S e Taylor & Francis
l.=H!.II.||.L$:L-Iih5--h Tayk?r/&Fran(wsGroup

CLINICAL

LABORATORY iti i i ini i
araeeit@  Critical Reviews in Clinical Laboratory Sciences

ISSN: 1040-8363 (Print) 1549-781X (Online) Journal homepage: https://www.tandfonline.com/loi/ilab20

HGF/MET pathway aberrations as diagnostic,
prognostic, and predictive biomarkers in human
cancers

Fatemeh Moosavi, Elisa Giovannetti, Luciano Saso & Omidreza Firuzi

To cite this article: Fatemeh Moosavi, Elisa Giovannetti, Luciano Saso & Omidreza Firuzi (2019):
HGF/MET pathway aberrations as diagnostic, prognostic, and predictive biomarkers in human
cancers, Critical Reviews in Clinical Laboratory Sciences, DOI: 10.1080/10408363.2019.1653821

To link to this article: https://doi.org/10.1080/10408363.2019.1653821

© 2019 The Author(s). Published by Informa
UK Limited, trading as Taylor & Francis
Group

A
h View supplementary material &

ﬁ Published online: 12 Sep 2019.

\]
CJ/ Submit your article to this journal &

A
& View related articles &'

® View Crossmark data (&'

CrossMark

Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalinformation?journalCode=ilab20


https://www.tandfonline.com/action/journalInformation?journalCode=ilab20
https://www.tandfonline.com/loi/ilab20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/10408363.2019.1653821
https://doi.org/10.1080/10408363.2019.1653821
https://www.tandfonline.com/doi/suppl/10.1080/10408363.2019.1653821
https://www.tandfonline.com/doi/suppl/10.1080/10408363.2019.1653821
https://www.tandfonline.com/action/authorSubmission?journalCode=ilab20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=ilab20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/10408363.2019.1653821
https://www.tandfonline.com/doi/mlt/10.1080/10408363.2019.1653821
http://crossmark.crossref.org/dialog/?doi=10.1080/10408363.2019.1653821&domain=pdf&date_stamp=2019-09-12
http://crossmark.crossref.org/dialog/?doi=10.1080/10408363.2019.1653821&domain=pdf&date_stamp=2019-09-12

CRITICAL REVIEWS IN CLINICAL LABORATORY SCIENCES Taylor & Francis
https://doi.org/10.1080/10408363.2019.1653821 Taylor & Francis Group

REVIEW ARTICLE 8 OPEN ACCESS M Gheck forupdates)

HGF/MET pathway aberrations as diagnostic, prognostic, and predictive
biomarkers in human cancers

Fatemeh Moosavi® (¥, Elisa Giovannetti® (), Luciano Saso® () and Omidreza Firuzi®
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ABSTRACT ARTICLE HISTORY
Cancer is a major cause of death worldwide. MET tyrosine kinase receptor [MET, c-MET, hepatocyte Received 20 April 2019
growth factor (HGF) receptor] pathway activation is associated with the appearance of several hall- Revised 13 July 2019

marks of cancer. The HGF/MET pathway has emerged as an important actionable target across  Accepted 5 August 2019
many solid tumors; therefore, biomarker discovery becomes essential in order to guide clinical ~ "ublished online 12 Septem-
intervention and patient stratification with the aim of moving towards personalized medicine. The ber 2019

focus of this review is on how the aberrant activation of the HGF/MET pathway in tumor tissue or KEYWORDS

the circulation can provide diagnostic and prognostic biomarkers and predictive biomarkers of Receptor tyrosine kinases;
drug response. Many meta-analyses have shown that aberrant activation of the MET pathway in ¢-MET; neoplasms;
tumor tissue, including MET gene overexpression, gene amplification, exon 14 skipping and other biomarker discovery;
activating mutations, is almost invariably associated with shorter survival and poor prognosis. Most targeted therapy
meta-analyses have been performed in non-small cell lung cancer (NSCLC), breast, head and neck

cancers as well as colorectal, gastric, pancreatic and other gastrointestinal cancers. Furthermore,

several studies have shown the predictive value of MET biomarkers in the identification of patients

who gain the most benefit from HGF/MET targeted therapies administered as single or combination

therapies. The highest predictive values have been observed for response to foretinib and savoliti-

nib in renal cancer, as well as tivantinib in NSCLC and colorectal cancer. However, some studies,

especially those based on MET expression, have failed to show much value in these stratifications.

This may be rooted in lack of standardization of methodologies, in particular in scoring systems

applied in immunohistochemistry determinations or absence of oncogenic addiction of cancer cells

to the MET pathway, despite detection of overexpression. Measurements of amplification and

mutation aberrations are less likely to suffer from these pitfalls. Increased levels of MET soluble

ectodomain (sMET) in circulation have also been associated with poor prognosis; however, the evi-

dence is not as strong as it is with tissue-based biomarkers. As a diagnostic biomarker, SMET has

shown its value in distinguishing cancer patients from healthy individuals in prostate and bladder

cancers and in melanoma. On the other hand, increased circulating HGF has also been presented as

a valuable prognostic and diagnostic biomarker in many cancers; however, there is controversy on

the predictive value of HGF as a biomarker. Other biomarkers such as circulating tumor DNA

(ctDNA) and tumor HGF levels have also been briefly covered. In conclusion, HGF/MET aberrations

can provide valuable diagnostic, prognostic and predictive biomarkers and represent vital assets for

personalized cancer therapy.

Abbreviations: ADAM: a disintegrin and metalloproteinase; AUC: area under the curve; CBL: casi-
tas B lineage lymphoma proto-oncogene; Cl: confidence interval; CNG: copy number gain; DFS:
disease free survival; EGFR: epithelial growth factor receptor; FAK: focal adhesion kinase; FISH:
fluorescence in situ hybridization; GaB1: GrB2-associated binding protein 1; GrB2: growth factor
receptor-bound protein 2; HGF: hepatocyte growth factor; HIF: hypoxia-inducible factor; HR: haz-
ard ratio; IGF1R: insulin-like growth factor 1 receptor; IHC: immunohistochemistry; JM: juxtamem-
brane; MET: mesenchymal-epithelial transition tyrosine kinase receptor, c-MET; NSCLC: non-small
cell lung cancer; ORR: overall response rate; OS: overall survival; PCR: polymerase chain reaction;
PFS: progression free survival; PI3K: phosphoinositide 3-kinase; PLC-y: phospholipase Cy; RFS:
relapse free survival; ROC: receiver operating characteristic; RTK: receptor tyrosine kinase; RT-PCR:
reverse transcriptase- polymerase chain reaction; sMET: soluble MET, soluble truncated
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ectodomain of MET protein; STAT3: signal transducer and activator of transcription 3; TGF-o:
transforming growth factor-o; TKI: tyrosine kinase inhibitor; VEGFR: vascular endothelial growth

factor receptor

I- Introduction

The incidence and mortality of cancer are rapidly grow-
ing throughout the world. The latest GLOBOCAN report
from the World Health Organization shows that cancer
is the first or second most common cause of death
before the age of 70 years in 91 out of 172 countries [1].
An estimated 75 million people will be living with can-
cer by 2030, while 21 million new cancer cases and 13
million deaths currently occur every year world-
wide [2-4].

