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A B S T R A C T

The hepatocyte growth factor (HGF) and its receptor, the transmembrane tyrosine kinase cMET,
promote cell proliferation, survival, motility, and invasion as well as morphogenic changes that
stimulate tissue repair and regeneration in normal cells but can be co-opted during tumor growth.
MET overexpression, with or without gene amplification, has been reported in a variety of human
cancers, including breast, lung, and GI malignancies. Furthermore, high levels of HGF and/or cMET
correlate with poor prognosis in several tumor types, including breast, ovarian, cervical, gastric,
head and neck, and non–small-cell lung cancers. Gene amplification and protein overexpression of
cMET drive resistance to epidermal growth factor receptor family inhibitors, both in preclinical
models and in patients. It is increasingly apparent that the HGF-cMET axis signaling network is
complex, and rational combinatorial therapy is needed for optimal clinical efficacy. Better
understanding of HGF-cMET axis signaling and the mechanism of action of HGF-cMET inhibitors,
along with the identification of biomarkers of response and resistance, will lead to more effective
targeting of this pathway for cancer therapy.

J Clin Oncol 30:3287-3296. © 2012 by American Society of Clinical Oncology

INTRODUCTION

The cMET oncogene was isolated from a human
osteosarcoma–derived cell line driven by a DNA
rearrangement TPR-MET, where the translocated
promoter region (TPR) locus on chromosome 1
fuses to the MET sequence on chromosome 71 and
encodes for a prototype of the cMET receptor
tyrosine kinase (RTK) subfamily. Shortly after-
ward, the ligand hepatocyte growth factor (HGF)
or scatter factor was identified and shown to be
a platelet-derived mitogen for hepatocytes and
fibroblast-derived factor capable of inducing epi-
thelial cell scattering.2

The cMET RTK subfamily is structurally dis-
tinct from most RTK subfamilies. The established
form of the cMET receptor is a disulfide-linked het-
erodimer composed of an extracellular �-chain and
transmembrane �-chain (Fig 1), resulting from the
proteolytic cleavage of a precursor protein. The
�-chain has an extracellular domain, transmem-
brane domain, and cytoplasmic portion. The cyto-
plasmic portion contains juxtamembrane and TK
domains and a carboxy-terminal tail essential for
substrate docking and downstream signaling.3 Like
the cMET receptor, HGF is synthesized as an inac-
tive precursor and is later converted into a two-
chain, active heterodimer through proteolysis. The
active form of HGF comprises an amino-terminal

domain (N), four Kringle domains (K1 to K4), and a
serine protease homology domain (SPH),4 where
the N-K1 portion mediates receptor binding by en-
gaging two cMET molecules, leading to receptor
dimerization.5 Residues within the SPH domain
may provide additional contacts with cMET.4 The
binding of active HGF to functionally established
cMET leads to receptor dimerization/multimeriza-
tion, multiple tyrosine residue phosphorylation in
the intracellular region, catalytic activation, and
downstream signaling through docking of sub-
strates, transducing multiple biologic activities such
as motility, proliferation, survival, and morphogen-
esis (Fig 1).6,7

HGF binding induces cMET autophosphory-
lation on the tyrosine residues Y1234 and Y1235
at the TK domain, which regulates kinase activity.
Phosphorylation on the Y1349 and Y1356 ty-
rosine residues near the COOH terminus forms a
multifunctional docking site that recruits intracellu-
lar adapters through Src homology-2 domains and
other motifs and activates downstream signaling.6,8

The main substrates and adapter proteins in this axis
are signal transducer and activator of transcrip-
tion 3 (STAT3), growth factor receptor– bound
protein 2 (Grb2), Gab1, phosphatidylinositol
3-kinase (PI3K), phospholipase C-�, Shc, Src, Shp2,
and Ship1. Gab1 and Grb2 are critical effectors that
interact directly with the receptor. They recruit a
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network of adaptor proteins that are involved in signaling and multi-
ple biologic effects induced by the activated axis. Integrity of the entire
signal transduction machinery is necessary for cMET to achieve its
maximal activity in promoting invasive cell growth (Fig 1).6,8 One
effect of HGF-mediated activation of cMET is the activation of down-
stream effectors involved in epithelial-mesenchymal transition
through the renin–angiotensin system (RAS)/mitogen-activated pro-
tein kinase (MAPK) signaling pathway or through recruitment of the
focal adhesion kinase (FAK)/paxillin complex.9,10

The HGF-cMET pathway is modulated by other proteins, in-
cluding �6�4-integrin, which works as a signaling platform that po-
tentiates HGF-triggered activation of RAS and PI3K11; plexin B1,
which transactivates cMET in response to semaphorin stimulation12;
and the death receptor Fas, which can associate with cMET, prevent-
ing Fas-ligand binding and inhibiting Fas-induced apoptosis.13 In
addition, the activation of other RTKs may potentiate HGF-cMET
effects. The epidermal growth factor receptor (EGFR) plays an impor-
tant role in enhancing HGF-cMET–mediated proliferation and inva-
sion of epithelial cells,14 and cMET can synergize with human
epidermal growth factor receptor 2 to promote a malignant pheno-
type.15 cMET works together with the insulin-like growth factor 1
receptor to induce migration and invasion of pancreatic cancer cells.16

Other regulators include activated RAS protein, which induces cMET
expression through a positive feedback loop,17 and hypoxia, which
may regulate cMET activity through tumor angiogenesis.18 In sum-
mary, a complex system of interactions modulates and governs the
magnitude and duration of cMET signaling in the cell.

