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Abstract

MET encodes a receptor tyrosine kinase c-MET for hepatocyte growth factor (HGF). The specific combination of c-MET and
HGF activates downstream signaling pathways to trigger cell migration, proliferation, and angiogenesis. MET exon 14 alterations
and MET gene amplification play a critical role in the origin of cancer. Several monoclonal antibodies and small-molecule inhibitors
of c-MET have been evaluated in clinical trials. In patients with advanced non-small cell lung cancer, cabozantinib and crizotinib
showed clear efficacy with a generally tolerable adverse events profile. In gastrointestinal cancers, most phase III trials of MET
inhibitors showed negative results. In hepatocellular carcinoma, based on the encouraging results of some phase II studies, a series
of phase IlI trials are currently recruiting patients to access the efficacy and safety of MET inhibitors.
© 2017 Chinese Medical Association. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction

MET, also known as the N-methyl-N’-nitroso-gua-
nidine human osteosarcoma transforming gene, is a
proto-oncogene encoding a receptor tyrosine kinase
¢-MET for hepatocyte growth factor (HGF)."” The
binding of HGF results in c-MET dimerization and
autophosphorylation, which in turn activates the
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mitogen-activated protein kinase (MAPK), phosphati-
dylinositol 3-kinase (PI3K), v-src avian sarcoma
(Schmidt-Ruppin  A-2) viral oncogene homolog
(SRC), and signal transducer and activator of tran-
scription (STAT) signaling pathways.” c-MET activa-
tion is normally essential for cell morphogenesis,
scattering and motility, proliferation, and protection
from apoptosis.” The MET pathway plays an important
role in wound healing, post-injury response, and
degenerative diseases such as renal and lung fibrosis.”

Aberrant MET expression is widely observed in
various malignancies, particularly non-small cell lung
cancer (NSCLC), gastrointestinal (GI) cancer, and
hepatocellular carcinoma (HCC).Si8 MET-receptor
overexpression, genomic amplification, mutation, or
alternative splicing results in cellular deregulation of

2095-882X/© 2017 Chinese Medical Association. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cdtm.2017.06.002&domain=pdf
http://dx.doi.org/10.1016/j.cdtm.2017.06.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
www.sciencedirect.com/science/journal/2095882X
http://dx.doi.org/10.1016/j.cdtm.2017.06.002
http://dx.doi.org/10.1016/j.cdtm.2017.06.002
http://www.keaipublishing.com/en/journals/cdtm/
http://www.cdatm.org
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:13910216310@163.com

H.-N. Mo, P. Liu / Chronic Diseases and Translational Medicine 3 (2017) 148—153 149

MET” Several agents targeting MET have been
examined in clinical trials, but the results range from
relatively high response rates to prominent failure. This
review summarizes MET pathway dysregulation in
cancers and the use of MET inhibitors to treat advanced
cancers.

c-MET pathway

The MET gene is located on chromosome
7921—q31 and is approximately 125 kb long with 21
exons. c-MET is a heterodimer composed of a 50-kDa
highly glycosylated alpha-chain subunit and 145-kDa
beta-chain.'” This transmembrane protein consists of
a large extracellular region, membrane-spanning
segment, and intracellular tyrosine kinase domain."’
c-MET is the only known high-affinity receptor for
HGF and is widely expressed in cells of epithelial-
endothelial origin, including liver cells, fibroblasts,
hematopoietic cells, and keratinocytes.'”

HGF, also known as scatter factor, was initially
identified as a growth factor for hepatocytes and
fibroblast-derived cell motility factor.'”> HGF forms a
heterodimer consisting of a 69-kDa alpha-chain sub-
unit and 34-kDa beta-chain, linked by a disulfide bond.
HGF can induce cell dissociation and movement,
promote mitosis, and induce morphogenesis of
epithelial cells. In addition, it can stimulate the growth
of vascular endothelial cells and increase extracellular
matrix protein hydrolysis.