Mesenchymal-epithelial transition tyrosine kinase
receptor (MET, c-MET) belongs to the family of receptor
tyrosine kinases (RTKs) that is encoded by MET proto-
oncogene located on human chromosome 7 (7921-
31) [5,6].

Since the discovery of MET and its native ligand,
hepatocyte growth factor (HGF) in the mid-1980s, aber-
rant activation or dysregulation of this proto-oncogene
has been suspected to be associated with the patho-
physiology of several cancers [7]. Starting from the ini-
tial findings on the oncogenic role of MET mutations in
papillary renal carcinoma [8], and followed by discov-
eries of other mutations in different human cancers [9],
several lines of research in the past few decades have
provided strong evidence for an important role of MET
in human cancers [10,11] including gastrointestinal
[12,13], lung [14,15], breast [16], cervical [17] and thy-
roid cancer [18]. As a result, some therapeutic agents
against this pathway have found their way to routine
cancer management protocols, and several others
are under pre-clinical and clinical investigation
[11,13,19,20].

MET is synthesized as a 170 kD single-chain precur-
sor protein (pro-MET) which undergoes proteolytic
cleavage, generating a 50 kD extracellular a-subunit
and a 145 kD transmembrane B-subunit. The a-subunit
(N-terminal peptide) is linked to the B-subunit by a
disulfide bridge [21-24]. The B-subunit consists of an
extracellular ligand-binding domain, a single-pass trans-
membrane domain, and an intracellular segment. The
cytoplasmic domain includes a juxtamembrane (JM)
domain involved in MET post translational regulation
and a catalytic kinase domain that is responsible for
tyrosine kinase activity and that modulates multiple
downstream signaling pathways (Figure 1) [10,25-28].

Hepatocyte growth factor (HGF), also known as scat-
ter factor, is the natural endogenous ligand of the MET

receptor and is secreted predominantly by mesenchy-
mal cells as an inactive precursor (pro-HGF). For HGF to
be activated, pro-HGF is proteolytically cleaved at the
Arg494-Val495 bond by enzymes such as serum HGF
activator and cellular type Il transmembrane serine pro-
teinases to generate mature HGF [29]. The mature bio-
active form of HGF is a disulfide-linked heterodimer
composed of a-chain (69 kD) and B-chain subunits (34
kD) [5,28].

MET signaling, which is normally activated by the
binding of its natural ligand, HGF, results in receptor
dimerization and phosphorylation of two tyrosine resi-
dues, Tyr1234 and Tyr1235 in the kinase catalytic domain
[30,31]. Subsequent phosphorylation of the docking site
residues, Tyr1349 and Tyr1356, leads to the recruitment
of a network of intracellular adapter and effector pro-
teins such as phosphoinositide 3-kinase (PI3K), phospho-
lipase Cy 1 (PLCy1), growth factor receptor- bound
protein 2 (GrB2), GrB2-associated binding protein 1
(GaB1), and signal transducer and activator of transcrip-
tion 3 (STAT3). Consequently, MET mediated activation
of several intracellular signaling pathways, including the
PI3K)/Akt, STAT3, SRC/FAK (FAK, focal adhesion kinase)
and mitogen-activated protein kinase (MAPK)/ERK path-
ways, occurs [7,25,28,32-34]. Activation of these path-
ways results in the emergence of diverse cellular
hallmarks of cancer including cell proliferation, survival,
inhibition of apoptosis, migration, invasion and metasta-
sis (Figure 1) [6,25,28,31,35].

HGF/MET signaling is tightly regulated by various
control mechanisms that attenuate or terminate the
activated pathways. One such mechanism, which nega-
tively regulates receptor signaling, is the internalization
and degradation/recycling of the MET receptor via the
recruitment of casitas B lineage lymphoma proto-
oncogene (CBL), a ubiquitin-protein ligase. The ubiquiti-
nation of phosphorylated MET can occur through the
direct interaction of CBL with Tyr1003 in the JM domain
or indirectly by its binding to Tyr1356 via the Grb2
adaptor protein [10,36,37]. Another mechanism of MET
downregulation is provided by the activity of tyrosine-
specific phosphatases including PP2A, DEP-1, SHP2 and
PTP1B [11,36].

Ectodomain shedding and regulated proteolysis also
lead to downregulation of MET activity. The MET receptor
is proteolytically cleaved by sheddase enzymes including
the members of “a disintegrin and metalloproteinase”
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Figure 1. HGF/MET signaling pathway. The binding of hepatocyte growth factor (HGF), the natural ligand of MET tyrosine kinase
receptor, induces receptor dimerization. Upon dimerization, transphosphorylation of tyrosine 1234 and 1235 residues in the kin-
ase domain activates the kinase activity of the receptor. This is followed by further phosphorylation of Tyr1349 and Tyr1356 resi-
dues in the multifunctional docking site. This provides functional recognition sites for a variety of adaptor/effector proteins and
subsequent activation of many downstream signaling pathways including MAPK, PI3K/AKT, FAK and STAT3 among others.
Downstream signaling basically instigates cellular proliferation, survival, motility, migration, and invasion. Downregulation of MET
receptor is initiated by recruiting CBL and ubiquitin mediated degradation as well as extracellular shedding. MET is proteolytically
cleaved by ADAM-10 and ADAM-17 resulting in the formation of soluble MET ectodomain (sMET), which is secreted in the extra-
cellular space and can be ultimately found in the circulation. The crosstalk between MET and other membrane receptors such as
plexins, integrins, and EGFR and other RTKs promotes metastasis, invasion, and drug resistance. ADAM: a disintegrin and metallo-
proteinase family; CBL: casitas B lineage lymphoma proto-oncogene; STAT3: signal transducer and activator of transcription 3;
FAK: focal adhesion kinase; MAPK: mitogen-activated protein kinase; PI3K: phosphoinositide 3-kinase; RTK: receptor tyrosine
kinase.

(ADAM) family, such as ADAM-10 and ADAM-17, as well
as y-secretase, and results in the formation of a soluble
extracellular ectodomain and a intracellular MET fragment
that is rapidly degraded by the proteasome [38,39]. The
soluble extracellular MET fragment (sMET) can bind to
HGF, sequestering it from MET receptor binding and thus

antagonizing MET signaling. Moreover, the interaction of
SMET with full-length MET may also lead to impaired
receptor dimerization [7,40-42].

Ectodomain shedding of MET and some other trans-
membrane receptors may have important impacts on
the pathophysiology and drug response in different
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types of cancer [42]. In this context, several studies
have reported that expression of sMET correlates with
cancer progression [40].

I-A- The importance of HGF/MET aberrations as
clinical biomarkers

HGF/MET targeted therapies have had inconsistent out-
comes in different tumor types. While the outcome has
been promising in several clinical trials [12,43-45],
others have not been able to provide enough evidence
for the clinical benefit of MET targeted small molecule
inhibitors or antibodies [46-50].

