptor network. Clin. Cancer Res. 2007, 13, 4909-4919.
Nagata, Y.; Lan, K.H.; Zhou, X.; Tan, M.; Esteva, F. J.; Sahin, A.
A.; Klos, K. S.; Li, P.; Monia, B. P.; Nguyen, N. T.; Hortobagyi, G.
N.; Hung, M. C.; Yu, D. PTEN activation contributes to tumor in-
hibition by trastuzumab, and loss of PTEN predicts trastuzumab re-
sistance in patients. Cancer Cell 2004, 6, 117-127.

Maehama, T. PTEN: its deregulation and tumorigenesis. Biol.
Pharm. Bull. 2007, 30, 1624-1627.

Bose, S.; Crane, A.; Hibshoosh, H.; Mansukhani, M.; Sandweis, L.;
Parsons, R. Reduced expression of PTEN correlates with breast
cancer progression. Hum. Pathol. 2002, 33, 405-409.

LeRoith, D.; Roberts, C. T. Jr. The insulin-like growth factor sys-
tem and cancer. Cancer Lett. 2003, 195, 127-137.

Nahta, R.; Yuan, L. X.; Zhang, B.; Kobayashi, R.; Esteva, F. J.
Insulin-like growth factor-1 receptor/human epidermal growth fac-
tor receptor 2 heterodimerization contributes to trastuzumab resis-
tance of breast cancer cells. Cancer Res. 2005, 65, 11118-11128.
Codony-Servat, J.; Albanell, J.; Lopez-Talavera, J. C.; Arribas, J.;
Baselga, J. Cleavage of the HER2 ectodomain is a pervanadate-
activable process that is inhibited by the tissue inhibitor of metallo-
proteases-1 in breast cancer cells. Cancer Res. 1999, 59, 1196-
1201.

Anido, J.; Scaltriti, M.; Bech Serra, J. J.; Santiago Josefat, B.;
Todo, F. R.; Baselga, J.; Arribas, J. Biosynthesis of tumorigenic
HER2 C-terminal fragments by alternative initiation of translation.
EMBO J. 2006, 25, 3234-3244.

Molina, M. A.; Séez, R.; Ramsey, E. E.; Garcia-Barchino, M. J.;
Rojo, F; Evan,s A. J.; Albanell, J.; Keenan, E. J.; Lluch, A.; Garcia-
Conde, J.; Baselga, J.; Clinton, G. M. NH(2)-terminal truncated
HER-2 protein but not full-length receptor is associated with nodal
metastasis in human breast cancer. Clin. Cancer Res. 2002, 8, 347-
353.

Bedard, P. L.; Cardoso, F.; Piccart-Gebhart, M. J. Stemming resis-
tance to HER-2 targeted therapy. J. Mamm. Gland Biol. Neoplasia
2009, 14, 55-66.

Pegram, M. D.; Reese, D. M. Combined biological therapy of
breast cancer using monoclonal antibodies directed against
HER2/neu protein and vascular endothelial growth factor. Semin.
Oncol. 2002, 29(Suppl. 11), 29-37.

Strome, S. E.; Sausville, E. A.; Mann, D. A mechanistic perspec-
tive of monoclonal antibodies in cancer therapy beyond target-
related effects. Oncologist 2007, 12, 1084-1095.

Scaltriti, M.; Rojo, F.; Ocafia, A.; Anido, J.; Guzman, M.; Cortes,
J.; Di Cosimo, S.; Matias-Guiu, X.; Ramon y Cajal, S.; Arribas, J.;
Baselga, J. Expression of p95HER2, a truncated form of the HER2
receptor, and response to anti-HER2 therapies in breast cancer. J.
Natl. Cancer Inst. 2007, 99, 628-638.

[94]

[95]

[9¢]

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Natoli et al.

Berns, K.; Horlings, H. M.; Hennessy, B. T.; Madiredjo, M.;
Hijmans, E. M.; Beelen, K.; Linn, S. C.; Gonzalez-Angulo, A. M.;
Stemke-Hale, K.; Hauptmann, M.; Beijersbergen, R. L.; Mills, G.
B.; van de Vijver, M. J.; Bernards, R. A. Functional genetic ap-
proach identifies the PI3K pathway as a major determinant of tras-
tuzumab resistance in breast cancer. Cancer Cell 2007, 12, 395-
402.

Wood, E. R.; Truesdale, A. T.; McDonald, O. B.; Yuan, D.; Has-
sell, A.; Dickerson, S. H.; Ellis, B.; Pennini, C.; Horne, E.; Lackey,
K.; Alligood, K. J.; Rusnak, D. W.; Gilmer, T. M.; Shewchuk, L. A
unique structure for epidermal growth factor receptor bound to
GW572016 (Lapatinib): relationships among protein conformation,
inhibitor off-rate, and receptor activity in tumor cells. Cancer Res.
2004, 64, 6652-6659.

Chu, I.; Blackwell, K.; Chen, S.; Slingerland, J. The dual
ErbB1/HER2 inhibitor, lapatinib (GW572016), cooperates with
tamoxifen to inhibit both cell proliferation- and estrogen-dependent
gene expression in antiestrogen-resistant breast cancer. Cancer Res.
2005, 65, 18-25.

Konecny, G. E.; Pegram, M. D.; Venkatesan, N.; Finn, R.; Yang,
G.; Rahmeh, M.; Untch, M.; Rusnak, D. W.; Speha, R.G.; Mullin,
R.J.; Keith, B. R.; Gilmer, T. M.; Berger, M.; Podratz, K. C;
Slamon, D. J. Activity of the dual kinase inhibitor lapatinib
(GW572016) against HER-2-overexpressing and trastuzumab-
treated breast cancer cells. Cancer Res. 2006, 66, 1630-1639.

Zhou, H.; Kim, Y. S.; Peletier, A.; McCall, W.; Earp, H. S.; Sartor,
C. I. Effects of the EGFR/HER2 kinase inhibitor GW572016 on
EGFR- and HER2-overexpressing breast cancer cell line prolifera-
tion, radiosensitization, and resistance. Int. J. Radiat. Oncol. Biol.
Phys. 2004, 58, 344-352.

Amir, E.; Ocafa, A.; Seruga, B.; Freedman, O.; Clemons, M. La-
patinib and HER2 status: Results of a meta-analysis of randomized
phase Ill trials in metastatic breast cancer. Cancer Treat. Rev.
2010, Jan 23.[Epub ahead of print].

Nahta, R.; Yuan, L. X.; Du, Y.; Esteva, F. J. Lapatinib induces
apoptosis in trastuzumab-resistant breast cancer cells: effects on in-
sulin-like growth factor | signaling. Mol. Cancer Ther. 2007, 6,
667-674.

Scaltriti, M.; Verma, C.; Guzman, M.; Jimenez, J.; Parra, J. L.;
Pedersen, K.; Smith, D. J.; Landolfi, S.; Ramon y Cajal, S.; Ar-
ribas, J.; Baselga, J. Lapatinib, a HER2 tyrosine kinase inhibitor,
induces stabilization and accumulation of HER2 and potentiates
trastuzumab-dependent cell cytotoxicity. Oncogene 2009, 28, 803-
814.

Wainberg, Z. A.; Anghel, A.; Desai, A. J.; Ayala, R.; Luo, T.;
Safran, B.; Fejzo, M. S.; Hecht, J. R.; Slamon, D. J.; Finn, R. S.
Lapatinib, a dual EGFR and HER2 kinase inhibitor, selectively in-
hibits HER2-amplified human gastric cancer cells and is synergistic
with trastuzumab in vitro and in vivo. Clin. Cancer Res. 2010, 16,
1509-1519.

Jorgensen, J. T. Targeted HER2 treatment in advanced gastric
cancer. Oncology 2010, 78, 26-33.

Geyer, C. E.; Forster, J.; Lindquist, D.; Chan, S.; Romieu, C. G.;
Pienkowski, T.; Jagiello-Gruszfeld, A.; Crown, J.; Chan, A,
Kaufman, B.; Skarlos, D.; Campone, M.; Davidson, N.; Berger, M.;
Oliva, C.; Rubin, S. D.; Stein, S.; Cameron, D. Lapatinib plus
capecitabine for HER2-positive advanced breast cancer. N. Engl. J.
Med. 2006, 355, 2733-2743.

Johnston, S.; Pippen, J. Jr.; Pivot, X.; Lichinitser, M.; Sadeghi, S.;
Dieras, V.; Gomez, H. L.; Romieu, G.; Manikhas, A.; Kennedy, M.
J.; Press, M. F.; Maltzman, J.; Florance, A.; O'Rourke, L.; Oliva,
C.; Stein, S.; Pegram, M. Lapatinib combined with letrozole versus
letrozole and placebo as first-line therapy for postmenopausal hor-
mone receptor-positive metastatic breast cancer. J. Clin. Oncol.
2009, 27, 5538-5546.

Minkovsky, N.; Berezov, A. BIBW-2992, a dual receptor tyrosine
kinase inhibitor for the treatment of solid tumors. Curr. Opin. In-
vestig. Drugs 2008, 9, 1336-1346.

Schitze, C.; Dorfler, A.; Eicheler, W.; Zips, D.; Hering, S.; Solca,
F.; Baumann, M.; Krause, M. Combination of EGFR/HER2 tyro-
sine kinase inhibition by BIBW 2992 and BIBW 2669 with irradia-
tion in FaDu human squamous cell carcinoma. Strahlenther Onkol.
2007, 183, 256-264.

EX2085.0015



Tyrosine Kinase Inhibitors

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

Li, D.; Ambrogio, L.; Shimamura, T.; Kubo, S.; Takahashi, M.;
Chirieac, L. R.; Padera, R. F.; Shapiro, G. I.; Baum, A.; Him-
melsbach, F.; Rettig, W. J.; Meyerson, M.; Solca, F.; Greulich, H.;
Wong, K. K. BIBW2992, an irreversible EGFR/HER2 inhibitor
highly effective in preclinical lung cancer models. Oncogene 2008,
27,4702-4711.

Eskens, F. A.; Mom, C. H.; Planting, A. S.; Gietema, J. A.; Amels-
berg, A.; Huisman, H.; van Doorn, L.; Burger, H.; Stopfer, P.;
Verweij, J.; de Vries, E. G. A phase | dose escalation study of
BIBW 2992, an irreversible dual inhibitor of epidermal growth fac-
tor receptor 1 (EGFR) and 2 (HER2) tyrosine kinase in a 2-week
on, 2-week off schedule in patients with advanced solid tumours.
Br. J. Cancer 2008, 98, 80-85.

Allen, L. F.; Eiseman, I. A;; Fry, D. W.; Lenehan, P. F. CI-1033, an
irreversible pan-erbB receptor inhibitor and its potential application
for the treatment of breast cancer. Semin. Oncol. 2003, 30(Suppl
16), 65-78.

Slichenmyer, W. J.; Elliott, W. L.; Fry, D. W. CI-1033, a pan-erbB
tyrosine kinas inhibitor. Semin. Oncol. 2001, 29, 80-85.