HGF-CMET AXIS AND CANCER

Under normal conditions, HGF-induced cMET-TK activation is
tightly regulated by ligand activation at the cell surface, ligand-
activated receptor internalization/degradation, and paracrine ligand

delivery. Despite these controls, pathway deregulation occurs in mul-
tiple neoplasms. HGF upregulates various genes, including cMET and
those encoding proteases required for HGF and cMET metabolism,
creating the potential for protein overexpression through persistent
ligand stimulation.6 Other mechanisms of oncogenic pathway activa-
tion include aberrant paracrine or autocrine ligand production, con-
stitutive kinase activation in the presence or absence of cMET gene
amplification, and cMET gene mutations.19,20

Extensive work in preclinical models has been done to character-
ize the effects of sustained cMET activation. In vivo studies have
shown that activation of HGF-cMET signaling promotes cell invasive-
ness and triggers metastases through direct involvement of angiogenic
pathways.21 The oncogenic TPR-MET fusion protein is constitutively
active, and in animal models, its transgenic expression leads to the
development of malignancies.1 This rearrangement has been detected
in human gastric cancer, in both precursor lesions and the adjacent
normal mucosa, indicating predisposition to develop gastric cancer.22

A variety of cancer cell lines that exhibit cMET gene amplification are
dependent on cMET for growth and survival, and cMET inhibition
results in both decreased proliferation and cell death. This cMET-
addicted phenotype has been described in cultured cells from non–
small-cell lung carcinomas (NSCLCs) and in gastric carcinomas.19,23

The most frequent cause of constitutive cMET activation in hu-
man cancers is protein overexpression resulting from transcriptional
upregulation in the absence of gene aberrations. High levels of cMET
expression have been found in a variety of epithelial tumors.24 Multi-
ple studies have been conducted to examine expression/overexpres-
sion of cMET in primary cancers. cMET has been shown to be
overexpressed in neoplastic tissue compared with normal surround-
ing tissue, and the extent of expression has correlated with disease
extension and outcome in several tumor types.25-27 Studies in NSCLC
have shown strong cMET expression in up to 60% of cases,28 and
phospho-cMET (p-cMET) in 40% to 100% of cases, depending on the
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Fig 1. The hepatocyte growth factor (HGF)–
cMET axis signaling network and ongoing
targeted therapy strategies. The pathway,
which transduces invasive growth signals
from mesenchymal to epithelial cells (se-
creted by mesenchymal cells), is activated by
HGFA and binds to the cMET receptor on
epithelial cells. cMET kinase activation re-
sults in trans-autophosphorylation and bind-
ing of adaptor proteins, forming scaffolds
for recruitment and activation of signaling
proteins. Signals generated from these struc-
tures lead to activation of signaling pathways
related to increased proliferation, survival, mo-
tility, invasiveness, and stimulation of angio-
genesis. EGFR, epidermal growth factor
receptor; FAK, focal adhesion kinase; GRB2,
growth factor receptor–bound protein 2; HER,
human epidermal growth factor receptor;
mTOR, mammalian target of rapamycin; PI3K,
phosphatidylinositol 3-kinase; RAS, renin–ang-
iotensin system; STAT, signal transducer and
activator of transcription.
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specific lung cancer tissue assessed.25,28-30 Rates of over 80% of cMET
overexpression have been reported in malignant renal cell carcinoma
and pleural mesothelioma.31 cMET overexpression has been reported
in breast27 and ovarian cancers32 and seems to be associated with
advanced disease stage and poor outcome in NSCLC as well as colon,
squamous cell carcinoma of the head and neck (SCCHN), breast, and
ovarian cancers.27,30,33,34

cMET gene amplification causes protein overexpression and
constitutive activation of the kinase domain19 and has been observed
both in primary tumors or as secondary events affecting therapy
sensitivity in cancer cells.23,35 cMET amplification has been reported in
different human cancers including gastroesophageal carcinomas,36

colorectal cancers,37 NSCLC,38 NSCLC with acquired resistance to
EGFR inhibitors,38 medulloblastomas,39 and glioblastomas.40 Addi-
tionally, several studies have shown that increased cMET copy number
is an independent negative prognostic factor in surgically resected
NSCLC38 or is associated with advanced stage and liver metastases in
colorectal cancer.33