The study of the correlation of MET aberrations in
tumor tissue with disease prognosis helps to distinguish
the tumor types in which MET signaling has the highest
level of biological relevance and a significant impact on
tumor behavior. Hence, in addition to MET being a
prognostic biomarker, the study of MET aberrations in

tumor tissue helps to select cancer patients who could
potentially benefit from HGF/MET targeted therapies.

The ultimate goals of studies that examine MET
pathway activation in different types of cancer is to
identify a predictive biomarker that enables stratifica-
tion of patients with one cancer type into subpopula-
tions and to identify those patients who are most likely
to draw benefit from HGF/MET targeted therapies. This
biomarker-guided approach, which is the cornerstone
of precision medicine trials, could significantly increase
the efficacy of targeted therapies [51].

Several clinical studies have addressed these issues
and reported MET aberrations as indicators of short sur-
vival and clinicopathological features of advanced dis-
ease in diverse types of cancer, such as gastric [52],
colorectal [53], breast [54], hepatocellular [55], pancre-
atic [56], and lung cancer [57]. In addition, the predict-
ive role of MET dysregulation has been explored in
different settings, and some results indicate improved
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Figure 2. Aberrations in HGF/MET signaling pathway in cancer. Aberration of HGF/MET pathway may be caused by different
molecular mechanisms including MET amplification, MET point mutations, exon 14 skipping mutations and excessive autocrine/
paracrine HGF secretion. MET overexpression at the transcription level can be caused through transcription factors (e.g. Ets and
Sp1) activation, hypoxia-inducible factor (HIF) activation and downregulation of repressor microRNAs. HGF overexpression can
occur by transcriptional up-regulation due to mutations such as those in deoxyadenosine tract element (DATE) in the HGF gene

promoter.



CRITICAL REVIEWS IN CLINICAL LABORATORY SCIENCES ‘ 5

Tumor MET Aberrations
(Overexpression, Amplification, Mutations)

Tumor HGF Overexpression

-| SMET

Circulating
HGF

ctDNA

mRNA

"*=~~~(Diagnostic Blomarker

Figure 3. Available HGF/MET-related diagnostic, prognostic and predictive biomarkers in human cancers. Different tissue-based
and circulation-based aberrations of HGF/MET pathway can be used as biomarkers.

response to multiple MET targeted agents in MET-
positive compared with MET-negative populations
[58-60]. These topics are covered in the next sections.

Alterations that may lead to HGF/MET signaling
pathway activation in different tumors include gene
overexpression, increased gene copy number gain
(CNG), mutations in the kinase or non-kinase regions of
the MET receptor as well as aberrant autocrine or para-
crine HGF secretion, which have been thoroughly inves-
tigated in several different cancers (Figure 2)
[6,12,61,62]. These alterations and the importance of
each one as a biomarker are the subject of this review
and are fully discussed in the following sections (sum-
marized in Figure 3).

II- MET aberrant activation in tumor tissue as
a prognostic biomarker

MET dysregulated signaling in tumor tissue can result
from various genetic alterations in cancer cells includ-
ing transcriptional dysregulation, MET gene amplifica-
tion and mutational activations such as those resulting
in exon 14 skipping (Figures 2 and 3) [63].
Understanding how HGF/MET functions as a prognostic
biomarker in different types of cancer may guide the
identification of tumor types and subtypes that draw
the maximum benefit from HGF/MET targeted thera-
pies. Table 1 summarizes the meta-analyses of studies
on aberrant MET activation in various tumor tissues.

lI-A- Increased MET expression

Increased expression of MET measured at both the pro-
tein and mRNA levels has been reported in several dif-
ferent types of tumors (Table 1 and Figure 2)
[14,84-88]. MET overexpression can be a result of tran-
scriptional up-regulation due to hypoxia-inducible

factor (HIF) activation or alteration in other transcription
factors including Ets and Sp1 [89,90]. It can also be
caused by downregulation of repressor microRNAs,
such as miR-1, miR-34, and miR-449a, that target MET
[90]. An abundance of MET receptor monomers on the
cell membrane can induce spontaneous dimerization,
phosphorylation and subsequent activation of the
receptor in a ligand-independent manner, and hence
result in the activation of downstream signaling path-
ways that ultimately lead to tumorigenesis [91].

II-A-1- Non-small cell lung cancer (NSCLC)

Data from several meta-analyses have suggested that
high MET expression is a negative prognostic biomarker
in different cancers (Table 1 and Supplemental Figure
1(A,B)). A meta-analysis of hazard ratios (HRs) from 18
retrospective studies that included 5516 cases with
non-small cell lung cancer (NSCLC) showed that high
MET expression significantly increased the risk of mor-
tality, even when studies responsible for heterogeneity
(HR 1.52, 95% confidence interval (Cl) 1.08-2.15) were
excluded [67]. Similarly, a meta-analysis by Pyo et al,
with 4454 NSCLC cases from 22 studies, confirmed that
MET positivity was significantly correlated with shorter
overall survival (OS) (HR 1.551, 95% Cl 1.101-2.184) [66].
They observed that MET expression was significantly
higher in non-squamous cell carcinomas and in patients
with higher clinical stages [66].

[I-A-2- Breast cancer

In breast cancer patients, studies have shown that high
levels of MET expression are associated with favorable
prognosis [92,93], have no significant association
[94,95], or report statistically significant association
between MET overexpression and poor prognosis
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[96-99]. The conflicting results of multiple trials have
been evaluated in recent meta-analyses [68,69,72]. An
earlier meta-analysis of HRs from 21 studies that
included 6010 breast cancer patients showed that MET
overexpression was related to shorter OS (HR 1.52, 95%
Cl 1.15-2.01) in 17 studies that included 4228 patients
as well as to shorter relapse-free survival (RFS) (HR 1.60,
95% Cl 1.27-2.00) in 12 studies with 3570 patients [70].
Pooled data in the fixed-effects model showed that
MET was significantly correlated with poor OS in lymph
node negative breast cancer (HR 2.04, 95% Cl
1.48-2.80) and with poor RFS in hormone-receptor posi-
tive (HR 1.41, 95% Cl 1.11-1.79) and triple negative
breast cancer (HR 2.31, 95% Cl 1.53-3.48), but did not
correlate with prognosis in human epidermal growth
factor receptor (EGFR)-2 positive breast cancer (HR 1.20,
95% Cl 0.91-1.59) [70]. Zhao et al. gathered 32 studies
with 8281 patients; among these, 18 reports with 4751
cases were suitable for OS data analysis and 12 other
studies with 3598 cases were available for disease free
survival (DFS) data assessment. The data showed that
MET overexpression was significantly associated with
poor OS (HR 1.65, 95% Cl 1.328-2.051) and poor DFS
(HR 1.53, 95% ClI 1.20-1.95). The results of subgroup
analysis by immunohistochemistry (IHC) indicated a sig-
nificantly poor prognosis in the patients with higher
MET expression level [68].