Allen, L. F.; Lenehan, P. F.; Eiseman, I. A.; Elliott, W. L.; Fry, D.
W. Potential benefits of the irreversible pan-erbB inhibitor, CI-
1033, in the treatment of breast cancer. Semin. Oncol. 2002, 29, 11-
21.

Rao, G. S.; Murray, S.; Ethier, S. P. Radiosensitization of human
breast cancer cells by a novel ErbB family receptor tyrosine kinase
inhibitor. Int. J. Radiat. Oncol. Biol. Phys. 2000, 48, 1519-1528.
Gieseg, M. A.; de Bock, C.; Ferguson, L. R.; Denny, W. A. Evi-
dence for epidermal growth factor receptor-enhanced chemosensi-
tivity in combinations of cisplatin and the new irreversible tyrosine
kinase inhibitor C1-1033. Anticancer Drugs 2001, 12, 683-690.
Erlichman, C.; Boerner, S. A.; Hallgren, C. G.; Spieker, R.; Wang,
X.Y.; Jame,s C. D.; Scheffer, G. L.; Maliepaard, M.; Ross, D. D.;
Bible, K. C.; Kaufmann, S. H. The HER tyrosine kinase inhibitor
C11033 enhances cytotoxicity of 7-ethyl-10-hydroxycamptothecin
and topotecan by inhibiting breast cancer resistance protein-
mediated drug efflux. Cancer Res. 2001, 61, 739-748.

Janne, P. A.; von Pawel, J.; Cohen, R. B.; Crino, L.; Butts, C. A;;
Olson, S. S.; Eiseman, I. A.; Chiappori, A. A, Yeap, B. Y.;
Lenehan, P. F.; Dasse, K.; Sheeran, M.; Bonomi, P. D. Multicenter,
randomized, phase Il trial of CI-1033, an irreversible pan-ERBB
inhibitor, for previously treated advanced non small-cell lung can-
cer. J. Clin. Oncol. 2007, 25, 3936-3944.

Rixe, O.; Franco, S. X.; Yardley, D. A.; Johnston, S. R.; Martin,
M.; Arun, B. K.; Letrent, S. P.; Rugo, H. S. A randomized, phase
11, dose-finding study of the pan-ErbB receptor tyrosine-kinase in-
hibitor CI-1033 in patients with pretreated metastatic breast cancer.
Cancer Chemother. Pharmacol. 2009, 64, 1139-1148.

Wissner, A.; Overbeek, E.; Reich, M. F.; Floyd, M. B.; Johnson, B.
D.; Mamuya, N.; Rosfjord, E. C.; Discafani, C.; Davis, R.; Shi, X.;
Rabindran, S. K.; Gruber, B. C.; Ye, F.; Hallett, W. A.; Nilakantan,
R.; Shen, R.; Wang, Y. F.; Greenberger, L. M.; Tsou, H. R. Synthe-
sis and structure-activity relationships of 6,7-disubstituted 4-
anilinoquinoline-3-carbonitriles. The design of orally active irre-
versible inhibitor of the tyrosine kinase activity of the epidermal
growth factor (EGFR) and the human epidermal growth factor re-
ceptor-2 (HER-2). J. Med. Chem. 2003, 46, 49-63.

Burstein, H. J.; Sun, Y.; Dirix, L. Y.; Jiang, Z.; Paridaens, R.; Tan,
A. R.; Awada, A.; Ranade, A.; Jiao, S.; Schwartz, G.; Abbas, R.;
Powell, C.; Turnbull, K.; Vermette, J.; Zacharchuk, C.; Badwe, R.
Neratinib, an irreversible ErbB receptor tyrosine kinase inhibitor, in
patients with advanced ErbB2-positive breast cancer. J. Clin. On-
col. 2010, 28, 1301-1307.

Rabindran, S. K.; Discafani, C. M.; Rosfjord, E. C.; Baxter, M.;
Floyd, M. B.; Golas, J.; Hallett, W. A.; Johnson, B. D.; Nilakantan,
R.; Overbeek, E.; Reich, M. F.; Shen, R.; Shi, X.; Tsou, H. R,;
Wang, Y. F.; Wissner, A. Antitumor activity of HKI-272, an orally
active, irreversible inhibitor of the HER-2 tyrosine kinase. Cancer
Res. 2004, 64, 3958-3965.

Kwak, E. L.; Sordella, R.; Bell, D. W.; Godin-Heymann, N.; Oki-
moto, R. A.; Brannigan, B. W.; Harris, P. L.; Driscoll, D. R;;
Fidias, P.; Lynch, T. J.; Rabindran, S. K.; McGinnis, J. P.; Wissne,r
A.; Sharma, S. V.; Isselbacher, K. J.; Settleman, J.; Haber, D. A.
Irreversible inhibitors of the EGF receptor may circumvent ac-

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]
[130]
[131]
[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

[141]

Current Cancer Drug Targets, 2010, Vol. 10, No.5 477

quired resistance to gefitinib. Proc. Natl. Acad. Sci. USA 2005,
102, 7665-7670.

Wong, K. K.; Fracasso, P. M.; Bukowski, R. M.; Lynch, T. J.;
Munster, P. N.; Shapiro, G. I.; Janne, P. A.; Eder, J. P.; Naughton,
M. J.; Ellis, M. J.; Jones, S. F.; Mekhail, T.; Zacharchuk, C.; Ver-
mette, J.; Abbas, R.; Quinn, S.; Powell, C.; Burris, H. A. A phase |
study with neratinib (HKI-272), an irreversible pan ErbB receptor
tyrosine kinase inhibitor, in patients with solid tumors. Clin. Can-
cer Res. 2009, 15, 2552-2558.

Torrance, C. J.; Jackson, P. E.; Montgomery, E.; Kinzler, K. W.;
Vogelstein, B.; Wissner, A.; Nunes, M.; Frost, P.; Discafani, C. M.
Combinatorial chemoprevention of intestinal neoplasia. Nat. Med.
2000, 6, 1024-1028.

Nunes, M.; Shi, C.; Greenberger, L. M. Phosphorylation of ex-
tracellular signal-regulated kinase 1 and 2, protein kinase B, and
signal transducer and activator of transcription 3 are differently in-
hibited by an epidermal growth factor receptor inhibitor, EKB-569,
in tumor cells and normal human keratinocytes. Mol. Cancer Ther.
2004, 3, 21-27.

Erlichman, C.; Hidalgo, M.; Boni, J. P.; Martins, P.; Quinn, S. E,;
Zacharchuk, C.; Amorusi, P.; Adjei, A. A.; Rowinsky, E. K. Phase
I study of EKB-569, an irreversible inhibitor of the epidermal
growth factor receptor, in patients with advanced solid tumors. J.
Clin. Oncol. 2006, 24, 2252-2260.

Laheru, D.; Croghan, G.; Bukowski, R.; Rudek, M.; Messersmith,
W.; Erlichman, C.; Pelley, R.; Jimeno, A.; Donehower, R; Boni, J.;
Abbas, R.; Martins, P.; Zacharchuk, C.; Hidalgo, M. A phase |
study of EKB-569 in combination with capecitabine in patients
with advanced colorectal cancer. Clin. Cancer Res. 2008, 14, 5602-
5609.

Ocafa, A.; Amir, E. Irreversible pan-ErbB tyrosine kinase inhibi-
tors and breast cancer: current status and future directions. Cancer
Treat. Rev. 2009, 35, 685-691.

Costa, L. J.; Drabkin, H. A. Renal cell carcinoma: new develop-
ments in molecular biology and potential for targeted therapies.
Oncologist 2007, 12, 1404-1415.

Carmeliet, P. Angiogenesis in life, disease and medicine. Nature
2005, 438, 932-936.

Ribatti, D.; Vacca, A. The role of microenvironment in tumor angi-
ogenesis. Genes Nutr. 2008, 3, 29-34.

Ribatti, D. Judah Folkman, a pioneer in the study of angiogenesis.
Angiogenesis 2008, 11, 3-10.

Verheul, H. M.; Voest, E. E.; Schlingemann, R. O. Are tumours
angiogenesis-dependent? J. Pathol. 2004, 202, 5-13.

Zhong, H.; Bowen, J. P. Antiangiogenesis drug design: multiple
pathways targeting tumor vasculature. Curr. Med. Chem. 2006, 13,
849-862.

Ferrara, N.; Kerbel, R. S. Angiogenesis as a therapeutic target.
Nature 2005, 438, 967-974.

Vincenti, V.; Cassano, C.; Rocchi, M.; Persico, G. Assignment of
the vascular endothelial growth factor gene to human chromosome
6p21.3. Circulation 1996, 93, 1493-1495.

Houck, K. A.; Ferrara, N.; Winer, J.; Cachianes, G.; Li, B.; Leung,
D. W. The vascular endothelial growth factor family: identification
of a fourth molecular species and characterization of alternative
splicing of RNA. Mol. Endocrinol. 1991, 5, 1806-1814.

Tischer, E.; Mitchell, R.; Hartman, T.; Silva, M.; Gospodarowicz,
D.; Fiddes, J. C.; Abraham, J. A. The human gene for vascular en-
dothelial growth factor. Multiple protein forms are encoded
through alternative exon splicing. J. Biol. Chem. 1991, 266, 11947-
11954.

Kaelin, W. G. Jr. Treatment of kidney cancer: insights provided by
the VHL tumor-suppressor protein. Cancer 2009, 115, 2262-2272.
Cohen, T.; Nahari, D.; Cerem, L. W.; Neufeld, G.; Levi, B. Z.
Interleukin 6 induces the expression of vascular endothelial growth
factor. J. Biol. Chem. 1996, 271, 736-741.

Claffey, K. P.; Abrams, K.; Shih, S. C.; Brown, L. F.; Mullen, A;;
Keough, M. Fibroblast growth factor 2 activation of stromal cell
vascular endothelial growth factor expression and angiogenesis.
Lab. Invest. 2001, 81, 61-75.

Pal, S.; Datta, K.; Mukhopadhyay, D. Central role of p53 on regu-
lation of vascular permeabilita factor/vascular endothelial growth
factor (VPF/VEGF) expression in mammary carcinoma. Cancer
Res. 2001, 61, 6952-6957.

EX2085.0016



478 Current Cancer Drug Targets, 2010, Vol. 10, No. 5

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

Applanat, M. P.; Buteau-Lozano, H.; Herve, M. A.; Corpet, A.
Vascular endothelial growth factor is a target gene for estrogen re-
ceptor and contributes to breast cancer progression. Adv. Exp. Med.
Biol. 2008, 617, 437-444.

Ferrara, N.; Gerber, H. P.; LeCouter, J. The biology of VEGF and
its receptors. Nat. Med. 2003, 9, 669-676.

Olsson, A. K.; Dimberg, A.; Kreuger, J.; Claesson-Welsh, L.
VEGF receptor signalling - in control of vascular function. Nat.
Rev. Mol. Cell Biol. 2006, 7, 359-371.