The specific combination of ¢c-MET and HGF in-
duces a conformational change in the c-MET receptor
protein, and its intracellular protein tyrosine kinase
domain is activated by autophosphorylation. The
downstream MAPK, PI3K, SRC, and STAT signaling
pathways are successively phosphorylated and acti-
vated.'* The waterfall-like phosphorylation reactions
amplify the signal step-by-step. Eventually, the c-MET
pathway triggers a variety of cellular responses,
including cell migration, mitogenesis, morphogenesis,
proliferation, and angiogenesis.”

In some NSCLCs, the c-MET pathway is thought to
be the primary driving mechanism, particularly MET
exon 14 (METex14) alterations and MET gene ampli-
fication. METex 14 alterations are detected in approx-
imately 3—4% of lung adenocarcinomas and 20—30%
of pulmonary sarcomatoid carcinomas.'” These alter-
ations result in decreased degradation of c-MET, sus-
tained MET overexpression, and oncogenesis. Next-
generation sequencing is the most frequently used
tool for diagnostic testing of METex14 alterations.' '’
The prevalence of MET amplification in NSCLC

ranges from 1% to 5%. The fluorescence in situ hy-
bridization can be used to determine the ratio of MET
to the centromeric portion of chromosome 7 (CEP7) to
distinguish between polysomy and true MET amplifi-
cation (MET/CEP7 ratio > 5).

As MET mutations are exceedingly rare in GI cancers,
MET is mainly activated by receptor overexpression or
genomic up-regulation.® MET amplification appears to
be rare in GI cancers, with reported incidences of
0—5%."

c-MET signaling promotes hepatocyte proliferation
and regeneration, suggesting a potential tumor-
promoting role in HCC.'”? ¢-MET transcription and
expression is increased in 30—100% of HCC compared
to the surrounding tissue, while HGF expression is
decreased in tumors compared to that in the sur-
rounding liver tissue.’”'

The c-MET pathway exhibits significant cross-talk
with other signaling pathways. Interactions between
MET and HER2 family members have emerged as a
major mechanism of tumor progression and treatment
resistance. MET signaling has also been shown to
interact with the vascular endothelial growth factor
(VEGF) and VEGF receptor (VEGFR) pathways.22
MET activation increases VEGF-A expression to pro-
mote angiogenesis and endothelial cell growth.

c-MET deregulation plays important roles in tumor
formation, growth, maintenance, and invasion. It has
implicated in several cancers, including lung, colo-
rectal, liver, and gastric carcinoma. Therefore, c-MET
has become an attractive target for cancer treatment
and drug development.

Inhibit MET for malignancy

Currently, there are three main methods for inhibiting
the kinase activity of c-MET: preventing the extracel-
lular combination of c-MET and HGF with neutralizing
antibodies or biological antagonists; preventing phos-
phorylation of tyrosine in the kinase domain using
small-molecule inhibitors; blocking c¢-MET kinase-
dependent signaling through relevant signal trans-
ducers or downstream signaling components.

Several small-molecule inhibitors and monoclonal
antibodies of c-MET have been evaluated in preclinical
studies. Crizotinib is a dual ¢-MET and anaplastic
lymphoma kinase (ALK) inhibitor that has been
approved for treating ALK-positive NSCLC.”* Cabo-
zantinib is a multikinase inhibitor that targets c-MET,
VEGFR2, AXL, KIT, TIE2, FLT3, and RET.”* Tivan-
tinib is a non-adenosine triphosphate (ATP) competitive
¢-MET inhibitor.”” Foretinib is a multikinase inhibitor of
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MET, c-ros oncogene (ROS), Recepteur d'Origine
Nantais (RON), AXL, TIE2, and VEGFR2. Onartuzu-
mab is a humanized monovalent monoclonal antibody
directed against c-MET, with potential antineoplastic
activity.26 Rilotumumab is a humanized, monoclonal
antibody that neutralizes HGF. Most of these c-MET
inhibitors have been evaluated in clinical trials.

MET inhibitors in NSCLC

Targeted therapies, particularly those aimed at
epidermal growth factor receptor (EGFR) and ALK,
have been recommended as first-line treatments for
patients with advanced NSCLC with specific gene
mutations. EGFR activation stimulates c-MET phos-
phorylation and activation. MET amplification results
in PI3K/AKT activation, which is associated with ac-
quired resistance to first-generation EGFR tyrosine
kinase inhibitor. Thus, MET inhibitors combined with
EGEFR tyrosine kinase inhibitors have been evaluated
in several clinical trials.