The differences in the characteristics of breast cancer
between Asian and Western populations have been dis-
cussed in various reports [100-102]. Results of sub-
group analysis according to ethnicity has suggested
that MET is a predictor of poor prognosis (both RFS and
0S) in Western patients but not in the Asian patients
[70]. These findings agreed with the results of a recent
meta-analysis that showed that MET oncogenic altera-
tions were not associated with poor prognosis in Asian
patients [68].

1I-A-3- Colorectal cancer

The value of MET overexpression as a prognostic bio-
marker in colorectal cancer was shown in two system-
atic reviews in 2015 [71,72]. Data from a meta-analysis
of 11 studies that included 1563 patients and used the
fixed-effects model demonstrated that patients with
high MET expression had a significantly shorter OS (HR
1.33, 95% Cl 1.06-1.59) and progression free survival
(PFS) (HR 1.47, 95% Cl| 1.03-1.91) [72]. The second
meta-analysis, with a smaller number of samples,
showed a significantly shorter OS and DFS in patients
with high MET expression; the data related to the sub-
group examined by IHC indicated a significantly shorter
DFS in the patients with MET overexpression, and
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suggested that patients diagnosed with stage Ill-IV can-
cer had higher MET expression level compared to those
diagnosed with stage I-Il [71].

1I-A-4- Gastric cancer

Two meta-analyses have been performed on published
articles in patients diagnosed with gastric cancer [73,74];
some of the same studies were included and analyzed in
both these meta-analyses. The results of both studies
revealed that higher MET expression was an indicator of
poor prognosis in both early and advanced gastric can-
cer patients. Data from subgroup analysis related to
method, race, tumor stage and type of aberration (ampli-
fication or expression) suggested that elevated MET
expression had a significant negative impact on survival
[73,74]. More recent published reports have confirmed
these earlier findings [52,86,103,104].

1I-A-5- Head and neck cancer

Several meta-analyses involving head and neck cancer
patients have suggested the validity of MET overexpres-
sion as a negative prognostic biomarker [75,76]. Szturz
et al. conducted a meta-analysis to explore the prog-
nostic value of different cutoff levels of MET expression.
They classified MET expression, measured by IHC, into
three levels (I, I, and Ill) with an increasing order of
positivity. Results showed that a high MET level, above
cutoff level Il, was associated with worse survival out-
comes and higher disease stage [76]. From 16 studies,
1948 patients were included in the meta-analysis by
Kim et al. [75], who found that patients with overex-
pression of MET had significantly inferior DFS (HR 1.49,
95% Cl 1.04-2.14) and OS (HR 1.83, 95% Cl 1.29-2.60)
compared to those with low MET expression. Finally,
another meta-analysis demonstrated that MET overex-
pression in the Asian subgroup had a significant associ-
ation with poor OS but not with DFS [77].

1I-A-6- Other cancers

The value of MET expression in tumor tissue as a prog-
nostic biomarker has been studied in pancreatic cancer
[78], hepatocellular carcinoma [79], and biliary tract
[80], esophageal [81], renal [75], and cervical cancers
[83]. The details of these meta-analyses are shown in
Table 1. In addition, several studies confirm that high
expression of MET is associated with poor survival in
other less prevalent cancers. For instance, Mao et al.
have shown that in cholangiocarcinoma, patients with
MET overexpression had significantly shorter OS and
DFS compared to those with low MET expression (OS,
p=.003 and PFS, p=.009). The expression of MET in
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patients with tumor tissues was significantly higher
than that in adjacent tissues. Based on multivariate COX
regression analysis, the high expression of MET was an
independent risk factor for DFS and OS for patient with
cholangiocarcinoma [105]. Another study reported simi-
lar data in patients with glottic laryngeal squamous cell
carcinoma [106].

1I-B- MET gene amplification

Amplification of the MET protooncogene or gene CNG,
which causes protein overexpression and constitutive
activation of the MET receptor (Figure 2), has been
detected in NSCLC [107] and breast [16], gastric
[52,108] and renal cancers [109]. Several methods,
including fluorescence in situ hybridization (FISH) (the
most widely used technique), silver in situ hybridization,
guantitative polymerase chain reaction and Southern
blotting, have been applied to detect MET gene amplifi-
cation [14,85,110]. Because different techniques and cri-
teria have been used to detect gene amplification, the
prevalence of MET amplification in cancer patients
varies greatly in the literature. For instance, the rate of
MET amplification based on FISH analysis ranged from
15 to 11% among those with gastric cancer
[52,111,112] and 2.4 to 4.1% for NSCLC patients
[113,114], whereas the prevalence of high MET copy
number was observed in up to ~20% of NSCLC [115]
and ~30% of gastric cancer [116] patients by polymer-
ase chain reaction (PCR)-based assays.

In NSCLC, the prognostic value of MET CNG and its
association with poor overall survival was first shown
by Okuda et al. [117].

There are a few meta-analyses in the literature on
the prognostic role of MET CNG in NSCLC [64,67,118].
A recent meta-analysis combined the results from 21
studies that involved 7647 patients and showed the
association between MET CNG and inferior OS (HR 1.45,
95% Cl 1.16-1.80) [64]. Subgroup analyses based on
histology and ethnicity indicated that MET CNG signifi-
cantly correlated with shorter survival, especially in
patients with adenocarcinoma (HR 1.41, 95% dl
1.11-1.79) and in Asian populations (HR 1.58, 95% ClI
1.32-1.88). However, the number of studies that
reported data regarding DFS seemed to be insufficient
to determine a significant association of high MET CNG
with DFS (HR 1.37, 95% Cl 0.88-2.12).

The prognostic value of MET CNG in NSCLC was con-
sistent with the results of two previous meta-analyses
published in 2014 [67,118]. Some patient populations
from these studies shared the same patient origin. It
has also been noted that FISH, followed by reverse

transcriptase-PCR (RT-PCR), was the most widely used
method for detection of CNG [67,118].

II-C-Exon 14 skipping mutations

Exon 14 of MET encodes the JM domain of the receptor
tyrosine kinase, which contains an important tyrosine
residue (Tyr1003) and is the binding site for CBL, an E3
ubiquitin-protein ligase. Mutations that result in exon
14 splicing alterations result in the loss of this import-
ant regulatory region in the MET receptor and lead to
decreased ubiquitination and hence reduced lysosomal
degradation and prolonged MET signaling [85,119]. This
post translational dysregulation activates MET signaling
in cancer cells and promotes oncogenesis [6,120].

Exon 14-skipping mutations have been amply
reported in lung cancer, with a prevalence of approxi-
mately 3-5%, and in other tumor types, with probably
lower frequencies [121-123]. These mutations are very
likely to confer sensitivity to MET targeted therapies
[65,124,125].