Tammela, T.; Enholm, B.; Alitalo, K.; Paavonen, K. The biology of
vascular endothelial growth factors. Cardiovasc. Res. 2005, 65,
550-563.

Tabernero, J. The role of VEGF and EGFR inhibition: Implications
for combining anti-VEGF and anti-EGFR agents. Mol. Cancer Res.
2007, 5, 203-220.

Gordon, M. S.; Mendelson, D. S.; Kato, G. Tumor angiogenesis
and novel antiangiogenic strategies. Int. J. Cancer 2010, 126, 1777-
1787.

Gotink, K. J.; Verheul, H. M. Anti-angiogenic tyrosine kinase
inhibitors: what is their mechanism of action? Angiogenesis 2010,
13, 1-14.

Mendel, D. B.; Laird, A. D.; Xin, X.; Louie, S. G.; Christensen, J.
G.; Li, G.; Schreck, R. E.; Abrams, T. J.; Ngai, T. J.; Lee, L. B,;
Murray, L. J.; Carver, J.; Chan, E.; Moss, K. G.; Haznedar, J. O;
Sukbuntherng, J.; Blake, R. A.; Sun, L.; Tang, C.; Miller, T.; Shi-
razian, S.; McMahon, G.; Cherrington, J. M. In vivo antitumor ac-
tivity of SU11248, a novel tyrosine kinase inhibitor targeting vas-
cular endothelial growth factor and platelet-derived growth factor
receptors: Determination of a pharmacokinetic/pharmacodynamic
relationship. Clin. Cancer Res. 2003, 9, 327-337.

Kim, D. W,; Jo, Y. S.; Jung, H. S.; Chung, H. K.; Song, J. H.; Park,
K. C.; Park, S. H.; Hwang, J. H.; Rha, S. Y.; Kweon, G. R.; Lee, S.
J.; Jo, K. W.; Shong, M. An orally administered multi-target tyrosi-
ne kinase inhibitor, SU11248, is a novel potent inhibitor of thyroid
oncogenic RET/papillary thyroid cancer kinases. J. Clin. Endocri-
nol. Metab. 2006, 91, 4070-4076.

Arora, A.; Scholar, E. M. Role of tyrosine kinase inhibitors in
cancer therapy. J. Pharmacol. Exp. Ther. 2005, 315, 971-979.
Potapova, O.; Laird, A. D.; Nannini, M. A.; Barone, A.; Li, G;
Moss, K. G.; Cherrington, J. M.; Mendel, D. B. Contribution of in-
dividual targets to the antitumor efficacy of the multitargeted re-
ceptor tyrosine kinase inhibitor SU11248. Mol. Cancer Ther. 2006,
5, 1280-1289.

Laird, A. D.; Cherrington, J. M. Small molecule tyrosine kinase
inhibitors: clinical development of anticancer agents. Expert Opin.
Investig. Drugs 2003, 12, 51-64.

Osusky, K. L; Hallahan, D. E; Fu, A.; Ye, F.; Shyr, Y.; Geng, L.
The receptor tyrosine kinase inhibitor SU11248 impedes endothe-
lial cell migration, tubule formation, and blood vessel formation in
vivo, but has little effect on existing tumor vessels. Angiogenesis
2004, 7, 225-233.

Heinrich, M. C.; Blanke, C. D.; Druker, B. J.; Corless, C. L. Inhibi-
tion of KIT tyrosine kinase activity: A novel molecular approach to
the treatment of KIT-positive malignancies. J. Clin. Oncol. 2002,
20, 1692-1703.

Houk, B. E.; Bello, C. L.; Kang, D.; Amantea, M. A. population
pharmacokinetic meta-analysis of sunitinib malate (SU11248) and
its primary metabolite (SU12662) in healthy volunteers and oncol-
ogy patients. Clin. Cancer Res. 2009, 15, 2497-2506.

Kulke, M. H.; Lenz, H. J.; Meropol, N. J.; Posey, J.; Ryan, D. P.;
Picus, J.; Bergsland, E.; Stuart, K.; Tye, L.; Huang, X.; Li, J. Z,;
Baum, C. M.; Fuchs, C. S. Activity of sunitinib in patients with ad-
vanced neuroendocrine tumors. J. Clin. Oncol. 2008, 26, 3403-
3410.

Burstein, H. J.; Elias, A. D.; Rugo, H. S.; Cobleigh, M. A.; Wolff,
A. C.; Eisenberg, P. D.; Lehman, M.; Adams, B. J.; Bello, C. L.;
De Primo, S. E.; Baum, C. M.; Miller, K. D. A phase Il study of
sunitinib malate, an oral multitargeted tyrosine tyrosine kinase in-
hibitor, in patients with metastatic breast cancer previously treated
with an anthracycline and a taxane. J. Clin. Oncol. 2008, 26, 1810-
1816.

Motzer, R. J.; Rini, B. I.; Bukowski, R. M.; Curti, B. D.; George,
D. J.; Hudes, G. R.; Redman, B. G.; Margolin, K. A.; Merchan, J.
R.; Wilding, G.; Ginsberg, M. S.; Bacik, J.; Kim, S. T.; Baum, C.

[160]

[161]

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

Natoli et al.

M.; Michaelson, M. D. Sunitinib in patients with metastatic renal
cell carcinoma. JAMA 2006, 295, 2516-2524.

Motzer, R. J.; Hutson, T. E.; Tomczak, P.; Michaelson, M. D.;
Bukowski, R. M.; Rixe, O.; Oudard, S.; Negrier, S.; Szczylik, C;
Kim, S. T.; Chen, I.; Bycott, P. W.; Baum, C. M.; Figlin, R. A.
Sunitinib versus interferon a in metastatic renal-cell carcinoma. N.
Engl. J. Med. 2007, 356, 115-124.

Demetri, G. D.; van Oosterom, A. T.; Garrett, C. R.; Blackstein, M.
E.; Shah, M. H.; Verweij, J.; McArthur, G.; Judson, I. R.; Heinrich,
M. C.; Morgan, J. A.; Desai, J.; Fletcher, C. D.; George, S.; Bello,
C. L.; Huang, X.; Baum, C. M.; Casali, P. G. Efficacy and safety of
sunitinib in patients with advanced gastrointestinal stromal tumour
after failure of imatinib: a randomised controlled trial. Lancet 2006,
368, 1329-1338.

Blay, J. Y. Pharmacological management of gastrointestinal stro-
mal tumours: an update on the role of sunitinib. Ann. Oncol. 2010,
21, 208-215.

Gnarra, J. R; Tory, K.; Weng, Y.; Schmidt, L.; Wei, M. H.; Li, H.;
Latif, F.; Liu, S.; Chen, F.; Duh, F. M. Mutations of the VHL tu-
mour suppressor gene in renal carcinoma. Nat. Genet. 1994, 7, 85-
90.

Linehan, W. M.; Lerman, M. |.; Zbar, B. Identification of the VHL
gene: its role in renal carcinoma. JAMA 1995, 273, 564-570.
Kondo, K.; Kico, J.; Nakamura, E.; Lechpammer, M.; Kaelin, W.
Inhibition of HIF is necessary for tumor suppression by the von
Hippel-Lindau protein. Cancer Cell 2002, 1, 237-246.

Choueiri, T. K.; Schutz, F. A.; Je, Y.; Rosenberg, J. E.; Bellmunt, J.
Risk of Arterial Thromboembolic Events With Sunitinib and Soraf-
enib: A Systematic Review and Meta-Analysis of Clinical Trials. J.
Clin. Oncol. 2010, Mar 29[Epub ahead of print].

Heinrich, M. C.; Corless, C. L.; Duensing, A.; McGreevey, L.;
Chen, C. J.; Joseph, N.; Singer, S.; Griffith, D. J.; Haley, A.; Town,
A.; Demetri, G. D.; Fletcher, C. D.; Fletcher, J. A. PDGFRA acti-
vating mutations in gastrointestinal stromal tumors. Science 2003,
299, 708-710.

Corless, C. L.; Schroeder, A.; Griffith, D.; Town, A.; McGreevey,
L.; Harrell, P.; Shiraga, S.; Bainbridge, T.; Morich, J.; Heinrich, M.
C. PDGFRA mutations in gastrointestinal stromal tumors: Fre-
quency, spectrum and in vitro sensitivity to imatinib. J. Clin. On-
col. 2005, 23, 5357-5364.

Agaram, N. P.; Wong, G. C.; Guo, T.; Maki, R. G.; Singer, S.; De
Matteo, R. P.; Besmer, P.; Antonescu, C. R. Novel V600E BRAF
mutations in imatinib-naive and imatinib-resistant gastrointestinal
stromal tumors. Genes Chromosomes Cancer 2008, 47, 853-859.
Tarn, C.; Rink, L.; Merkel, E.; Flieder, D.; Pathak, H.; Koumbi, D.;
Testa, J. R.; Eisenberg, B.; von Mehren, M.; Godwin, A. K.
Insulin-like growth factor 1 receptor is a potential therapeutic target
for gastrointestinal stromal tumors. Proc. Natl. Acad. Sci. USA
2008, 105, 8387-8392.

Rutkowski, P.; Nowecki, Z. |.; Biec-Rychter, M. Predictive factors
for long-term effects of imatinib therapy in patients with inoper-
able/metastatic CD117(+) gastrointestinal stromal tumors (GISTs).
J. Cancer Res. Clin. Oncol. 2007, 133, 589-597.

Gold, J. S.; van der Zwan, S. M.; Gonen, M.; Maki, R. G.; Singer,
S.; Brennan, M. F.; Antonescu, C. R.; De Matteo, R. P. Outcome of
metastatic GIST in the era before tyrosine kinase inhibitors. Ann.
Surg. Oncol. 2007, 14, 134-142.

Richter, K. K.; Schmid, C.; Thompson-Fawcett, M.; Settmacher,
U.; Altendorf-Hofmann, A. Long-term follow-up in 54 surgically
treated patients with gastrointestinal stromal tumours. Langenbecks
Arch. Surg. 2008, 393, 949-955.

Dirnhofer, S.; Leyvraz, S. Current standards and progress in under-
standing and treatment of GIST. Swiss Med. Wkly. 2009, 139, 90-
102.

Wilhelm, S. M.; Carter, C.; Tang, L.; Wilkie, D.; McNabola, A.;
Rong, H.; Chen, C.; Zhang, X.; Vincent, P.; McHugh, M.; Cao, Y ;
Shujath, J.; Gawlak, S.; Eveleigh, D.; Rowley, B.; Liu, L.; Adnane,
L.; Lynch, M.; Auclair, D.; Taylor, I.; Gedrich, R.; Voznesensky,
A.; Riedl, B.; Post, L. E.; Bollag, G.; Trail, P. A. BAY 43-9006 ex-
hibits broad spectrum oral antitumor activity and targets the RAF/
MEK/ERK pathway and receptor tyrosine kinases involved in tu-
mor progression and angiogenesis. Cancer Res. 2004, 64, 7099-
7109.