A randomized controlled phase II trial compared the
efficacy of cabozantinib alone or in combination with
erlotinib versus erlotinib alone in patients with
advanced NSCLC with wild-type EGFR.”’ A total of
111 patients were randomized and the primary
endpoint of progression-free survival (PFS) was
reached. Compared with erlotinib alone (1.8 months),
PFS was significantly improved in the cabozantinib
group (4.3 months) and erlotinib plus cabozantinib
group (4.7 months). The most common grade 3 or 4
adverse events were diarrhea, hypertension, fatigue,
oral mucositis, and thromboembolic events.

A phase II clinical trial suggested that only c-MET-
positive tumors would benefit from combinational
treatment of onartuzumab plus erlotinib, which
doubled patient survival compared with the erlotinib
plus placebo arm (6.4 vs. 12.4 months) in patients with
NSCLC.*® Unfortunately, a subsequent phase III trial
that assessed the impact on overall survival (OS) of
adding onartuzumab to erlotinib in patients with
advanced NSCLC with MET overexpression showed
negative results. A total of 499 patients with MET-
overexpressing tumors were randomized. Median OS
was decreased in patients who received combination
therapy.””

In a phase II clinical trial, tivantinib increased the
response rate (RR) and OS when combined with
erlotinib in previously treated patients with locally
advanced or metastatic NSCLC.”" Disappointingly,
two phase III studies of tivantinib in combination with
erlotinib in patients with advanced nonsquamous

NSCLC did not meet their primary endpoint. The
ATTENTION trial randomized 307 patients to receive
erlotinib with or without tivantinib.”' The study was
terminated early because of an increased incidence of
interstitial lung disease in the tivantinib arm, while OS
did not significantly differ between the two groups.
The MARQUEE trial randomized 1048 patients to
receive erlotinib with or without tivantinib.’* This trial
was terminated early because of an interim analysis
revealing futility, and OS did not differ between
groups.

As a dual c-MET and ALK inhibitor, crizotinib has
been evaluated in patients with METex14-altered
NSCLC. Its anti-tumor activity and safety profile
were recently reported at the 2016 American Society of
Clinical Oncology annual meeting. In the 15 response-
evaluable patients, partial response was documented in
10 patients, with a generally tolerable adverse events
profile.

MET inhibitors in GI cancer

Nearly 4—10% of upper GI cancers show MET
amplification, and 50% of patients with advanced
gastric cancer show c-MET protein overexpression.
Patients with colorectal carcinoma (CRC) may also
exhibit overexpression or amplification of c-MET,
which is associated with CRC invasion and distant
metastases.”” Thus, numerous clinical trials have
attempted to evaluate MET inhibitors alone or com-
bined with cytotoxic chemotherapy in patients with GI
cancer, most of which showed no efficacy.

A phase II trial randomized 121 GI cancer patients
into rilotumumab or placebo combined with epi-
rubicin, cisplatin, and capecitabine (ECX) groups.™
Improved OS and PFS were observed in the rilotu-
mumab plus ECX group, with no unexpected safety
signals. However, the phase III RILOMET-1 study of
rilotumumab plus ECX as a first-line therapy for MET-
positive patients with advanced gastroesophageal
adenocarcinoma (GEC) did not meet its primary
endpoint of increasing OS.”> The results showed that
rilotumumab was not superior to placebo for OS; in
addition, PFS and objective response rate (ORR) were
statistically worse in the rilotumumab arm. This lack of
efficacy was due to increased deaths in the rilotumu-
mab arm because of disease progression and occurred
regardless of the level of MET-positive expression.
Another phase II MEGA study assessed modified
FOLFOX®6 (oxaliplatin, 5-fluorouracil, and leucovorin)
alone or in combination with rilotumumab as first-line
treatment in patients with advanced GEC.”® This trial
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also showed negative results. Adding rilotumumab
appeared to be more toxic and not more effective than
modified FOLFOX6 (mFOLFOX6) alone.