The association between the MET mutation and the
clinico-pathological features and prognosis of NSCLC
has been investigated in a meta-analysis of 11 retro-
spective studies [65]. Data from only two studies report-
ing the HR on overall survival in patients with MET exon
14 mutations could be pooled [126,127]. The pooled
results indicated that the presence of MET exon 14
mutations in NSCLC patients was correlated with a sig-
nificantly poor prognosis (HR 1.82, Cl 1.04-3.19). Of
note, based on the histologic subtypes, the incidence
of this mutation was detected mostly in pulmonary sar-
comatoid carcinoma [65].

II-D-MET mutations

MET germline and somatic mutations have been identi-
fied across different receptor domains including the kin-
ase, JM, and extracellular domains in several tumor types
(hereditary and sporadic papillary renal cell, gastric, head
and neck, breast, and ovarian cancers) [8,9,128].
However, there are few publications on the correlation
between activating mutations and prognosis.

Kinase domain mutations such as Thr1191lle
(detected in hepatocellular carcinoma), Tyr1248Cys/
Asp/His (sporadic and hereditary papillary renal cell car-
cinoma), Tyr1230Cys/Tyr1235Asp (head and neck squa-
mous cell cancers), Asp1228Val (NSCLC), and
Ala1108Ser (gastric cancer) prompt ligand-dependent
or ligand-independent constitutive MET activation
[9,11,129]. In the JM domain, missense mutations such
as Tyr1010lle, Arg988Cys and Pro1009Ser have been



reported in lung cancer, gastric, breast, ovarian and
colorectal cancer [9]. Extracellular Sema domain muta-
tions (i.e. GIlu168Asp, Leu299Phe, Ser323Gly, and
Asn375Ser) have not yet been carefully examined, but
likely affect the structure of the HGF-binding region
and MET receptor dimerization [12,130,131].

Ill- MET aberrant activation in tumor tissue as
a predictive biomarker

llI-A- MET activation biomarkers as a guide to
stratify patients for MET-targeted therapies

The HGF/MET pathway has become an attractive
therapeutic target because of its critical roles in regu-
lating multiple processes involved in tumorigenesis
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predictive biomarkers for making clinical decisions on
the administration of targeted therapies [60,132-134].
For example, in NSCLC patients, in addition to using
predictive biomarkers such as EGFR mutations, PD-L1
expression and ALK/ROS1 rearrangements, which are
already part of routine practice to guide therapeutic
decision making, MET alterations are being consid-
ered as the next candidate to add to the list of pre-
dictive biomarkers [135].

HGF/MET targeted therapies can be divided into the
following groups: (1) selective type | inhibitors that bind
to the active (phosphorylated) conformation of the
receptor; (2) nonselective MET kinase inhibitors, such as
type Il and lll inhibitors, that bind to the non-active un-
phosphorylated conformation and allosteric site of the
receptor, respectively; (3) anti-MET monoclonal antibod-

and numerous pathways related to hallmarks of can- ies; and (4) HGF-directed antibodies [136-138]
cer. Several studies have addressed the important (Figure 4).
issue of using MET alterations in tumor tissue as
Anti-HGF antibodies: - Anti-MET antibodies:
mum Emibetuzumab (LY2875358)

: Ficlatuzumab (AV-299, AVEQ) e
: Rilotumumab (AMG-102) &

Type II inhibitors:
b4 Cabozantmib (XL184)
Foretinib (GSK1363089)
I—{::f Glesatinib (MGCD-265)
4 Golvatinib (E-7050)
Merestinib (LY-2801653)
Sitravatinib (MGCDS516)
@ = BMS-77607(ASLAN002)
Tnachive TAS-115
Conformation
Type III inhibitors:

Tivantinib (ARQ-19)

Onartuzumab (MetMADb, OASD5v2)
Telisotuzumab vedotin (ABBV-399)

Type I inhibitors:

|_§' AMG-337
Capmatinib (INC-280)
Crizotinib (PF-02341066)
Savolitinib (Volitinib, HMPL-504)

A $49076
SAR125844
Lol o Tepotinib (EMD-1214063)

Figure 4. HGF/MET-targeted therapies for management of cancer. Several strategies to hamper the activity of the HGF/MET path-
way are available to patients or are currently under clinical investigation. These include small molecule tyrosine kinase inhibitors
(TKIs) and monoclonal antibodies (mAb) against MET or HGF. Small molecule inhibitors can be mainly divided into three classes,
labeled as types |, I, and lll. Both type | and Il inhibitors bind to the ATP binding site. Type | inhibitors more efficiently bind to
the active protein kinase conformation (Asp-Phe-Gly (DFG)-in), while Type Il inhibitors generally bind to a DFG out inactive con-
formation. Type | inhibitors may also bind to the inactive conformation. Type Ill inhibitors are non-ATP competitive and bind to a
site distinct from the ATP binding pocket. Antibodies could be directed against the MET receptor itself or its ligand HGF.
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HGF/MET inhibitors have been assessed as mono-
therapy or in combination with other anticancer tar-
geted therapies or cytotoxic agents [136,138]. The value
of MET-related biomarkers such as MET overexpression,
CNG and exon 14 splicing mutations to predict the
response to MET targeted therapy has been docu-
mented in several clinical trials. Here, we provide an
update on the most relevant data on the potential
applications of MET as a predictive biomarker to iden-
tify patients most likely to benefit from therapy
(Table 2).

An important biomarker-based phase Il trial of savoli-
tinib identified MET positive papillary renal cell carcin-
oma patients (patients with MET CNG, tumor HGF, MET
overexpression or MET mutations). The authors
observed that 40% of the cancers were MET driven,
46% were MET independent, and the status of the rest
was unknown [134].

The efficacy of onartuzumab, an anti-MET antibody
(Figure 4), has been investigated in patients with MET
IHC-positive NSCLC in phase |, Il and llI clinical trials.
These studies have reported different findings (Table 2
and Figure 5) [46,49,133,142,154]. A phase Il trial com-
pared erlotinib, an EGFR inhibitor, plus onartuzumab in
one group and erlotinib plus placebo in the second
group of NSCLC patients who were tested for MET
expression by IHC. This study showed increased PFS
(HR 0.53, p=.04), OS (HR 0.37, p=.002), and overall
response rate (ORR 3.2% vs. 8.6%) in MET-positive
patients in the erlotinib plus onartuzumab arm of the
study compared to patients receiving erlotinib and pla-
cebo. Of note, the MET-negative patients treated with
onartuzumab plus erlotinib experienced worse out-
comes in terms of PFS (2.01 vs. 3.02) as well as OS (8.1
vs. 15.3) [142]. Similarly, in another study with patients
with advanced NSCLC, the predictive role of several bio-
markers including MET/EGFR amplification (FISH), MET
overexpression (IHC), MET/EGFR mRNA expression, and
high-plasma HGF levels were evaluated. The authors
suggested that MET-IHC overexpression was the best
predictor of patient benefit from onartuzumab [133].
Despite the promising phase Il data, a larger, double-
blind, phase Il study of onartuzumab plus erlotinib (vs.
erlotinib plus placebo) that included 499 patients did
not show clinical benefit in MET positive (2+/3+) meta-
static NSCLC patients [49]. This was consistent with a
more recent report by Wakelee et al., which evaluated
onartuzumab in combination with platinum/paclitaxel/
bevacizumab or platinum/pemetrexed and failed to
detect any benefit of combination therapy in either the
intent-to-treat population or the patients with MET-
positive tumors [46].