EX2085.0017



Tyrosine Kinase Inhibitors

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

Sridhar, S. S.; Hedley, D.; Siu, L. L. Raf kinase as a target for
anticancer therapeutics. Mol. Cancer Ther. 2005, 4, 677-685.
Carlomagno, F.; Anaganti, S.; Guida, T.; Salvatore, G.; Troncone,
G.; Wilhelm, S. M.; Santoro, M. BAY 43-9006 inhibition of onco-
genic RET mutants. J. Natl. Cancer Inst. 2006, 98, 326-334.
Wilhelm, S.; Carter, C.; Lynch, M.; Lowinger, T.; Dumas, J.;
Smith, R. A.; Schwartz, B.; Simantov, R.; Kelley, S. Discovery and
development of sorafenib: a multikinase inhibitor for treating can-
cer. Nat. Rev. 2006, 5, 835-844.

Clark, J. W.; Eder, J. P.; Ryan, D.; Lathia, C.; Lenz, H. J. Safety
and pharmacokinetics of the dual action Raf kinase and vascular
endothelial growth factor receptor inhibitor, BAY 43-9006, in pa-
tients with advanced, refractory solid tumors. Clin. Cancer Res.
2005, 11, 5472-5480.

Escudier, B.; Eisen, T.; Stadler, W. M.; Szczylik, C.; Oudard, S.;
Siebels, M.; Negrier, S.; Chevreau, C.; Solska, E.; Desai, A. A;;
Rolland, F.; Demkow, T.; Hutson, T. E.; Gore, M.; Freeman, S.;
Schwartz, B.; Shan, M.; Simantov, R.; Bukowski, R. M.; TARGET
Study Group. Sorafenib in advanced clear-cell renal-cell carci-
noma. N. Engl. J. Med. 2007, 356, 125-134.

Escudier, B.; Eisen, T.; Stadler, W. M.; Szczylik, C.; Oudard, S.;
Staehler, M.; Negrier, S.; Chevreau, C.; Desai, A. A.; Rolland, F.;
Demkow, T.; Hutson, T. E.; Gore, M.; Anderson, S.; Hofilena, G.;
Shan, M.; Pena, C.; Lathia, C.; Bukowski, R. M. Sorafenib for
treatment of renal cell carcinoma: Final efficacy and safety results
of the phase 111 treatment approaches in renal cancer global evalua-
tion trial. J. Clin. Oncol. 2009, 27, 3312-3318.

Escudier, B.; Szczylik, C.; Hutson, T. E.; Demkow, T.; Staehler,
M.; Rolland, F.; Negrier, S.; Laferriere, N.; Scheuring, U. J.; Cella,
D.; Shah, S.; Bukowski, R. M. Randomized phase Il trial of first-
line treatment with sorafenib versus interferon alfa-2a in patients
with metastatic renal cell carcinoma. J. Clin. Oncol. 2009, 27,
1280-1289.

Semela, D.; Dufour, J. F. Angiogenesis and hepatocellular carci-
noma. J. Hepatol. 2004, 41, 864-880.

Wiesenauer, C. A.; Yip-Schneider, M. T.; Wang, Y.; Schmidt, C.
M. Multiple anticancer effects of blocking MEK-ERK signaling in
hepatocellular carcinoma. J. Am. Coll. Surg. 2004, 198, 410-421.
Giambartolomei, S.; Covone, F.; Levrero, M.; Balsano, C. Sus-
tained activation of the Raf/MEK/Erk pathway in response to EGF
in stable cell lines expressing the hepatitis C Virus (HCV) core pro-
tein. Oncogene 2001, 20, 2606-2610.

Yoshiji, H.; Kuriyama, S.; Yoshii, J.; Ikenaka, Y.; Noguchi, R.;
Hicklin, D. J.; Wu, Y.; Yanase, K.; Namisaki, T.; Kitade, M.; Ya-
mazaki, M.; Tsujinoue, H.; Masaki, T.; Fukui, H. Halting the inter-
action between vascular endothelial growth factor and its receptors
attenuates liver carcinogenesis in mice. Hepatology 2004, 39,
1517-1524.

Sennino, B.; Kuhnert, F.; Tabruyn, S. P.; Mancuso, M. R.; Hu-
Lowe, D. D.; Kuo, C. J.; McDonald, D. M. Cellular source and
amount of vascular endothelial growth factor and platelet-derived
growth factor in tumors determine response to angiogenesis inhibi-
tors. Cancer Res. 2009, 69, 4527-4536.

Zhang, T.; Sun, H. C.; Xu, Y.; Zhang K. Z.; Wang, L.; Qin, L. X;;
Wu, W. Z;; Liu, Y. K.; Ye, S. L.; Tang, Z. Y. Overexpression of
platelet-derived growth factor receptor alpha in endothelial cells of
hepatocellular carcinoma associated with high metastatic potential.
Clin. Cancer Res. 2005, 11, 8557-8563.

Liu, L.; Cao, Y.; Chen, C.; Zhang, X.; McNabola, A.; Wilkie, D.;
Wilhelm, S.; Lynch, M.; Carter, C. Sorafenib blocks the
RAF/MEK/ERK pathway, inhibits tumor angiogenesis, and induces
tumor cell apoptosis in hepatocellular carcinoma model
PLC/PRF/5. Cancer Res. 2006, 66, 11851-11858.

Llovet, J. M.; Ricci, S.; Mazzaferro, V.; Hilgard, P.; Gane, E.;
Blanc, J. F.; de Oliveira, A. C.; Santoro, A.; Raoul, J. L.; Forner,
A.; Schwartz, M.; Porta, C.; Zeuzem, S.; Bolondi, L.; Greten, T. F.;
Galle, P. R.; Seitz, J. F.; Borbath, I.; Haussinger, D.; Giannaris, T.;
Shan, M.; Moscovici, M.; Voliotis, D.; Bruix, J.; SHARP Investi-
gators Study Group. Sorafenib in advanced hepatocellular carci-
noma. N. Engl. J. Med. 2008, 359, 378-390.

Zhang, T.; Ding, X.; Wei, D.; Cheng, P.; Su, X.; Liu, H.; Wang, D.;
Gao, H. Sorafenib improves the survival of patients with advanced
hepatocellular carcinoma: a meta-analysis of randomized trials.
Anticancer Drugs 2010, 21, 326-332.

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

Current Cancer Drug Targets, 2010, Vol. 10, No.5 479

Peck-Radosavljevic, M.; Greten T. F.; Lammer, J.; Rosmorduc, O.;
Sangro, B.; Santoro, A.; Bolondi, L. Consensus on the current use
of sorafenib for the treatment of hepatocellular carcinoma. Eur. J.
Gastroenterol. Hepatol. 2010, 22, 391-398.

Kelly, R. J.; Rixe, O. Axitinib (AG-013736). Recent Results Can-
cer Res. 2010, 184, 33-44.

Solowiej, J.; Bergqvist, S.; McTigue, M. A.; Marrone, T.; Quenzer,
T.; Cobbs, M.; Ryan, K.; Kania, R. S.; Diehl, W.; Murray, B. W.
Characterizing the Effects of the Juxtamembrane Domain on Vas-
cular Endothelial Growth Factor Receptor-2 Enzymatic Activity,
Autophosphorylation, and Inhibition by Axitinib. Biochemistry
2009, 48, 7019-7031.

Wilmes, L. J.; Pallavicini, M. G.; Fleming, L. M.; Gibbs, J.; Wang,
D.; Li, K. L.; Partridge, S. C.; Henry, R. G.; Shalinsky, D. R.; Hu-
Lowe, D.; Park, J. W.; McShane, T. M.; Lu, Y.; Brasch, R. C.;
Hylton, N. M. AG-013736, a novel inhibitor of VEGF receptor ty-
rosine kinases, inhibits breast cancer growth and decreases vascular
permeability as detected by dynamic contrast-enhanced magnetic
resonance imaging. J. Magn. Reson. Imaging 2007, 25, 319-327.
Rini, B. I.; Wilding, G.; Hudes, G.; Stadler, W. M.; Kim, S,;
Tarazi, J.; Rosbrook, B.; Trask, P. C.; Wood, L.; Dutcher, J. P.
Phase Il study of axitinib in sorafenib-refractory metastatic renal
cell carcinoma. J. Clin. Oncol. 2009, 27, 4462-4468.

Sharma, S.; Abhyankar, V.; Burgess, R. E.; Infante, J.; Trowbridge,
R. C.; Tarazi, J.; Kim, S.; Tortorici, M.; Chen, Y.; Robles, R. L. A
phase | study of axitinib (AG-013736) in combination with bevaci-
zumab plus chemotherapy or chemotherapy alone in patients with
metastatic colorectal cancer and other solid tumors. Ann. Oncol.
2010, 21, 297-304.

Cohen, E. E.; Rosen, L. S.; Vokes, E. E.; Kies, M. S.; Forastiere, A.
A.; Worden, F. P.; Kane, M. A.; Sherman, E.; Kim, S.; Bycott, P.;
Tortorici, M.; Shalinsky, D. R.; Liau, K. F.; Cohen, R. B. Axitinib
is an active treatment for all histologic subtypes of advanced thy-
roid cancer: results from a phase Il study. J. Clin. Oncol. 2008, 26,
4708-4713.

Schiller, J. H.; Larson, T.; Ou, S. H.; Limentani, S.; Sandler, A;;
Vokes, E.; Kim, S.; Liau, K.; Bycott, P.; Olszanski, A. J.; von
Pawel, J. Efficacy and Safety of Axitinib in Patients with Advanced
Non-Small-Cell Lung Cancer: Results From a Phase Il Study. J.
Clin. Oncol. 2009, 27, 3836-3841.

Wedge, S. R.; Kendrew, J.; Hennequin, L. F.; Valentine, P. J.;
Barry, S. T.; Brave, S. R.; Smith, N. R.; James, N. H.; Dukes, M.;
Curwen, J. O.; Chester, R.; Jackson, J. A.; Boffey, S. J.; Kilburn, L.
L.; Barnett, S.; Richmond, G. H.; Wadsworth, P. F.; Walker, M.;
Bigley, A. L.; Taylor, S. T.; Cooper, L.; Beck, S.; Jirgensmeier, J.
M.; Ogilvie, D. J. AZD2171: a highly potent, orally bioavailable,
vascular endothelial growth factor receptor-2 tyrosine kinase in-
hibitor for the treatment of cancer. Cancer Res. 2005, 65, 4389-
4400.

Takeda, M.; Arao, T.; Yokote, H.; Komatsu, T.; Yanagihara, K.;
Sasaki, H.; Yamada, Y.; Tamura, T.; Fukuoka, K.; Kimura, H.;
Saijo, N.; Nishio, K. AZD2171 shows potent antitumor activity
against gastric cancer over-expressing fibroblast growth factor re-
ceptor 2/keratinocyte growth factor receptor. Clin. Cancer Res.
2007, 13, 3051-3057.