An additional mechanism, although rare, that causes cMET acti-
vation is the presence of activating mutations. Missense germ-line
mutations in the TK domain have been described in patients with
hereditary papillary renal carcinoma.41 Sporadic mutations are more
prevalent and can involve the TK, juxtamembrane, or sema domain.
Sporadic mutations have been detected in papillary renal carcinoma
(RCC),41 gastric carcinoma,42 SCCHN,43 small-cell lung carcinoma
(SCLC),44 NSCLC,28 mesothelioma,31 melanoma,45 and childhood
hepatocellular carcinoma (HCC).46 However, only some of these mu-
tant alleles have been proven to cause malignant transformation as a
result of constitutive receptor activation posing the potential for ther-
apeutic target.28 Oncogenic mutations have been found to be predom-
inantly located in the nonkinase domain, mainly in regions encoding
the extracellular semaphorin (E168D, L229F, S323G, and N375S) and
intracellular juxtamembrane domains (R988C, T1010I, S1058P, and
exon 14 deletions) of NSCLC cell lines, in 12.5% of patient cases of
SCLC as well as in 8% of samples of lung human adenocarcino-
mas.28,44,47 The juxtamembrane domain regulates ligand-dependent
cMET internalization by Y1003 phosphorylation in response to HGF
binding, leading to cMET ubiquitination and degradation1; when an
exon 14 deletion occurs, the loss of Y1003 results in cMET accumula-
tion at the cell surface and persistent HGF stimulation, leading to
tumorigenesis.1 Overall, cMET mutations occur at a lower frequency
than other mechanisms of pathway activation; however, they provide
strong evidence of the oncogenic potential of the axis and may identify
patients that can either benefit from cMET-directed therapies or those
in whom some of these therapies may not work.

A strong response to therapeutic inhibition with cMET small-
molecule inhibitors has been demonstrated in cell line models harbor-
ing cMET oncogenic mutations when these cause increased cMET
phosphorylation and downstream signaling.28,48 The presence of
cMET mutations in lymph nodes and metastatic sites could suggest the
selection of these mutated cells during metastatic progression.49 Little
is known about the presence of cMET activation mutations and prog-
nosis. Studies in SCCHN show that cMET mutations could be associ-
ated with resistance to radiotherapy and decrease progression-free
survival (PFS).50

Although cMET receptor overexpression may lead to ligand-
independent kinase activation, cMET activation in cancer occurs
mostly via ligand-dependent mechanism. HGF itself is able to activate

cMET transcription.51 HGF is particularly active in the reactive stroma
of tumors and is expressed throughout the body,52 suggesting that it
allows paracrine-positive feedback loops supporting the dissemina-
tion of cancer cells. cMET-activating mutations require HGF to boost
their catalytic efficiency,53 and HGF can also aberrantly activate cMET
in an autocrine manner in human cancers, including breast cancer,54

glioblastomas,55 and sarcomas.56

INCORPORATION OF ANTI–HGF-CMET–TARGETED THERAPY
INTO CLINICAL PRACTICE

The prevalence of HGF-cMET pathway activation in human cancer
has affected drug development. Currently, multiple agents are under
study, and some are in phase III trials. These targeted therapies can be
biologic antagonists, low molecular weight synthetic compounds, or
small molecule inhibitors57,58 directed to target either ligand binding
or receptor activation (Fig 1). Table 1 shows the HGF-cMET axis
inhibitors in active clinical trials. Biologic antagonists are protein-
based agents that can act through different mechanisms and have
target selectivity and predictable pharmacokinetics. However, their
molecular size restricts their action to extracellular events, and their
complexity can affect drug manufacturing, administration routes, and
shelf life.57 Synthetic small-molecule TK inhibitors (TKIs) outnumber
other class compounds. Small-molecule downstream pathway inhib-
itors directed to STAT3 are just entering clinical trials.

HGF and cMET Biologic Antagonists

These molecules prevent interaction between the ligand and re-
ceptor or related cell-surface events such as receptor clustering, but
they are unable to activate downstream signaling. HGF has two cMET
binding sites: a high- affinity site that recognizes cMET independently
of HGF status (pro HGF or HGF), and a low-affinity site accessible
only to HGF and essential for cMET dimerization and activation.58

Some of these agents are in various stages of development and have
completed clinical trials as single agents or in combination with other
targeted therapies (Table 2).

HGF-competitive analogs. These compete with the ligand for
receptor binding but do not induce cMET signaling, because they
cannot cause cMET dimerization. NK2 is a truncated protein
product of a naturally occurring alternative HGF mRNA transcript
that competitively antagonizes growth stimulated by full-length
HGF.70 However, its potential antioncogenic efficacy is compro-
mised by its intrinsic mitogenic activity, which has enhanced HGF-
driven metastasis in murine models.71 NK4 is a longer truncated
isoform of full-length HGF proven to be a complete competitive
antagonist of HGF-cMET signaling in preclinical models; it has been
tested as administration of the purified protein or as gene therapy.72,73

Some of these compounds have entered human clinical trials,57 but
there are no final reports available of further drug development, activ-
ity, or safety. Uncleavable HGF is a form of HGF locked in its inactive
conformation that competes with active HGF for binding to cMET
and with pro-HGF convertases for HGF activation, blocking cMET
catalytic activation and HGF proteolytic development.74 No human
studies have been reported.