Unlike these disappointing results, MET small mol-
ecule inhibitors, including crizotinib [125,140] and
tivantinib [58,60] have shown better antitumor activities
in NSCLC patients with MET exon 14 deletions and MET
overexpression, respectively.

In gastrointestinal tumors, several clinical studies
have addressed the predictive role of MET dysregula-
tion as an actionable target. These investigations have
tested HGF/MET pathway inhibitors as single agents or
in combination with other therapies, and have reported
different outcomes [20,47,155]. For instance, when 71
patients with advanced hepatocellular carcinoma were
enrolled in a placebo-controlled double-blind phase I
study, the results showed that tivantinib was associated
with a trend towards improved time to progression (2.7
vs. 1.7 months, p =.03), PFS (2.2 vs. 1.4 months, p =.02),
and OS (7.2 vs. 3.8months, p=.01) in the MET-high
patients [44]. Moreover, a recent study evaluating the
effect of rilotumumab administration, an anti-HGF anti-
body, on clinical outcome has shown a survival benefit
in MET-positive patients, [43]. However, Sakai et al.
described unfavorable clinical outcomes in a non-
randomized phase Il trial assessing emibetuzumab, an
anti-MET antibody, in Asian patients with advanced gas-
tric adenocarcinoma with clinical predictors of MET sta-
tus based on IHC and/or FISH [147]. However, in this
report, out of 65 patients, only 15 patients were diag-
nosed as MET-positive and could be enrolled in the
study.

AMG 337, a selective MET inhibitor tested in a phase
I clinical trial, has shown significant antitumor effect in
gastric/gastro-esophageal junction/esophageal adeno-
carcinoma patients with MET amplification, but not
in MET-amplified NSCLC [20]. AMG 337 also showed
promising results in a phase | study in patients with
MET-amplified solid tumors [19]. The above reports are
summarized in Figure 5.

As mentioned above, dysregulation of the MET path-
way can arise from different mechanisms (Figure 2). Our
knowledge of the nature of these aberrations may have
useful clinical implications. For example, in patients
with MET amplification, receptor activation occurs
mainly via ligand-independent mechanisms; therefore,
small molecule inhibitors targeting the kinase domain
could be more advantageous than anti-MET/HGF
monoclonal antibodies [15].

Moreover, an important challenge is to identify the
patients in which tumor growth and invasion are critic-
ally dependent on MET alterations. Although MET over-
expression is used frequently as a predictive factor to
detect MET activation, it may not necessarily lead to
oncogenic addiction in cancer cells [14,156]. Therefore,
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AMG 337: Solid mmors (19,
20), GEVGC/EA (236)
Crizotinib: NSCLC (140),
Solid mmors (2300
Onartuzumab: NSCLC (132)
SARI125844: Solid mmors
(229)

Tivantinib: CRC (232)

A
Crizotinib: CCS (240) Foretinib: PROC (238)
Onartuzumab: NSCLC (138) || Savolitinib: PRCC (133)
| Rilotumumab: GC (43) Tivantinib: NSCLC (38)

Tivantinib: NSCLC (60),
HCC (44)

Figure 5. Potential role of tumor tissue MET aberrations to predict the response to HGF/MET targeted therapies in different can-
cers. The prediction of the effectiveness of MET targeted therapies based on MET biomarkers in tumor tissue are shown in a sum-
marizing scheme. Higher predictive value indicates that MET-positive patients have benefited from treatment, while lower
predictive value shows that the drug has not been effective in MET-high patients. YYY: Biomarker value was proved by directly
comparing MET-positive and MET-negative patients. YY: Biomarker value was independently shown in MET-positive patients and
MET-negative patients. Y: Biomarker value was shown in MET-positive patients. N: No biomarker value was shown for MET aberra-
tion. The details of the studies are reported in Table 2. Reference numbers are shown in brackets.

it has been argued that the use of IHC may have limita-
tions in the selection of patients for anti-MET therapy.
Finally, methodologies that are applied to evaluate
biomarkers need to be optimized. Scoring methods for
the assessment of MET aberrations have not been vali-
dated extensively. This critical pitfall is demonstrated by
the high variability in the percentage of patients who
are designated as MET-high or MET-low. For example,
high MET expression detected by IHC in gastric cancer
ranged from 20-80% [73]. Similarly, MET amplification
detected by FISH in NSCLC varied from 1-40% [64].

llI-B- MET activation biomarkers as a guide to
stratify patients with resistance to EGFR-TKIs

Functional interactions between MET and other cell sur-
face receptors have been widely characterized [32].
MET receptors not only form homodimers but also con-
tribute to hetero interactions with other RTKs that result
in fully activated downstream signaling, just as is seen
following homodimerization [32,157]. The MET signal-
ing pathway can be activated by a variety of MET inter-
acting molecules, for example, membrane proteins or
receptors such as plexins, integrins and other RTKs such
as vascular endothelial growth factor receptor (VEGFR),
insulin-like growth factor 1 receptor (IGF1R), EGFR, RET
and AXL (Figure 1) [157-159]. These processes may play
an important role in cancer progression and specially in
resistance to targeted therapies.

Among RTKs, the most studied interaction is
between MET and EGFR. This communication is
believed to induce MET activation in the absence of

HGF after stimulation of cells with the EGFR ligands,
EGF or transforming growth factor-o (TGF-a) [160].

These biological processes have important clinical
implications, because EGFR-TKIs provide an important
asset for management of certain subsets of NSCLC
patients [161]. However, despite impressive initial
responses, acquired resistance eventually occurred in a
considerable number of patients. Different molecular
events underlie this drug resistance, the main mechan-
ism being the occurrence of secondary EGFR point
mutations such as Tre790Met [162-165]. However, acti-
vation of the MET pathway has also been consistently
observed as another main driver of resistance, which
leads to increased downstream oncogenic signaling in
the presence of continuous treatment with anti-EGFR
agents [166-168].

A study that further supports these observations
demonstrated that overexpression of TGF-a in colorec-
tal cancer cells contributed to EGFR inhibition resist-
ance by increasing EGFR/MET interaction and MET
phosphorylation [169]. However, resistance could be
overcome by combined inhibition of EGFR and MET, as
indicated in human lung, pancreatic and breast tumor
xenografts [7,170].