Kamoun, W. S.; Ley, C. D.; Farrar, C. T.; Duyverman, A. M,;
Lahdenranta, J.; Lacorre, D. A.; Batchelor, T. T.; di Tomaso, E.;
Duda, D. G.; Munn, L. L.; Fukumura, D.; Sorensen, A. G.; Jain, R.
K. Edema control by cediranib, a vascular endothelial growth fac-
tor receptor-targeted kinase inhibitor, prolongs survival despite per-
sistent brain tumor growth in mice. J. Clin. Oncol. 2009, 27, 2542-
2552,

Sorensen, A. G.; Batchelor, T. T.; Zhang, W. T.; Chen, P. J.; Yeo,
P.; Wang, M.; Jennings, D.; Wen, P. Y.; Lahdenranta, J.; Ancu-
kiewicz, M.; di Tomaso, E.; Duda, D. G.; Jain, R. K. A "vascular
normalization index™ as potential mechanistic biomarker to predict
survival after a single dose of cediranib in recurrent glioblastoma
patients. Cancer Res. 2009, 69, 5296-5300.

Chen, E.; Jonker, D.; Gauthier, I.; MacLean, M.; Wells, J.; Powers,
J.; Seymour, L. Phase | study of cediranib in combination with ox-
aliplatin and infusional 5-Fluorouracil in patients with advanced
colorectal cancer. Clin. Cancer Res. 2009, 15, 1481-1486.

Goss, G. D.; Amold, A.; Shepherd, F. A.; Dediu, M.; Ciuleanu, T.
E.; Fenton, D.; Zukin, M.; Walde, D.; Laberge, F.; Vincent, M. D.;

EX2085.0018



480 Current Cancer Drug Targets, 2010, Vol. 10, No. 5

[206]

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

Ellis, P. M.; Laurie, S. A.; Ding, K.; Frymire, E.; Gauthier, 1;
Leighl, N. B.; Ho, C.; Noble, J.; Lee, C. W.; Seymour, L. Random-
ized, double-blind trial of carboplatin and paclitaxel with either
daily oral cediranib or placebo in advanced non-small-cell lung
cancer: NCIC clinical trials group BR24 study. J. Clin. Oncol.
2010, 28, 49-55.

van Cruijsen, H.; Voest, E. E.; Punt, C. J.; Hoekman, K.; Wit-
teveen, P. O.; Meijerink, M. R.; Puchalski, T. A.; Robertson, J.;
Saunders, O.; Jirgensmeier, J. M.; van Herpen, C. M.; Giaccone,
G. Phase | evaluation of cediranib, a selective VEGFR signalling
inhibitor, in combination with gefitinib in patients with advanced
tumours. Eur. J. Cancer 2010, 46, 901-911.

Fiedler, W.; Mesters, R.; Heuser, M.; Ehninger, G.; Berdel, W. E.;
Zirrgiebel, U.; Robertson, J. D.; Puchalski, T. A.; Collins, B.; Jur-
gensmeier, J. M.; Serve, H. An open-label, Phase | study of cedira-
nib (RECENTIN) in patients with acute myeloid leukemia. Leuk.
Res. 2010, 34, 196-202.

Langenberg, M. H.; van Herpen, C. M.; De Bono, J.; Schellens, J.
H.; Unger, C.; Hoekman, K.; Blum, H. E.; Fiedler, W.; Drevs, J.;
Le Maulf, F.; Fielding, A.; Robertson, J.; Voest, E. E. Effective
strategies for management of hypertension after vascular endothe-
lial growth factor signaling inhibition therapy: results from a phase
I randomized, factorial, double-blind study of Cediranib in patients
with advanced solid tumors. J. Clin. Oncol. 2009, 27, 6152-6159.
Matulonis, U. A.; Berlin, S.; Ivy, P.; Tyburski, K.; Krasner, C.;
Zarwan, C.; Berkenblit, A.; Campos, S.; Horowitz, N.; Cannistra,
S. A, Lee, H.; Lee, J.; Roche, M.; Hill, M.; Whalen, C.; Sullivan,
L.; Tran, C.; Humphreys, B. D.; Penson, R. T. Cediranib, an oral
inhibitor of vascular endothelial growth factor receptor kinases, is
an active drug in recurrent epithelial ovarian, fallopian tube, and
peritoneal cancer. J. Clin. Oncol. 2009, 27, 5601-5606.

Robertson, J. D.; Botwood, N. A.; Rothenberg, M. L.; Schmoll, H.
J. Phase Il trial of FOLFOX plus bevacizumab or cediranib
(AZD2171) as first-line treatment of patients with metastatic colo-
rectal cancer: HORIZON II1. Clin. Colorectal Cancer 2009, 8, 59-
60.

Sonpavde, G.; Hutson, T. E. Pazopanib: a novel multitargeted
tyrosine kinase inhibitor. Curr. Oncol. Rep. 2007, 9, 115-119.
Harris, P. A.; Boloor, A.; Cheung, M.; Kumar, R.; Crosby, R. M.;
Davis-Ward, R. G.; Epperly, A. H.; Hinkle, K. W.; Hunter, R. N.
3" Johnson, J. H.; Knick, V. B.; Laudeman, C. P.; Luttrell, D. K.;
Mook, R. A.; Nolte, R. T.; Rudolph, S. K.; Szewczyk, J. R.; Trues-
dale, A. T.; Veal, J. M.; Wang, L.; Stafford, J. A. Discovery of 5-
[[4-[(2,3-dimethyl-2H-indazol-6-yl)methylamino]-2-
pyrimidinyllamino]-2-methyl-benzenesulfonamide (Pazopanib), a
novel and potent vascular endothelial growth factor receptor inhibi-
tor. J. Med. Chem. 2008, 51, 4632-4640.

Kumar, R.; Knick, V. B.; Rudolph, S. K.; Johnson, J. H.; Crosby,
R. M.; Crouthamel, M. C.; Hopper, T. M.; Miller, C. G.; Harring-
ton, L. E.; Onori, J. A.; Mullin, R. J.; Gilmer, T. M.; Truesdale, A.
T.; Epperly, A. H.; Boloor, A.; Stafford, J. A.; Luttrell, D. K.; Che-
ung, M. Pharmacokinetic-pharmacodynamic correlation from
mouse to human with pazopanib, a multikinase angiogenesis in-
hibitor with potent antitumor and antiangiogenic activity. Mol.
Cancer Ther. 2007, 6, 2012-2021.

Sternberg, C. N.; Davis, I. D.; Mardiak, J.; Szczylik, C.; Lee, E;
Wagstaff, J.; Barrios, C. H.; Salman, P.; Gladkov, O. A.; Kavina,
A.; Zarbg, J. J; Chen, M, McCann, L. Pandite, L,;
Roychowdhury, D. F.; Hawkins, R. E. Pazopanib in locally ad-
vanced or metastatic renal cell carcinoma: results of a randomized
phase I11 trial. J. Clin. Oncol. 2010, 28, 1061-1088.

Iwamoto, F. M.; Lamborn, K. R.; Robins, H. I.; Mehta, M. P,;
Chang, S. M.; Butowski, N. A.; Deangelis, L. M.; Abrey, L. E,;
Zhang, W. T.; Prados, M. D.; Fine, H. A. Phase Il trial of pa-
zopanib (GW786034), an oral multi-targeted angiogenesis inhibi-
tor, for adults with recurrent glioblastoma (North American Brain
Tumor Consortium Study 06-02). Neuro Oncol. 2010, Mar 3[Epub
ahead of print].

Kim, K.; Ryu, S. Y. Major clinical research advances in gyneco-
logic cancer 2009. J. Gynecol. Oncol. 2009, 20, 203-209.

Sleijfer, S.; Ray-Coquard, I.; Papai, Z.; Le Cesne, A.; Scurr, M;
Schéffski, P.; Collin, F.; Pandite, L.; Marreaud, S.; De Brauwer,
A.; van Glabbeke, M.; Verweij, J.; Blay, J. Y. Pazopanib, a
multikinase angiogenesis inhibitor, in patients with relapsed or re-

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

[229]

[230]

[231]

[232]

Natoli et al.

fractory advanced soft tissue sarcoma: a phase Il study from the
European organisation for research and treatment of cancer-soft tis-
sue and bone sarcoma group (EORTC study 62043). J. Clin. Oncol.
2009, 27, 3126-3132.

Bukowski, R. M.; Yasothan, U.; Kirkpatrick, P. Pazopanib. Nat.
Rev. Drug Discov. 2010, 9, 17-18.

Hennequin, L. F.; Stokes, E. S.; Thomas, A. P.; Johnstone, C.; PIgé,
P. A.; Ogilvie, D. J.; Dukes, M.; Wedge, S. R.; Kendrew, J.; Cur-
wen, J. O. Novel 4-anilinoquinazolines with C-7 basic side chains:
Design and structure activity relationship of a series of potent,
orally active, VEGF receptor tyrosine kinase inhibitors. J. Med.
Chem. 2002, 45, 1300-1312.

Carlomagno, F.; Vitagliano, D.; Guida, T.; Ciardiello, F.; Tortora,
G.; Vecchio, G.; Ryan, A. J.; Fontanini, G.; Fusco, A.; Santoro, M.
ZD6474, an orally available inhibitor of KDR tyrosine kinase activ-
ity, efficiently blocks oncogenic RET kinases. Cancer Res. 2002,
62, 7284-7290.

Runeberg-Roos, P.; Saarma, M. Neurotrophic factor receptor RET:
structure, cell biology, and inherited diseases. Ann. Med. 2007, 39,
572-580.

Santarpia, L.; Ye, L.; Gagel, R. F. Beyond RET: potential therapeu-
tic approaches for advanced and metastatic medullary thyroid car-
cinoma. J. Intern. Med. 2009, 266, 99-113.

Drosten, M.; Putzer, B. M. Mechanisms of disease: cancer targeting
and the impact of oncogenic RET for medullary thyroid carcinoma
therapy. Nat. Clin. Pract. Oncol. 2006, 3, 564-574.

Croyle, M.; Akeno, N.; Knauf, J. A.; Fabbro, D.; Chen, X,;
Baumgartner, J. E.; Lane, H. A.; Fagin, J. A. RET/PTC-induced
cell growth is mediated in part by epidermal growth factor receptor
(EGFR) activation: evidence for molecular and functional interac-
tions between RET and EGFR. Cancer Res. 2008, 68, 4183-4191.
Hanahan, D.; Weinberg, R. A. The hallmarks of cancer. Cell 2000,
100, 57-70.

Morabito, A.; Piccirillo, M. C.; Falasconi, F.; De Feo, G.; Del
Giudice, A.; Bryce, J.; Di Maio, M.; De Maio, E.; Normanno, N.;
Perrone, F. Vandetanib (ZD6474), a dual inhibitor of vascular en-
dothelial growth factor receptor (VEGFR) and epidermal growth
factor receptor (EGFR) tyrosine kinases: current status and future
directions. Oncologist 2009, 14, 378-390.