cMET competitive variants. These can competitively displace
HGF and impair dimerization of the endogenous receptor, but they
are not yet in the clinic. Decoy cMET is a recombinant, enzymatically
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inactive molecule that matches the whole cMET extracellular domain,
interacting with both HGF and full-length cMET, sequestering the
ligand, and impairing dimerization of the native receptor.75 Another
compound in this class is an isolated sema domain that retains the
ability to competitively inhibit ligand binding and receptor dimeriza-
tion, impairing cMET-dependent transduction pathways and reduc-
ing HGF-triggered cell migration, tumor growth, and metastasis
in mice.75,76

Antibodies against HGF. Several monoclonal antibodies against
HGF have been developed and have shown activity in preclinical
models.77 Three compounds are being explored in clinical trials.
AMG-102 (rilotumumab) binds to the HGF light chain, blocking
HGF-cMET binding.78 It completed phase I in solid tumors with a
maximum-tolerated dose of 20 mg/kg every 2 weeks and a mean
half-life of 15.4 hours. Adverse events of fatigue, constipation, an-
orexia, and nausea/vomiting were low grade.79 Trials have evaluated
the activity of rilotumumab as a single agent and in combination with
chemotherapy, antiangiogenic therapy, and anti-EGFR inhibitors in
various tumor types.64 No significant antitumor activity was reported
from two single-agent phase II trials in patients with RCC and recur-
rent glioblastomas.59,60 However, in a randomized phase Ib/II trial in
patients with KRAS wild-type colorectal cancer, the combination of
panitumumab plus rilotumumab was superior in terms of response
rate to panitumumab alone (31% v 21%).65 Rilotumumab is being
combined with chemotherapy in advanced gastric cancer after prom-
ising data in patients with cMET-positive disease. AV-299 (ficlatu-

zumab) has completed phase I trials. This antibody was well tolerated
in patients at doses up to 20 mg/kg every 2 weeks and had a similar
15-hour half-life.80 A phase Ib study evaluating gefitinib plus ficlatu-
zumab in patients with NSCLC demonstrated safety, with five re-
sponses seen in 15 patients.81 A randomized phase II trial in NSCLC
comparing gefitinib with gefitinib plus ficlatuzumab is ongoing.64

TAK-701 is being explored in advanced nonhematologic malignan-
cies in the phase I setting.82

Antibodies against cMET. These monoclonal antibodies bind
the cMET extracellular domain; however, one issue in their develop-
ment has been the agonist activity of the dual-arm compounds.
OA5D5 (onartuzumab [MetMAb; Genentech, San Francisco, CA]) is
an engineered monovalent Fab fragment antibody with murine-
variable domains that is extremely well tolerated.23 A phase II trial
comparing single-agent erlotinib with erlotinib plus onartuzumab at
15 mg/kg once every 3 weeks in patients with refractory NSCLC
demonstrated a significant improvement in PFS and overall survival
(OS) in those patients whose tumors overexpressed cMET by immu-
nohistochemistry (IHC).67 These promising results led to the devel-
opment of a phase III trial.64 Additionally, onartuzumab has been
successfully combined with bevacizumab in a phase Ib trial, with both
drugs administered at full doses. In this study, a patient with gastric
cancer had prolonged disease control.84 LY-2875358, a humanized
immunoglobulin G4 antibody that binds to cMET and prevents HGF
binding, is undergoing phase I testing.64 DN30 induces a proteolytic
cleavage of the cMET extracellular domain, decreasing the number of

Table 1. HGF-cMET Axis Inhibitors in Active Clinical Trials

Agent Target Type Company Development Phase

Ligand antagonists
Ficlatuzumab (AV-299) HGF Monoclonal antibody AVEO I and II
Rilotumumab (AMG-102) HGF Monoclonal antibody Amgen II
TAK-701 HGF Monoclonal antibody Millennium

Pharmaceuticals
I

Receptor inhibitors
Onartuzumab (OA5D5) Human cMET Monoclonal antibody Genentech II and III
LY-2875358 cMET Monoclonal antibody Eli Lilly II

Receptor TKIs
Tivantinib (ARQ-197) cMET Non–ATP-competitive TKI Daiichi Sankyo II and III
INC-280 cMET ATP-competitive TKI Novartis I
Cabozantinib (XL-184) cMET, RET, VEGFR1-3, KIT, FLT3, TIE2 ATP-competitive TKI Exelixis II
Foretinib (XL-880) cMET, RON, VEGFR1-3, PDGFR, KIT, FLT3, TIE2 ATP-competitive TKI Exelixis II
EMD-1214063 cMET ATP-competitive TKI EMD Serono I
MGCD-265 cMET, RON, VEGFR1-2, PDGFR, KIT, FLT3, TIE2 ATP-competitive TKI MethylGene I to II
AMG 208 cMET, VEGFR1-3, RON, TIE2 ATP-competitive TKI Amgen I
AMG-337 cMET ATP-competitive TKI Amgen I
E-7050 cMET ATP-competitive TKI Eisai I and II
LY-2801653 cMET, VEGFR2 ATP-competitive TKI Eli Lilly I
Crizotinib (PF-02341066) cMET ATP-competitive TKI Pfizer II and III
PF-04217903 cMET, ALK ATP-competitive TKI Pfizer I