Some studies have addressed the important issue of
the influence of the MET pathway on resistance to
EGFR targeted therapies using MET aberrations in
tumor tissue as predictive biomarkers [142]. MET inhibi-
tors may be effective in overcoming this resistance and
are currently being studied in several randomized clin-
ical trials. As reported by van Veggel et al., MET amplifi-
cation could mediate EGFR-TKI resistance in patients
with EGFR mutation positive NSCLC. It was indeed
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shown that 50% of patients receiving crizotinib as
monotherapy or in combination with an EGFR-TKI expe-
rienced partial response; however, responses were typ-
ically not lasting, and the median PFS was only
3.5months (95% Cl 1.4-5.2) [161]. In a multicenter
retrospective study, the clinical response to MET inhibi-
tors, mostly crizotinib, was investigated in patients with
metastatic EGFR-mutated NSCLC with MET amplification
or overexpression as evaluated on a post-progression
re-biopsy. Among patients receiving a MET inhibitor as
a single agent or in combination with anti-EGFR agents,
an objective response was reported in only 2 out of 19
evaluable patients [171]. Another phase Il trial eval-
uated whether acquired resistance to erlotinib in
patients who harbored MET overexpression could be
overcome by emibetuzumab, a monoclonal anti-MET
antibody. The ORR was increased in both the mono-
therapy and combination arms in MET-high patients
(>60% of cells >2+ by IHC) compared with MET posi-
tive cases (>10% of cells >24) [172]. Moreover, a com-
bination of capmatinib (INC280) and gefitinib was
assessed in a phase Il study in EGFR-mutated NSCLC
patients with acquired resistance to EGFR-TKI. Of the 65
evaluable patients with high MET expression, the ORR
was 18% and the disease control rate (DCR) was 80%.
A higher response rate was observed in MET-amplified
patients (7 out of 23 patients with CNG > 6 had partial
responses (OS 30%) [173]. Moreover, a few case reports
have documented complete response to crizotinib
treatment in patients with MET-overexpressing NSCLC
after developing EGFR-TKI resistance [174].

IV- Circulating MET levels as diagnostic and
prognostic biomarkers

Several studies have investigated the potential utility of
the soluble truncated ectodomain of MET protein
(SMET) as a biomarker in different types of cancer and
the correlation between sMET and tissue MET protein
expression (Table 3). Most of these studies have
reported that circulating MET correlates with tumor tis-
sue expression levels [57,175,177,179,180], although
this idea was rejected by one report [55]. In a study of
198 patients with NSCLC, Gao et al. observed that the
plasma sMET levels were significantly correlated with
tissue MET protein expression levels (p <.001). The OS
was 9.5 vs. 22.2 months for patients with high sMet lev-
els (>766ng/mL) compared with patients having low
levels of sMet (<766 ng/mL, respectively, p <.001). The
average plasma sMET concentration was significantly
higher in tissue MET-positive patients compared to sub-
jects with MET-negative tumors or healthy individuals
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[57]. The results of multivariate analysis in another
study suggested that the sMet concentration was the
strongest prognostic factor for PFS after EGFR-TKI ther-
apy (HR 3.583, 95% Cl 1.379-9.312) [181].

A study by Barisione et al. evaluated the prognostic
value of the serum sMET level in patients with meta-
static uveal melanoma; the survival analysis revealed
that cases exhibiting lower MET expression had a
higher median survival time compared with patients
expressing high levels [179]. In addition, this study
investigated the diagnostic role of sMet by discriminat-
ing metastatic uveal melanoma from nonmetastatic
uveal melanoma and healthy subjects using receiver
operating characteristic (ROC) curves with area under
the curve (AUC) of 0.82 (95% Cl 0.68-0.95, p < .001) and
0.83 (95% Cl 0.71-0.95, p < .001), respectively [179].

Kaye et al. [177] investigated the association of
plasma sMET with prostate cancer. Remarkably, they
identified higher levels of sMET in plasma samples of
groups of patients with benign (n=109) and malignant
(n=236) diseases when compared to 80 healthy con-
trols (p <.0001). sSMET could also differentiate between
malignant cases and healthy individuals with an AUC
value of 0.8309 (sensitivity 79%, specificity 94%,
p <.0001). However, the median sMET level was found
not to correlate with invasive disease, metastasis,
pathological grade and tumor stage [177]. In contrast
to these results, a study of 156 patients with localized
and metastatic prostate cancer reported that soluble
urinary sSMET had a significant correlation with tumor
metastasis. Urinary SMET showed an AUC value of 0.90
(95% Cl 0.84-0.95) in discriminating localized from
metastatic disease [62]. In addition, another study
reported that urinary MET levels could distinguish
between patients with invasive vs. not invasive bladder
cancer (AUC 0.7008, p <.0001) [178].

In contrast to the above studies, in a case-control set
of 290 subjects, the sMET level was significantly
decreased among gastric cancer patients compared to
controls (p <.0001) [176]. Intriguingly, this longitudinal
cohort study showed that soluble MET levels appeared
to decrease before the onset of gastric cancer [176].

Independent studies have suggested that CagA, the
H. pylori effector protein, stimulates cancer-associated
signal transduction by forming a complex with MET
[182-184]. Although there was no significant genoty-
pe-phenotype interaction between soluble MET protein
and single nucleotide polymorphism (SNPs) of the
CagA-related genes, after adding the genetic counts of
these SNPs, the diagnostic value of MET protein to dis-
tinguish gastric cancer patients from normal individuals
improved significantly [176].
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V- Circulating HGF levels as diagnostic,
prognostic and predictive biomarkers

HGF gene expression has been shown to be upregu-
lated by cytokines and growth factors including TNF-o,
IL-1, EGF, fibroblast growth factor, platelet derived
growth factor and prostaglandins as well as by interac-
tions with other RTKs such as EGFR (Figure 2)
[185-187]. In addition, HGF is frequently co-expressed
with MET in cancer cells and generates an autocrine
receptor activation loop [11]. In the human HGF gene
promoter, a repeat of 30 deoxy adenosines, called the
deoxyadenosine tract element (DATE), acts as a tran-
scriptional repressor. Truncation mutations within DATE
result in constitutive activation of the HGF promoter
and subsequent aberrant HGF expression [186]. In
breast cancer patients, 51% of African Americans and
15% of individuals of mixed European ethnic back-
ground harbored a mutant DATE variant (25As or
fewer) in their tumor cells [186].

The prognostic value of circulating HGF levels has
been reported by several investigators (Table 4 and
Figure 3). Most of these studies observed a negative
correlation between HGF levels and survival of patients
with different types of cancer; however, this association
was not confirmed in all studies [196].

In addition to serving as a prognostic biomarker,
HGF has the potential to serve as a diagnostic bio-
marker by distinguishing between cancer patients and
healthy individuals, as well as to function as a predictive
factor of response to therapy (Table 4). The role of HGF
as a diagnostic, prognostic and predictive biomarker in
different types of cancer is discussed below.

V-A- NSCLC

The assessment of sensitivity and specificity of plasma
HGF levels in the study by Fang et al. suggested that
HGF was not sensitive enough to detect early stage
NSCLC (stage I-ll) reliably; this finding may be due to
the small sample size [206]. Similar observations regard-
ing the diagnostic value of HGF were reported in a later
study that included a larger number of patients [207].
The sensitivity of plasma HGF level was significantly
higher in lung squamous cell cancer patients (stage
lI-1V) [206].