Tamura, T.; Minami, H.; Yamada, Y.; Yamamoto, N.; Shimoyama,
T.; Murakami, H.; Horiike, A.; Fujisaka, Y.; Shinkai, T.; Tahara,
M.; Kawada, K.; Ebi, H.; Sasaki, Y.; Jiang, H.; Saijo, N. A phase |
dose-escalation study of ZD6474 in Japanese patients with solid,
malignant tumors. J. Thorac. Oncol. 2006, 9, 1002-1009.

Robinson, B. G.; Paz-Ares, L.; Krebs, A.; Vasselli, J.; Haddad, R.
Vandetanib (100 Milligrams) in Patients with Locally Advanced or
Metastatic Hereditary Medullary Thyroid Cancer. J. Clin. Endocri-
nol. Metab. 2010, Apr 6.[Epub ahead of print].

Wells, S. A. Jr.; Gosnell, J. E.; Gagel, R. F.; Moley, J.; Pfister, D.;
Sosa, J. A.; Skinner, M.; Krebs, A.; Vasselli, J.; Schlumberger, M.
Vandetanib for the treatment of patients with locally advanced or
metastatic hereditary medullary thyroid cancer. J. Clin. Oncol.
2010, 28, 767-772.

Traxler, P.; Allegroni, P. R.; Brandt, R.; Brueggen, J.; Cozens, R.;
Fabbro, D.; Grosios, K.; Lane, H. A.; McSheehy, P.; Mestan, J.;
Meyer, T.; Tang, C.; Wartmann, M.; Wood, J.; Caravatti, G.
AEE788: a dual family epidermal growth factor receptor/ErbB2
and vascular endothelial growth factor receptor tyrosine kinase in-
hibitor with antitumor and antiangiogenic activity. Cancer Res.
2004, 64, 4931-4941.

Karaman, M. W.; Herrgard, S.; Treiber, D. K.; Gallant, P.;
Atteridge, C. E.; Campbell, B. T.; Chan, K. W.; Ciceri, P.; Davis,
M. I.; Edeen, P. T.; Faraoni, R.; Floyd, M.; Hunt, J. P.; Lockhart,
D. J.; Milanov, Z. V.; Morrison, M. J.; Pallares, G.; Patel, H. K.;
Pritchard, S.; Wodicka, L. M.; Zarrinkar, P. P. A quantitative
analysis of kinase inhibitor selectivity. Nat. Biotechnol. 2008, 26,
127-132.

Drevs, J.; Muller-Driver, R.; Wittig, C.; Fuxius, S.; Esser, N;
Hugenschmidt, H.; Konerding, M. A.; Allegrini, P. R.; Wood, J.;
Hennig, J.; Unger, C.; Marmé D. PTK787/ZK 222584, a specific
vascular endothelial growth factor-receptor tyrosine kinase inhibi-
tor, affects the anatomy of the tumor vascular bed and the func-
tional vascular properties as detected by dynamic enhanced mag-
netic resonance imaging. Cancer Res. 2002, 62, 4015-4122.

EX2085.0019



Tyrosine Kinase Inhibitors

[233]

[234]

[235]

[236]

[237]
[238]
[239]

[240]

[241]

[242]

[243]

[244]

[245]

[246]

[247]

[248]

[249]

[250]

[251]

Banerjee, S.; Zvelebil, M.; Furet, P.; Mueller-Vieira, U.; Evans, D.
B.; Dowsett, M.; Martin, L. A. The vascular endothelial growth
factor receptor inhibitor PTK787/ZK222584 inhibits aromatase.
Cancer Res. 2009, 69, 4716-4723.

Thomas, A. L.; Morgan, B.; Horsfield, M. A.; Higginson, A.; Kay,
A.; Lee, L.; Masson, E.; Puccio-Pick, M.; Laurent, D.; Steward, W.
P. Phase | study of the safety, tolerability, pharmacokinetics, and
pharmacodynamics of PTK787/ZK 222584 administered twice
daily in patients with advanced cancer. J. Clin. Oncol. 2005, 23,
4162-4171.

Los, M.; Roodhart, J. M.; Voest, E. E. Target practice: lessons from
phase Il trials with bevacizumab and vatalanib in the treatment of
advanced colorectal cancer. Oncologist 2007, 12, 443-450.
Wagner, A. D.; Arnold, D.; Grothey, A. A.; Haerting, J.;
Unverzagt, S. Anti-angiogenic therapies for metastatic colorectal
cancer. Cochrane Database Syst. Rev. 2009, 3, CD005392.

Chang, Y. M.; Kung, H. J.; Evans, C. P. Nonreceptor tyrosine
kinases in prostate cancer. Neoplasia 2007, 9, 90-100.

Neet, K.; Hunter, T. Vertebrate non-receptor protein-tyrosine
kinase families. Genes Cells 1996, 1, 147-169.

Krause, D. S.; Van Etten, R. A. Tyrosine kinases as targets for
cancer therapy. N. Engl. J. Med. 2005, 353, 172-187.

Druker, B. J.; Lydon, N. B. Lessons learned from the development
of an abl tyrosine kinase inhibitor for chronic myelogenous leuke-
mia. J. Clin. Invest. 2000, 105, 3-7.

Rowley, J. D. Letter: A new consistent chromosomal abnormality
in chronic myelogenous leukaemia identified by quinacrine fluo-
rescence and Giemsa staining. Nature 1973, 243, 290-293.

Melo, J. V. The diversity of BCR-ABL fusion proteins and their
relationship to leukemia phenotype. Blood 1996, 88, 2375-2384.
Lugo, T. G.; Pendergast, A. M.; Muller, A. J.; Witte, O. N. Tyro-
sine kinase activity and transformation potency of bcr-abl oncogene
products. Science 1990, 247, 1079-1082.

Druker, B. J.; Tamura, S.; Buchdunger, E.; Ohno, S.; Segal, G. M.;
Fanning, S.; Zimmermann, J.; Lydon, N. B. Effects of a selective
inhibitor of the Abl tyrosine kinase on the growth of Bcr-Abl posi-
tive cells. Nat. Med. 1996, 2, 561-566.

Druker, B. J.; Guilhot, F.; O'Brien, S. G.; Gathmann, |.; Kantarjian,
H.; Gattermann, N.; Deininger, M. W.; Silver, R. T.; Goldman, J.
M.; Stone, R. M.; Cervantes, F.; Hochhaus, A.; Powell, B. L.;
Gabrilove, J. L.; Rousselot, P.; Reiffers, J.; Cornelissen, J. J.;
Hughes, T.; Agis, H.; Fischer, T.; Verhoef, G.; Shepherd, J.; Sa-
glio, G.; Gratwohl, A.; Nielsen, J. L.; Radich, J. P.; Simonsson, B.;
Taylor, K.; Baccarani, M.; So, C.; Letvak, L.; Larson, R. A.; IRIS
Investigators. Five-year follow-up of patients receiving imatinib for
chronic myeloid leukemia. N. Engl. J. Med. 2006, 355, 2408-2417.
Cortes, J. E.; Baccarani, M.; Guilhot, F.; Druker, B. J.; Branford,
S.; Kim, D. W.; Pane, F.; Pasquini, R.; Goldberg, S. L.; Kalaycio,
M.; Moiraghi, B.; Rowe, J. M.; Tothova, E.; De Souza, C.; Rudoltz,
M.; Yu, R.; Krahnke, T.; Kantarjian, H. M.; Radich, J. P.; Hughes,
T. P. Phase Ill, randomized, open-Ilabel study of daily imatinib me-
sylate 400 mg versus 800 mg in patients with newly diagnosed,
previously untreated chronic myeloid leukemia in chronic phase us-
ing molecular end points: tyrosine kinase inhibitor optimization and
selectivity study. J. Clin. Oncol. 2010, 28, 424-430.

Kharas, M. G.; Deane, J. A.; Wong, S.; Kharas, M. G.; Deane, J.
A.; Wong, S.; O'Bosky, K. R.; Rosenberg, N.; Witte, O. N.; Fru-
man, D. A. Phosphoinositide 3-kinase signaling is essential for
ABL oncogene-mediated transformation of B-lineage cells. Blood
2004, 103, 4268-4275.

Jain, S. K.; Susa, M.; Keeler, M. L.; Carlesso, N.; Druker, B.;
Varticovski, L. Pl 3-kinase activation in BCR/abl transformed he-
matopoietic cells does not require interaction of p85 SH2 domains
with p210 BCR/abl. Blood 1996, 88, 1542-1550.

Brunet, A.; Bonni, A.; Zigmond, M. J.; Lin, M. Z.; Juo, P.; Hu, L.
S.; Anderson, M. J.; Arden, K. C.; Blenis, J.; Greenberg, M. E. Akt
promotes cell survival by phosphorylating and inhibiting a Fork-
head transcription factor. Cell 1999, 96, 857-868.

Frank, D. A.; Varticovski, L. BCR/abl leads to the constitutive
activation of Stat proteins, and shares an epitope with tyrosine
phosphorylated Stats. Leukemia 1996, 10, 1724-1730.

Gesbert, F.; Griffin, J. D. Ber/Abl activates transcription of the Bcl-
X gene through STATS. Blood 2000, 96, 2269-2276.

[252]

[253]

[254]

[255]

[256]

[257]

[258]

[259]

[260]

[261]

[262]

[263]

[264]

[265]

[266]

Current Cancer Drug Targets, 2010, Vol. 10, No.5 481

Magné, S.; Caron, S.; Charon, M.; Rouyez, M. C.; Dusanter-Fourt,
I. STAT5 and Oct-1 form a stable complex that modulates cyclin
D1 expression. Mol. Cell Biol. 2003, 23, 8934-8945.

Bewry, N. N.; Nair, R. R.; Emmons, M. F.; Boulware, D.; Pinilla-
Ibarz, J.; Hazlehurst, L. A. Stat3 contributes to resistance towards
BCR-ABL inhibitors in a bone marrow microenvironment model of
drug resistance. Mol. Cancer Ther. 2008, 7, 3169-3175.

Cortez, D.; Reuther, G.; Pendergast, A. M. The Bcr-Abl tyrosine
kinase activates mitogenic signaling pathways and stimulates G1-
to-S phase transition in hematopoietic cells. Oncogene 1997, 15,
2333-2342.

Andreu, E. J.; Lledd, E.; Poch, E.; Ivorra, C.; Albero, M. P,;
Martinez-Climent, J. A.; Montiel-Duarte, C.; Rifén, J.; Pérez-
Calvo, J.; Arbona, C.; Prasper, F.; Pérez-Roger, I. BCR-ABL in-
duces the expression of Skp2 through the PI3K pathway to promote
p27Kipl degradation and proliferation of chronic myelogenous
leukemia cells. Cancer Res. 2005, 65, 3264-3272.

Hochhaus, A.; O'Brien, S. G.; Guilhot, F.; Druker, B. J.; Branford,
S.; Foroni, L.; Goldman, J. M.; Miller, M. C.; Radich, J. P.;
Rudoltz, M.; Mone, M.; Gathmann, I.; Hughes, T. P.; Larson, R.
A.; IRIS Investigators. Six-year follow-up of patients receiving
imatinib for the first-line treatment of chronic myeloid leukemia.
Leukemia 2009, 23, 1054-1061.