Downstream pathway
inhibitors

OPB-31121 STAT3 IL6-induced STAT3
phosphorylation
inhibitors

Otsuka I

OPB-51602 STAT3 IL6-induced STAT3
phosphorylation
inhibitors

Otsuka I

Abbreviations: ALK, anaplastic lymphoma kinase; ATP, adenosine triphosphate; HGF, hepatocyte growth factor; IL6, interleukin-6; PDGFR, platelet-derived growth
factor receptor; STAT, signal transducer and activator of transcription; TKI, tyrosine kinase inhibitor; VEGFR, vascular endothelial growth factor receptor.
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receptor molecules on the cell surface and inhibiting HGF binding and
cMET dimerization. It has been shown to reduce anchorage-
independent growth and xenograft development in cMET-amplified
gastric carcinoma cells and melanoma metastatic models.85

h224G11A is a humanized, bivalent monoclonal antibody that inhib-
its cMET phosphorylation and dimerization and blocks proliferation,
migration, invasion, morphogenesis, and angiogenesis in in
vitro studies.57

Synthetic Small-Molecule TKIs

Synthetic small-molecule TKIs are low molecular weight mole-
cules. Most of them compete for the adenosine triphosphate (ATP)
binding site in the TK domain of cMET, preventing receptor transac-
tivation and recruitment of downstream effectors. In contrast, others
can bind to a region of cMET outside of the ATP binding site, impair-
ing kinase activation allosterically. There are several ongoing develop-
mental paths for TKIs. Some of them are being developed as cMET
receptor specific; others are more promiscuous and target other
cytokine-directed pathways, including the vascular endothelial
growth factor receptor (VEGFR), platelet-derived growth factor re-
ceptor (PDGFR), RON, TIE2, and EML4–anaplastic lymphoma ki-
nase (ALK). Preclinical studies have shown that cMET TKIs
potentially and selectively suppress growth, migration, and/or survival
in a variety of models. These agents are in various stages of develop-
ment. Table 2 highlights selected clinical trials of these as single agents
or in combination with other targeted therapies.

Unselective cMET TKIs. Crizotinib (PF-02341066) is an orally
available 2-amino-3-benzyloxy-5-arylpyridine compound developed
to target cMET; it has also been found to target ALK. This compound
has shown antitumor activity and antiangiogenic activity in several
models with constitutively activated forms of cMET or ALK.86 In
clinic, it has shown efficacy at well-tolerated doses. It is currently in
phase I/II/III clinical trials and approved for EML4-ALK–positive
NSCLC. Foretinib (XL-880), also orally available, inhibits several ki-
nases, including cMET, VEGFR2, PDGFR, RON, KIT, and TIE2.87

Phase II trials are ongoing in patients with poorly differentiated diffuse
gastric cancer and papillary renal cell carcinoma. A phase II trial in
refractory SCCHN failed to meet a prespecified end point for activ-
ity.43 Cabozantinib (XL-184) is an orally administrated TKI targeting
cMET, RET, VEGFR1, VEGFR2, VEGFR3, KIT, FLT-3, and TIE-2
that exhibits significant oral bioavailability and blood-brain barrier
penetration as well as significant activity in blastic oseous metastasis.88

It has also demonstrated activity in RCC in a phase II trial, with
response rates of 24%.62 It is being developed for of medullary thyroid
cancer, glioblastoma multiforme, prostate cancer, breast cancer, and
NSCLC. A phase III trial investigating XL-184 as first-line treatment,
compared with placebo, in patients with medullary thyroid cancer has
completed accrual. MGCD-265 is an oral compound that targets
cMET, VEGFR1, VEGFR2, VEGFR3, RON, and TIE2 receptor TK.89

It is currently in phase I single-agent clinical trials for solid tumors and
in phase I/II trials for NSCLC in combination with docetaxel and
erlotinib. E-7050 targets both cMET and VEGFR2; it has completed

Table 2. Efficacy of Single-Agent and Combination Therapies With HGF-cMET Axis Inhibitors in Selected Phases Ib and II Clinical Trials

Author Study Treatment Phase Disease No. of Patients End Point

Single-agent therapy
Schoffski et al59 Rilotumumab II RCC 61 ORR: 2%
Wen et al60 Rilotumumab II Glioblastoma multiforme 60 ORR: 0%
Kurzrock et al61 Cabozantinib Ib Medullary thyroid cancer 35 ORR: 29%
Choueiri et al62 Cabozantinib II RCC 25 ORR: 24%
Seiwert et al43 Foretinib II SCCHN 14 ORR: 0%
Santoro et al63 Tivantinib Ib Hepatocellular carcinoma 10 ORR: 0%

Combination therapy
Mok et al64 Gefitinib II NSCLC 170 Ongoing

Gefitinib/ficlatuzumab
Malka et al64 FOLFOX II Gastroesphageal adenocarcinoma 165 Ongoing