Onartuzumab was evaluated in the METGastric
study, a phase III study of onartuzumab plus mFOL-
FOX6 in patients with metastatic HER2-negative and
MET-positive GEC.”” The phase II YO28252 study was
conducted in parallel with METGastric, which also
examined first-line onartuzumab plus mFOLFOX6 in
the same target population.”® Their results were
consistent: addition of onartuzumab to mFOLFOX6 was
ineffective in these patients. In patients with metastatic
CRC, negative study data were published for onartuzu-
mab. A phase II study (GO27827) revealed that onar-
tuzumab combined with FOLFOX plus bevacizumab
did not significantly improve efficacy outcomes.””

Only one study has evaluated foretinib in patients
with metastatic gastric cancer. This phase II cohort of
74 patients with metastatic gastric cancer failed to
display efficacy.”’

In patients with advanced CRC, a phase II study
found that tivantinib in combination with irinotecan
and cetuximab was well tolerated, but did not signifi-
cantly improve patient survival.*' Tivantinib combined
with cetuximab after resistance to cetuximab or pan-
itumumab in patients with MET-high/KRAS wild-type
metastatic CRC is being evaluated in an ongoing
clinical trial (NCT01892527).

A phase II study of cabozantinib was performed for
patients with advanced refractory cholangiocarcinoma,
which showed limited activity and significant
toxicity.”” The median PFS was 1.8 months and me-
dian OS was 5.2 months. Grade 3/4 adverse events
including neutropenia (5%), bowel perforation (5%),
and hypertension (11%) occurred in 89% of patients.
Notably, one patient with a MET-high tumor remained
on treatment for 278 days.

Several c-MET inhibitors have been developed and
evaluated in patients with GI cancer. However, most of
the results were negative. Numerous phase II/III clin-
ical trials have reported a lack of improvement in ef-
ficacy with MET inhibitor in these patients. It remains
unclear whether other biomarkers (rather than MET
immunohistochemistry) or small molecule inhibitors
are more appropriate for inhibiting this oncogenic
pathway.

MET inhibitors in HCC

Most patients with HCC have advanced disease at
the time of diagnosis. For those who cannot undergo

surgery or locoregional therapies, the options for sys-
temic therapy are limited. In patients with advanced
HCC, cytotoxic chemotherapy treatment showed no
efficacy. Sorafenib showed a significant survival
benefit in large randomized trials**** and is recom-
mended for patients with advanced HCC with good
liver function. For MET inhibitors, several phase II
clinical trials reported clinically meaningful anti-tumor
activities in these patients, and randomized phase III
studies are currently underway.

A phase II single-arm study evaluated the safety and
activity of foretinib in the first-line setting in patients
with advanced HCC." The ORR was 22.9%, PFS was
4.2 months, and OS was 15.7 months. The most
frequent adverse events were hypertension, decreased
appetite, ascites, and pyrexia.

A phase Il randomized controlled trial compared the
efficacy and safety of tivantinib versus placebo as
second-line therapy in 108 patients with advanced HCC.
In subgroup analysis of patients with high c-MET
expression, tivantinib significantly prolonged PFS and
08S.% Unfortunately, tivantinib failed to improve OS or
PFS compared with placebo as a second-line therapy for
patients with MET-overexpressing inoperable HCC in
the phase III METIV-HCC study."’

A phase II trial evaluated the efficacy of cabo-
zantinib in advanced solid tumors, among which 41
patients with advanced HCC were enrolled.”® Three of
33 patients evaluable for tumor assessment achieved a
partial response. The most common related adverse
events were hand-foot syndrome, diarrhea, and
thrombocytopenia. A randomized phase III trial, CE-
LESTIAL, is currently recruiting patients with
advanced HCC to compare the efficacy of cabozantinib
and placebo as a second-line treatment after sorafenib.

Conclusions

The MET pathway plays a critical role in cancer
origin. Several monoclonal antibodies and small-
molecule inhibitors of c-MET have clinical meaning-
ful efficacy with a manageable toxicity profile, mainly
in patients with NSCLC patients and those with HCC,
but not in patients with GI cancer. A series of phase
IIT trials are underway to further access the efficacy
and safety of MET inhibitors.
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