Baccarani, M.; Cortes, J.; Pane, F.; Niederwieser, D.; Saglio, G.;
Apperley, J.; Cervantes, F.; Deininger, M.; Gratwohl, A.; Guilhot,
F.; Hochhaus, A.; Horowitz, M.; Hughes, T.; Kantarjian, H.; Lar-
son, R.; Radich, J.; Simonsson, B.; Silver, R. T.; Goldman, J.;
Hehlmann, R.; European LeukemiaNet. Chronic myeloid leukemia:
an update of concepts and management recommendations of Euro-
pean LeukemiaNet. J. Clin. Oncol. 2009, 27, 6041-6051.

Larson, R. A.; Druker, B. J.; Guilhot, F.; O'Brien, S. G.; Riviere, G.
J.; Krahnke, T.; Gathmann, I.; Wang, Y.; IRIS (International Ran-
domized Interferon vs STI571) Study Group. Imatinib pharmacoki-
netics and its correlation with response and safety inchronic-phase
chronic myeloid leukemia: a subanalysis of the IRIS study. Blood
2008, 111, 4022-4028.

Baccarani, M.; Cortes, J.; Pane, F.; Niederwieser, D.; Saglio, G.;
Apperley, J.; Cervantes, F.; Deininger, M.; Gratwohl, A.; Guilhot,
F.; Hochhaus, A.; Horowitz, M.; Hughes, T.; Kantarjian, H;
Larson, R.; Radich, J.; Simonsson, B.; Silver, R. T.; Goldman, J.;
Hehlmann, R.; European LeukemiaNet. Chronic myeloid leukemia:
an update of concepts and management recommendations of Euro-
pean LeukemiaNet. J. Clin. Oncol. 2009, 27, 6041-6051.

Apperley, J. F. Part I: mechanisms of resistance to imatinib in
chronic myeloid leukaemia. Lancet Oncol. 2007, 8, 1018-1029.
O'Hare, T.; Eide, C. A.; Deininger, M. W. Bcr-Abl kinase domain
mutations, drug resistance, and the road to a cure for chronic mye-
loid leukemia. Blood 2007, 110, 2242-2249.

Sharma, P.; Mohanty, S.; Kochupillai, V.; Kumar, L. Mutations in
ABL kinase domain are associated with inferior progression-free
survival. Leuk. Lymphoma 2010, Apr 1.[Epub ahead of print].
Buchdunger, E.; Cioffi, C. L.; Law, N.; Stover, D.; Ohno-Jones, S.;
Druker, B. J.; Lydon, N. B. Abl proteintyrosine kinase inhibitor
STI571 inhibits in vitro signal transduction mediated by c-kit and
platelet-derived growth factor receptors. J. Pharmacol. Exp. Ther.
2000, 295, 139-145.

De Matteo, R. P.; Lewis, J. J.; Leung, D.; Mudan, S. S.; Woodruff,
J. M.; Brennan, M. F. Two hundred gastrointestinal stromal tumors:
recurrence pattern and prognostic factors for survival. Ann. Surg.
2000, 231, 51-58.

Verweij, J.; van Oosterom, A.; Blay, J. Y.; Judson, I.; Rodenhuis,
S.; van der Graaf, W.; Radford, J.; Le Cesne, A.; Hogendoorn, P.
C.; di Paola, E. D.; Brown, M.; Nielsen, O. S. Imatinib mesylate
(STI- 571 Glivec, Gleevec) is an active agent for gastrointestinal
stromal tumours, but does not yield responses in other soft-tissue
sarcomas that are unselected for a molecular target. Results from an
EORTC Soft Tissue and Bone Sarcoma Group phase Il study. Eur.
J. Cancer 2003, 39, 2006-2011.

Heinrich, M. C.; Corless, C. L.; Blanke, C. D.; Demetri, G. D.;
Joensuu, H.; Roberts, P. J.; Eisenberg, B. L.; von Mehren, M,;
Fletcher, C. D.; Sandau, K.; McDougall, K.; Ou, W. B.; Chen, C.
J.; Fletche,r J. A. Molecular correlates of imatinib resistance in gas-
trointestinal stromal tumors. J. Clin. Oncol. 2006, 24, 4764-4774.

EX2085.0020



482 Current Cancer Drug Targets, 2010, Vol. 10, No. 5

[267]

[268]

[269]

[270]

[271]

[272]

[273]

[274]

[275]

[276]

[277]

[278]

[279]

[280]

[281]

Debiec-Rychter, M.; Sciot, R.; Le Cesne, A.; Schlemmer, M.;
Hohenberger, P.; van Oosterom, A. T.; Blay, J. Y.; Leyvraz, S.;
Stul, M.; Casali, P. G.; Zalcberg, J.; Verweij, J.; Van Glabbeke, M.;
Hagemeijer, A.; Judson, I.; EORTC Soft Tissue and Bone Sarcoma
Group; Italian Sarcoma Group; Australasian Gastrolntestinal Trials
Group. KIT mutations and dose selection for imatinib in patients
with advanced gastrointestinal stromal tumors. Eur. J. Cancer
2006, 42, 1093-1103.

Cassier, P. A.; Blay, J. Y. Molecular response prediction in gastro-
intestinal stromal tumors. Target Oncol. 2010, Apr 2.[Epub ahead
of print].

Thomas, J.; Wang, L.; Clark, R. E.; Pirmohamed, M. Active trans-
port of imatinib into and out of cells: implications for drug resis-
tance. Blood 2004, 104, 3739-3745.

Stamatakos, M.; Douzinas, E.; Stefanaki, C.; Safioleas, P.;
Polyzou, E.; Levidou, G.; Safioleas, M. Gastrointestinal stromal
tumor. World J. Surg. Oncol. 2009, 7, 61-70.

Cross, N. C.; Reiter, A. Fibroblast growth factor receptor and plate-
let-derived growth factor receptor abnormalities in eosinophilic
myeloproliferative disorders. Acta Haematol. 2008, 119, 199-206.
David, M.; Cross, N. C.; Burgstaller, S.; Chase, A.; Curtis, C.;
Dang, R.; Gardembas, M.; Goldman, J. M.; Grand, F.; Hughes, G.;
Huguet, F.; Lavender, L.; McArthur, G. A.; Mahon, F. X.; Mas-
simini, G.; Melo, J.; Rousselot, P.; Russell-Jones, R. J.; Seymour, J.
F.; Smith, G.; Stark, A.; Waghorn, K.; Nikolova, Z.; Apperley, J. F.
Durable responses to imatinib in patients with PDGFRB fusion
gene—positive and BCR-ABL-negative chronic myeloproliferative
disorders. Blood 2007, 109, 61-64.

Baccarani, M.; Cilloni, D.; Rondoni, M.; Ottaviani, E.; Messa, F.;
Merante, S.; Tiribelli, M.; Buccisano, F.; Testoni, N.; Gottardi, E.;
de Vivo, A.; Giugliano, E.; lacobucci, I.; Paolini, S.; Soverini, S.;
Rosti, G.; Rancati, F.; Astolfi, C.; Pane, F.; Saglio, G.; Martinelli,
G. The efficacy of imatinib mesylate in patients with FIP1L1-
PDGFR-alpha-positive hypereosinophilic syndrome. Results of a
multicenter prospective study. Haematologica 2007, 92, 1173-
1179.

Tefferi, A.; Gotlib, J.; Pardanani, A. Hypereosinophilic syndrome
and clonal eosinophilia: point-of-care diagnostic algorithm and
treatment update. Mayo Clin. Proc. 2010, 85, 158-164.

Jovanovic, J.V.; Score, J.; Waghorn, K.; Cilloni, D.; Gottardi, E.;
Metzgeroth, G.; Erben, P.; Popp, H.; Walz, C.; Hochhaus, A,
Roche- Lestienne, C.; Preudhomme, C.; Solomon, E.; Apperley, J.;
Rondoni, M.; Ottaviani, E.; Martinelli, G.; Brito-Babapulle, F.; Sa-
glio, G.; Hehlmann, R.; Cross, N. C.; Reiter, A.; Grimwade, D.
Low dose imatinib mesylate leads to rapid induction of major mo-
lecular responses and achievement of complete molecular remis-
sion in FIP1L1-PDGFRA-positive chronic eosinophilic leukemia.
Blood 2007, 109, 4635-4640.

Lierman, E.; Folens, C.; Stover, E. H.; Mentens, N.; Van Miegroet,
H.; Scheers, W.; Boogaerts, M.; Vandenberghe, P.; Marynen, P.;
Cools, J. Sorafenib is a potent inhibitor of FIP1L1-PDGFRalpha
and the imatinib-resistant FIP1L1-PDGFRalpha T6741 mutant.
Blood 2006, 108, 1374-1376.

Kalac, M.; Quintas-Cardama, A.; Vrhovac, R.; Kantarjian, H.;
Verstovsek, S. A critical appraisal of conventional and investiga-
tional drug therapy in patients with hypereosinophilic syndrome
and clonal eosinophilia. Cancer 2007, 110, 955-964.

Bunimovich, O.; Grassi, M.; Baer, M. R. Systemic mastocytosis:
classification, pathogenesis, diagnosis, and treatment. Cutis 2009,
83, 29-36.

Zermati, Y.; De Sepulveda, P.; Feger, F.; Letard, S.; Kersual, J.;
Casteran, N.; Gorochov, G.; Dy, M.; Ribadeau Dumas, A.; Dor-
gham, K.; Parizot, C.; Bieche, Y.; Vidaud, M.; Lortholary, O.;
Arock, M.; Hermine, O.; Dubreuil, P. Effect of tyrosine kinase in-
hibitor STI571 on the kinase activity of wild-type and various mu-
tated c-kit receptors found in mast cell neoplasms. Oncogene 2003,
22, 660-664.

Akin, C.; Brockow, K.; D’Ambrosio C.; Kirshenbaum, A. S.; Ma,
Y.; Longley, B. J.; Metcalfe, D. D. Effects of tyrosine kinase in-
hibitor STI571 on human mast cells bearing wild-type or mutated
c-kit. Exp. Hematol. 2003, 31, 686-692.

Orfao, A.; Garcia-Montero, A. C.; Sanchez, L.; Escribano L.;
REMA.. Recent advances in the understanding of mastocytosis: the
role of KIT mutations. Br. J. Haematol. 2007, 138, 12-30.

[282]

[283]

[284]

[285]

[286]

[287]

[288]

[289]

[290]

[291]

[292]

[293]

[294]

[295]

Natoli et al.

Pettigrew, H. D.; Teuber, S. S.; Kong, J. S.; Gershwin, M. E. Con-
temporary challenges in mastocytosis. Clin. Rev. Allergy Immunol.
2010, 38, 125-134.

Sirvent, N.; Maire, G.; Pedeutour, F. Genetics of dermatofibrosar-
coma protuberans family of tumors: from ring chromosomes to ty-
rosine Kinase inhibitor treatment. Genes Chromosomes Cancer
2003, 37, 1-19.