FOLFOX/panitumumab
FOLFOX/rilotumumab

Eng et al65 Panitumumab Ib/II Colorectal cancer (KRAS wild type) 48 RR: 21%
Panitumuab/rilotumumab 48 RR: 31%
Panitumumab/ganitumab 46 RR: 22%

Ryan et al66 Mitoxatrone/prednisone II Castrate-resistant prostate cancer 45 PFS: 13.4 months
Mitoxatrone/prednisone/rilotumumab 48 PFS: 11.6 months
Mitoxatrone/prednisone/rilotumumab 49 PFS: 12.2 months

Spigel et al67 Erlotinib
Erlotinib/onartuzumab

II NSCLC 68 ITT/PFS: 2.6 months
31 cMET�/PFS: 1.5 months
69 ITT/PFS: 2.2 months
35 cMET�/PFS: 3 months

Sequist et al68 Erlotinib II NSCLC 83 PFS: 2.3 months
Erlotinib/tivantinib 84 PFS: 3.8 months

Wakelee et al69 Erlotinib/cabozantinib Ib/II NSCLC 54 RR: 8%

Abbreviations: FOLFOX, infusional fluorouracil, leucovorin, and oxaliplatin; HGF, hepatocyte growth factor; ITT, intention to treat; NSCLC, non–small-cell lung
cancer; ORR, objective response rate; PFS, progression-free survival; RCC, renal cell carcinoma; RR, response rate; SCCHN, squamous cell carcinoma of the head
and neck.
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phase I testing and is being explored in combination with other tar-
geted therapies.64

Selective cMET TKIs. Tivantinib (ARQ-197) is a non–ATP-
competitive drug. It was well tolerated in a single-agent phase Ib trial in
cirrhotic patients with HCC.63 A phase II trial comparing single-agent
erlotinib with erlotinib plus tivantinib in patients with refractory
NSCLC failed to meet its primary end point (PFS) in the intent-to-
treat population, although the combination demonstrated a trend
toward improved survival outcomes in a planned subset analysis in
nonsquamous NSCLC.68 A confirmatory phase III clinical trial in
patients with nonsquamous NSCLC and other phase II trials in a
variety of solid tumors are accruing patients.64 JNJ-38877605 has
greater than 1,000-fold selectivity for the cMET kinase; however, a
phase I study was terminated because of renal toxicities. PF-04217903
has completed a phase I trial with pending results. A number of other
highly selective cMET TKIs, including EMD-1214063, LY-2801653,
AMG-337, AMG 208, and INC-280, are undergoing evaluation in
phase I studies.64

Downstream Pathway Inhibitors

OPB-31121 and OPB-51602 inhibit the interleukin-6 (IL6)–
induced phosphorylation of STAT3. OPB-31121 was well tolerated in
a phase I trial in patients with solid tumors, and a stable disease rate of
47% was reported.90

PATIENT SELECTION FOR TREATMENT WITH HGF-CMET
AXIS INHIBITORS

One of the most important challenges in effectively using targeted
therapeutics is identifying those tumors that are sensitive as well as the
patients likely to benefit from them. Preclinical studies have been
performed using some of these compounds in in vitro and in vivo
models harboring aberrations in components of the HGF-cMET axis.
Early clinical trials completed preplanned or retrospective tumor tis-
sue and serum analyses to explore pharmacodynamic markers of
target inhibition and outcomes. New studies are being designed to
preselect patients for trial participation based on tumor biomarkers,
including cMET protein overexpression by IHC, cMET amplification
by copy number arrays or fluorescent in situ hybridization, trisomy of
chromosome 7, and cMET somatic mutations.57,64 Figures 2 and 3,
along with Appendix Figure A1 (online only), illustrate examples of
molecular aberrations in the cMET receptor evaluated to select pa-
tients for anti–HGF-cMET axis–targeted therapies.

Pharmacodynamic Markers of Outcomes

Preclinical studies of anti-cMET agents have included evaluating
activity against known cMET aberrations. Completed (Table 3) and
ongoing trials have compared efficacy of these agents between patients
with tumors that harbor these aberrations versus those with histolog-
ically similar tumors that do not. In a phase II randomized study in
patients with KRAS wild-type advanced colorectal cancer, tumors that
overexpressed cMET were more likely to respond to the combination
of rilotumumab and panitumumab.65 However, in a study of rilotu-
mumab for advanced RCC, neither baseline plasma HGF, soluble
c-MET, nor cMET tumor expression correlated with outcome.59

cMET overexpression was a predictor of PFS and OS when erlotinib
was combined with onartuzumab in advanced NSCLC.67 In the same

study, baseline HGF levels and more than five copies of cMET were
associated with OS.91 Similar studies have been completed with TKIs.
The combination of tivatinib and erlotinib in advanced NSCLC was
more effective in patients with tumors that either had a nonsquamous
cell carcinoma histology, harbored KRAS mutations, were EGFR wild
type, or had increased cMET copy number.68 In a phase II trial of
foretinib in advanced gastric cancer, tumors with cMET amplification
were more likely to respond to therapy.92 These findings are being
used as the basis for patient selection in follow-up studies with these
and other compounds.