Patel, K. U.; Szabo, S. S.; Hernandez, V. S.; Prieto, V. G
Abruzzo, L. V.; Lazar, A. J.; Lépez-Terrada, D. DermatoWbrosar-
coma protuberans COL1A1-PDGFB fusion is identiWed in virtu-
ally all dermatoWbrosarcoma protuberans cases when investigated
by newly developed multiplex reverse transcription polymerase
chain reaction and Xuorescence in situ hybridization assays. Hum.
Pathol. 2008, 39, 184-193.

Lemm, D.; Mugge, L. O.; Mentzel, T.; Hoffken, K. Current treat-
ment options in dermatofibrosarcoma protuberans. J. Cancer Res.
Clin. Oncol. 2009, 135, 653-665.

Rutkowski, P.; Van Glabbeke, M.; Rankin, C. J.; Ruka, W.; Rubin,
B. P.; Debiec-Rychter, M.; Lazar, A.; Gelderblom, H.; Sciot, R.;
Lopez-Terrada, D.; Hohenberger, P.; van Oosterom, A. T.;
Schuetze, S. M.; European Organisation for Research and Treat-
ment of Cancer Soft Tissue/Bone Sarcoma Group; Southwest On-
cology Group. Imatinib mesylate in advanced dermatofibrosarcoma
protuberans: pooled analysis of two phase Il clinical trials. J. Clin.
Oncol. 2010, 28, 1772-1779.

O'Hare, T.; Walters, D. K.; Stoffregen, E. P.; Jia, T.; Manley, P.
W.; Mestan, J.; Cowan-Jacob, S. W.; Lee, F. Y.; Heinrich, M. C.;
Deininger, M. W.; Druker, B. J. In vitro activity of Bcr-Abl inhibi-
tors AMN107 and BMS-354825 against clinically relevant
imatinib-resistant Abl kinase domain mutants. Cancer Res. 2005,
65, 4500-4505.

Lombardo, L. J.; Lee, F. Y.; Chen, P.; Norris, D.; Barrish, J. C.;
Behnia, K.; Castaneda, S.; Cornelius, L. A.; Das, J.; Doweyko, A.
M.; Fairchild, C.; Hunt, J. T.; Inigo, I.; Johnston, K.; Kamath, A.;
Kan, D.; Klei, H.; Marathe, P.; Pang, S.; Peterson, R.; Pitt, S.;
Schieven, G. L.; Schmidt, R. J.; Tokarski, J.; Wen, M. L.; Wityak,
J.; Borzilleri, R. M. Discovery of N-(2-Chloro-6-methyl-phenyl)-2-
(6-(4-(2-hydroxyethyl)-piperazin-1-yl)-2  methylpyrimidin-4-ylamino)
thiazole-5-carboxamide (BMS-354825), a dual Src/Abl kinase In-
hibitor with potent antitumor activity in preclinical assays. J. Med.
Chem. 2004, 47, 6658-6661.

Wu, J.; Meng, F.; Lu, H.; Kong, L.; Bornmann, W.; Peng, Z,;
Talpaz, M.; Donato, N. J. Lyn regulates BCR-ABL and Gab2 tyro-
sine phosphorylation and c-Cbl protein stability in imatinib-
resistant chronic myelogenous leukemia cells. Blood 2008, 111,
3821-3829.

Wu, J.; Meng, F.; Kong, L. Y.; Peng, Z.; Ying, Y.; Bornmann, W.
G.; Darnay, B. G.; Lamothe, B.; Sun, H.; Talpaz, M.; Donato, N. J.
Association between Imatinib-Resistant BCR-ABL Mutation-
Negative Leukemia and Persistent Activation of LYN Kinase. J.
Natl. Cancer Inst. 2008, 100, 926-939.

Boggon, T. J.; Eck, M. J. Structure and regulation of Src family
kinases. Oncogene 2004, 23, 7918-7927.

Li, S. Src-family kinases in the development and therapy of Phila-
delphia chromosome-positive chronic myeloid leukemia and acute
lymphoblastic leukemia. Leuk. Lymphoma 2008, 49, 19-26.
Hochhaus, A.; Kantarjian, H. M.; Baccarani, M.; Lipton, J. H.;
Apperley, J. F.; Druker, B. J.; Facon, T.; Goldberg, S. L.; Cervan-
tes, F.; Niederwieser, D.; Silver, R. T.; Stone, R. M.; Hughes, T. P.;
Muller, M. C.; Ezzeddine, R.; Countouriotis, A. M.; Shah, N. P.
Dasatinib induces notable hematologic and cytogenetic responses
in chronic-phase chronic myeloid leukemia after failure of imatinib
therapy. Blood 2007, 109, 2303-2309.

Cortes, J.; Rousselot, P.; Kim, D. W.; Ritchie, E.; Hamerschlak, N.;
Coutre, S.; Hochhaus, A.; Guilhot, F.; Saglio, G.; Apperley, J.;
Ottmann, O.; Shah, N.; Erben, P.; Branford, S.; Agarwal, P.;
Gollerkeri, A.; Baccarani, M. Dasatinib induces complete hema-
tologic and cytogenetic responses in patients with imatinib-resistant
or -intolerant chronic myeloid leukemia in blast crisis. Blood 2007,
109, 3207-3213.

Haura, E. B.; Tanvetyanon, T.; Chiappori, A.; Williams, C.; Simon,
G.; Antonia, S.; Gray, J.; Litschauer, S.; Tetteh, L.; Neuger, A,;
Song, L.; Rawal, B.; Schell, M. J.; Bepler, G. Phase /1l study of
the Src inhibitor dasatinib in combination with erlotinib in ad-

EX2085.0021



Tyrosine Kinase Inhibitors

[296]

[297]

[298]

[299]

[300]

[301]

vanced non-small-cell lung cancer. J. Clin. Oncol. 2010, 28, 1387-
1394.

Demetri, G. D.; Lo Russo, P.; MacPherson, I. R.; Wang, D.;
Morgan, J. A.; Brunton, V. G.; Paliwal, P.; Agrawal, S.; Voi, M.;
Evans, T. R. Phase | dose-escalation and pharmacokinetic study of
dasatinib in patients with advanced solid tumors. Clin. Cancer Res.
2009, 15, 6232-6240.

Golemovic, M.; Verstovsek, S.; Giles, F.; Cortes, J.; Manshouri, T.;
Manley, P. W.; Mestan, J.; Dugan, M.; Alland, L.; Griffin, J. D.;
Arlinghaus, R. B.; Sun, T.; Kantarjian, H.; Beran, M. AMN107, a
novel aminopyrimidine inhibitor of bcr-abl, has in vitro activity
against imatinib-resistant chronic myeloid leukemia. Clin. Cancer
Res. 2005, 11, 4941-4947.

Weisberg, E.; Manley, P. W.; Breitenstein, W.; Briiggen, J;
Cowan-Jacob, S. W.; Ray, A.; Huntly, B.; Fabbro, D.; Fendrich,
G.; Hall-Meyers, E.; Kung, A. L.; Mestan, J.; Daley, G. Q;
Callahan, L.; Catley, L.; Cavazza, C.; Azam, M.; Neuberg, D,;
Wright, R. D.; Gilliland, D. G.; Griffin, J. D. Characterization of
AMN107, a selective inhibitor of native and mutant bcr-abl. Can-
cer Cell 2005, 7, 129-141.

Ray, A.; Cowan-Jacob, S. W.; Manley, P. W.; Mestan, J.; Griffin,
J. D. Identification of BCR-ABL point mutations conferring resis-
tance to the abl kinase inhibitor AMN107 (nilotinib) by a random
mutagenesis study. Blood 2007, 109, 5011-5015.

Weisberg, E.; Manley, P.; Mestan, J.; Cowan-Jacob, S.; Ray, A.;
Griffin, J. D. AMN107 (nilotinib): a novel and selective inhibitor
of BCR-ABL. Br. J. Cancer 2006, 94, 1765-1769.

Kantarjian, H. M.; Giles, F.; Gattermann, N.; Bhalla, K.; Alimena,
G.; Palandri, F.; Ossenkoppele, G. J.; Nicolini, F. E.; O'Brien, S.
G.; Litzow, M.; Bhatia, R.; Cervantes, F.; Haque, A.; Shou, Y.;
Resta, D. J.; Weitzman, A.; Hochhaus, A.; le Coutre, P. Nilotinib

[302]

[303]

[304]

[305]

[306]

Current Cancer Drug Targets, 2010, Vol. 10, No.5 483

(formerly AMN107), a highly selective BCR-ABL tyrosine kinase
inhibitor, is effective in patients with philadelphia chromosome-
positive chronic myelogenous leukemia in chronic phase following
imatinib resistance and intolerance. Blood 2007, 110, 3540-3546.
Breccia, M.; Alimena, G. Nilotinib: a second-generation tyrosine
kinase inhibitor for chronic myeloid leukemia. Leuk. Res. 2010, 34,
129-134.

Tanaka, C.; Yin, O. Q.; Sethuraman, V.; Smith, T.; Wang, X,;
Grouss, K.; Kantarjian, H.; Giles, F.; Ottmann, O. G.; Galitz, L.;
Schran, H. Clinical pharmacokinetics of the BCR-ABL tyrosine
kinase inhibitor nilotinib. Clin. Pharmacol. Ther. 2010, 87, 197-
203.

Le Coutre, P.; Ottmann, O. G.; Giles, F.; Kim, D. W.; Cortes, J.;
Gattermann, N.; Apperley, J. F.; Larson, R. A.; Abruzzese, E.;
O'Brien, S. G.; Kuliczkowski, K.; Hochhaus, A.; Mahon, F. X.;
Saglio, G.; Gobbi, M.; Kwong, Y. L.; Baccarani, M.; Hughes, T.;
Martinelli, G.; Radich, J. P.; Zheng, M.; Shou, Y.; Kantarjian, H.
Nilotinib (formerly AMN107), a highly selective BCR-ABL tyro-
sine Kinase inhibitor, is active in patients with imatinib-resistant or
-intolerant accelerated-phase chronic myelogenous leucemia. Blood
2008, 111, 1834-1839.

Rosti, G.; Palandri, F.; Castagnetti, F.; Breccia, M.; Levato, L.;
Gugliotta, G.; Capucci, A.; Cedrone, M.; Fava, C.; Intermesoli, T.;
Cambrin, G. R.; Stagno, F.; Tiribelli, M.; Amabile, M.; Luatti, S.;
Poerio, A.; Soverini, S.; Testoni, N.; Martinelli, G.; Alimena, G.;
Pane, F.; Saglio, G.; Baccarani, M; GIMEMA CML Working
Party. Nilotinib for the frontline treatment of Ph(+) chronic mye-
loid leukemia. Blood 2009, 114, 4933-4938.

Dempke, W. C.; Heinemann, V. Resistance to EGF-R (erbB-1) and
VEGF-R modulating agents. Eur. J. Cancer 2009, 45, 1117-1128.

Received: December 14, 2009

Revised: April 09, 2010

Accepted: April 10, 2010

EX2085.0022