Pharmacodynamic Markers of Target Inhibition

Pharmacokinetic-pharmacodynamic modeling is increasingly
being applied in drug discovery and drug development with the aim of
optimizing the design of early clinical trials and streamlining drug
development. It is used to select drug candidates with favorable prop-
erties and to assist with prediction of exposure and clinical benefit.
Comprehensive pharmacokinetic and pharmacodynamic studies
were completed for crizotinib in animal models to characterize the
relationship of drug plasma concentrations with p-cMET in tumor
and the relationship of p-cMET with antitumor efficacy. Near-
complete inhibition of cMET phosphorylation (� 90%) significantly

Fig 2. Protein overexpression by immunohistochemistry, a molecular aberration
in the cMET receptor evaluated to select patients for anti–hepatocyte growth
factor–cMET axis–targeted therapies.
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inhibited tumor growth (� 50%).93 To identify a preclinical algo-
rithm of soluble surrogate biomarkers indicative of response to cMET
inhibition, investigators surveyed candidate molecules based on anti-
body proteomics and gene expression profiling. After enzyme-linked
immunosorbent assay validation and analytic quantification, they
identified four biomarkers that were strongly and consistently modu-
lated by cMET inhibition in a panel of cMET-addicted gastric cancer
cell lines but not in cMET-independent lines. Pharmacologic cMET
inhibition was correlated with reduced secretion of IL8, growth regu-
lated oncogene–�, and uPAR and with increased production of IL6
both in vitro (supernatants) and in vivo (plasma).94 Clinical trials have
shown similar results of biomarker modulation after exposure to
anti-cMET therapies. Treatment with tivantinib in patients with ad-
vanced solid tumors showed decreased tumor levels of total cMET,
p-cMET, and FAK as well as increased apoptosis by terminal deoxy-
nucleotidil transferase dUTP nick-end labeling assay.95 In a similar
study of foretinib, post-treatment tissues showed decreased levels of
p-cMET, p-RON, p-ERK, and p-AKT as well as an increase in apopto-
sis markers.96 When looking at soluble pharmacodynamic markers,
the use of cabozantinib in patients with medullary thyroid cancer was
associated with a significant decrease in serum calcitonin, placental
growth factor, VEGFA, soluble VEGFR2, erythropoietin, and soluble

cMET.61 In a phase II study of advanced RCC, therapy with foretinib
decreased plasma levels of placental growth factor, VEGFA, soluble
VEGFR2, erythropoietin, and soluble cMET.97 Plasma levels of HGF
decreased after exposure to MGDC-265.98

Mechanisms of Resistance to HGF-cMET

Axis Inhibitors

The use of new targeted agents is occurring along with the emer-
gence of primary and acquired resistance, which should be considered
in clinical trial design. Multiple mutations and bypass mechanisms
can contribute to this problem. In preclinical in vitro and in vivo
models using gastric carcinoma cell lines, investigators observed the
simultaneous development of two mechanisms of resistance that re-
sulted in maintenance of downstream PI3K and MAPK signaling in
the presence of two TKIs: acquisition of a mutation in the cMET
activation loop (Y1230), destabilizing the autoinhibitory conforma-
tion of cMET and abolishing an aromatic stacking interaction with the
inhibitor; and activation of the EGFR by increased expression of trans-
forming growth factor �, bypassing the need for cMET signaling to
activate downstream signaling.99 A second study using in vitro and in
vivo gastric cancer and NSCLC models showed that prolonged expo-
sure to TKIs drove amplification, overexpression, and constitutive

BA

Fig 3. Gene amplification by fluorescent in situ hybridization, a molecular aberration in the cMET receptor evaluated to select patients for anti–hepatocyte growth
factor–cMET axis–targeted therapies. (A) Nonamplified; (B) amplified.

Table 3. Potential Predictors and Pharmacodynamic Markers of Response to HGF-cMET Axis Inhibitors

Author Marker Disease Treatment End Point

Eng et al65 cMET overexpression Colorectal cancer (KRAS wild type) Panitumuab/rilotumumab RR
Spigel et al,67 Yu et al91 cMET overexpression NSCLC Erlotinib/onartuzumab PFS and OS

cMET amplification OS (trend)
Low HGF levels OS

Sequist et al68 Nonsquamous histology NSCLC Erlotinib/tivantinib PFS and OS
KRAS mutations
EGFR wild type
cMET amplification

Jhawer et al92 cMET amplification Gastric cancer Foretinib RR

Abbreviations: HGF, hepatocyte growth factor; NSCLC, non–small-cell lung cancer; OS, overall survival; PFS, progression-free survival; RR, response rate.
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activation of cMET. The investigators also observed progressive am-
plification of KRAS, resulting in increased expression and activation of
wild-type KRAS and in activation of the MAPK pathway.100 Strategies
to overcome resistance include: therapy selection based on the pres-
ence of known susceptibility factors such as oncogene addiction, use of
inhibitors at different levels of the pathway (ligand, receptor, and TK),
and therapy combinations against multiple pathways to overcome
bypass mechanisms. These strategies are being applied and tested in
ongoing clinical trials.

DISCUSSION

The extensive basic knowledge of HGF-cMET biology has allowed a
comprehensive assessment of the oncogenic potential of the axis and
provided insights needed to develop selective and potent inhibitors
now in clinic. Improvement on biomarker development for patient
selection and evaluation of therapeutic activity are advancing as efforts
to improve technologies progress. The issue of resistance needs to be
considered in clinical trial design to enable mechanistic-driven com-
binations and careful patient selection.

AUTHORS’ DISCLOSURES OF POTENTIAL CONFLICTS
OF INTEREST

Although all authors completed the disclosure declaration, the following
author(s) and/or an author’s immediate family member(s) indicated a
financial or other interest that is relevant to the subject matter under

consideration in this article. Certain relationships marked with a “U” are
those for which no compensation was received; those relationships marked
with a “C” were compensated. For a detailed description of the disclosure
categories, or for more information about ASCO’s conflict of interest policy,
please refer to the Author Disclosure Declaration and the Disclosures of
Potential Conflicts of Interest section in Information for Contributors.
Employment or Leadership Position: None Consultant or Advisory
Role: George R. Blumenschein, Genentech (C), Bristol-Myers Squibb
(C), EMD Serono (C), sanofi-aventis (C); Gordon B. Mills, Asuragen
(U), Aushon (U), Catena (C), Daiichi Pharmaceutical (C), Foundation
Medicine (U), Arcxix Biotechnologies (C), Targeted Molecular
Diagnostics (C), Han AlBio Korea (C), Novartis (C), Tau Therapeutics
(C); Ann M. Gonzalez-Angulo, Genentech (C) Stock Ownership:
Gordon B. Mills, Catena, PVT Ventures, Spindle Top Ventures
Honoraria: None Research Funding: George R. Blumenschein Jr,
Genentech, GlaxoSmithKline, Bristol-Myers Squibb, Celgene, Abraxis,
Novartis, AVEO, Exelixis, Merck; Gordon B. Mills, AstraZeneca,
Celgene, CeMines, Exelixis/sanofi-aventis, GlaxoSmithKline, LPATH,
Roche, SDI, Wyeth/Pfizer/Puma; Ana M. Gonzalez-Angulo, Genentech,
GlaxoSmithKline, Bristol-Myers Squibb, Celgene, Abraxis, Novartis,
AVEO, Merck Expert Testimony: None Other Remuneration: None

AUTHOR CONTRIBUTIONS

Conception and design: All authors
Financial support: George R. Blumenschein Jr, Ana M.
Gonzalez-Angulo
Administrative support: All authors
Provision of study materials or patients: Gordon B. Mills
Manuscript writing: All authors
Final approval of manuscript: All authors

REFERENCES

1. Peschard P, Park M: From Tpr-Met to Met,
tumorigenesis and tubes. Oncogene 26:1276-1285,
2007

2. Bottaro DP, Rubin JS, Faletto DL, et al:
Identification of the hepatocyte growth factor recep-
tor as the c-met proto-oncogene product. Science
251:802-804, 1991

3. Gherardi E, Youles ME, Miguel RN, et al:
Functional map and domain structure of MET, the
product of the c-met protooncogene and receptor
for hepatocyte growth factor/scatter factor. Proc
Natl Acad Sci U S A 100:12039-12044, 2003

4. Lokker NA, Mark MR, Luis EA, et al:
Structure-function analysis of hepatocyte growth
factor: Identification of variants that lack mitogenic
activity yet retain high affinity receptor binding.
Embo J 11:2503-2510, 1992

5. Gherardi E, Sandin S, Petoukhov MV, et al:
Structural basis of hepatocyte growth factor/scatter
factor and MET signalling. Proc Natl Acad Sci U S A
103:4046-4051, 2006

6. Zhang YW, Vande Woude GF: HGF/SF-met
signaling in the control of branching morphogenesis
and invasion. J Cell Biochem 88:408-417, 2003

7. Rosario M, Birchmeier W: How to make
tubes: Signaling by the Met receptor tyrosine ki-
nase. Trends Cell Biol 13:328-335, 2003

8. Corso S, Comoglio PM, Giordano S: Cancer
therapy: Can the challenge be MET? Trends Mol
Med 11:284-292, 2005

9. Stamos J, Lazarus RA, Yao X, et al: Crystal
structure of the HGF beta-chain in complex with the

sema domain of the Met receptor. Embo J 23:2325-
2335, 2004

10. Boccaccio C, Comoglio PM: Invasive growth:
A MET-driven genetic programme for cancer and
stem cells. Nat Rev Cancer 6:637-645, 2006

11. Trusolino L, Bertotti A, Comoglio PM: A
signaling adapter function for alpha6beta4 integrin in
the control of HGF-dependent invasive growth. Cell
107:643-654, 2001

12. Basile JR, Afkhami T, Gutkind JS: Sema-
phorin 4D/plexin-B1 induces endothelial cell migra-
tion through the activation of PYK2, Src, and the
phosphatidylinositol 3-kinase-Akt pathway. Mol Cell
Biol 25:6889-6898, 2005
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