The relationship between increased HGF and clinical
outcome and drug response has been explored in sev-
eral studies in lung cancer patients [189,190,208,209]. In
a recent study performed in 81 patients receiving anti-
cancer treatment (53 and 48 patients received first-line
and second-line therapy, respectively), high serum HGF
concentration after first-line chemotherapy predicted a

shorter PFS in second-line treatment compared with
low serum HGF [188].

V-B- Breast cancer

The possible prognostic value of increased serum HGF
levels in breast cancer was suggested for the first time
by Toi et al. [210] in a Japanese cohort of patients.
Serum levels of HGF were analyzed by enzyme-linked
immunosorbent assay in 200 primary breast cancer
patients. Increased serum HGF levels were associated
with a statistically significant worse prognosis in terms
of DFS (p=.0001). Other investigators also demon-
strated that higher serum levels of soluble HGF were
associated with more lymph node involvement, higher
frequency of poorly differentiated tumors, more
advanced cancer stages and distant metastases
[211-214]. In a ROC analysis, the AUC for HGF was
0.695, which indicated that HGF could diagnose the
estrogen receptor positive from the negative tumors in
primary breast cancer patients [211].

However, a study by Kim et al. reported conflicting
data regarding the prognostic value of HGF; when
patients were divided into four groups based on their
HGF levels, only those with the highest HGF levels
showed a trend towards a longer DFS (p =.008) [191].

V-C- Colorectal cancer

A recent meta-analysis by Huang et al. combined results
from nine studies that investigated the correlation
between HGF and the prognosis and survival of colorectal
cancer patients. The results indicated that overexpression
of HGF was associated with a worse prognosis, consider-
ing both OS (HR 250, 95% Cl 2.12-2.96) and DFS (HR
1.99, 95% Cl 1.59-2.50) [53]. Toiyama et al. observed that
in patients undergoing colorectal carcinoma resection,
elevated serum HGF levels correlated with tumor size,
lymph node metastasis, and distant metastasis [215].

In addition, the relationship between serum HGF and
therapeutic responses was studied in colorectal cancer
patients receiving bevacizumab and other therapies.
High levels of HGF were associated with shorter PFS
and OS, regardless of the type of treatment. Also,
patients with lower pretreatment plasma levels of HGF
showed remarkably larger benefit from bevacizumab
treatment in terms of PFS and OS compared with those
with high HGF concentration [192].

V-D- Esophageal cancer

In esophageal squamous cell carcinoma, Ren et al. were
the first to demonstrate that serum levels of HGF were
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elevated in patients compared to the control group
(600 vs. 214 pg/mL, respectively, p <.001). Higher serum
levels of HGF also showed significant correlation with
the stage of disease and survival [216].

Similarly, in another study, increased serum levels of
HGF were found to be correlated with tumor stage
(p=.002) and metastasis (p <.001) [217]. Conversely,
conflicting results emerged from a study concerning the
prognostic value of HGF in esophageal squamous cell
carcinoma patients. No association between circulating
HGF and survival or response to therapy was found in
patient receiving neoadjuvant chemo(radio)therapy.
These conflicting results may be explained by the long-
term effect of treatment, because all samples were
taken after neoadjuvant therapy [196].

V-E- Gastric cancer

Studies in gastric cancer patients have widely reported
elevated serum HGF levels and their relationship with
clinico-pathological features [194,218-220].

In addition, the role of serum HGF in predicting the
response to treatment was evaluated by Takahashi et al.
in gastric cancer patients [193]. Among 46 patients
treated with trastuzumab, those with high levels of serum
HGF had shorter OS (HR 3.857, 95% Cl 1.309-11.361) and
had a higher risk of progression compared to patients
with low levels. Evidence was also provided that the
serum HGF level was significantly inferior in responders
compared with non-responders (p =.014) [193].

V-F- Head and neck cancer

Le et al. evaluated the prognostic and predictive roles of
plasma HGF in 498 patients with stage lll-IV head and
neck cancer who received radiotherapy with cisplatin or
cisplatin plus tirapazamine, a hypoxic cell cytotoxin
[221]. Since HGF gene expression was upregulated by
hypoxic conditions [221], they hypothesized that the
concentration of HGF may detect a population that
benefited from tirapazamine. High pretreatment HGF
levels were a prognostic factor for shorter OS in patients
receiving cisplatin, but not in those receiving tirapaz-
amine/cisplatin. They also suggested that the combin-
ation of tirapazamine and cisplatin may be beneficial in
patients with high HGF, but not in those with low HGF;
however, these differences did not reach statistical sig-
nificance [221].

It should be noted that, although circulating HGF lev-
els could be a good biomarker to predict the response
to HGF/MET targeted therapy, the situation differs with
other targeted therapies or chemotherapy.
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V-G- Hepatocellular carcinoma

Similar findings have demonstrated the diagnostic value
of serum HGF in hepatocellular cancer [198,222,223].
However, several studies have reported conflicting
results concerning the prognostic relevance of increased
serum HGF levels. Rimassa et al. [55] reported that
patients with higher baseline HGF had a significantly
shorter survival regardless of the therapy. In another
study on HCC patients, no prognostic value was
reported [198].

In a cohort study, the effects of plasma HGF levels
on survival and liver function were assessed in patients
after radiotherapy and surgery for unresectable and
resectable liver cancers, respectively. Increased plasma
HGF levels significantly correlated with the CTP and
MELD scores, indicators of the severity of liver disease.
The authors suggested that pretreatment plasma HGF
may be a useful biomarker to predict the susceptibility
to radiation-induced liver dysfunction and patient sur-
vival after radiotherapy and liver transplantation [224].

V-H- Pancreatic cancer

The diagnostic value of HGF in pancreatic cancer was
reported in a study by Barakat et al. who evaluated
patients with periampullary cancer, benign pancreatic
tumor, and chronic pancreatitis [225]. Plasma HGF levels
were increased in patients with pancreatic cancer com-
pared to normal controls, as well as in patients with
benign pancreatic tumor and chronic pancreatitis. As
shown by ROC curve analysis, HGF distinguished pan-
creatic cancer patients from subjects with benign condi-
tions (sensitivity 84%, specificity 90%, AUC 0.919). Of
note, 10days after pancreaticoduodenectomy, the
plasma HGF levels in patient were significantly higher
than preoperative levels (p =.0009), despite removal of
the tumor. However, HGF returned to preoperative con-
centrations by one month after surgery. In addition,
patients with early tumor recurrence had higher pre-
operative HGF levels than patients without tumor recur-
rence. Similarly, in another study, after hepatopancreatic
surgery, serum HGF levels were elevated compared to
preoperative levels [226].

V-I- Cervical cancer

In cervical cancer, the serum HGF level showed the
highest diagnostic value in comparison to other factors
for distinguishing cervical squamous cell carcinoma
from the cervical intraepithelial neoplasia patients and
healthy controls (AUC 0.99, sensitivity 77%, specificity
54%) [199]. This study also demonstrated that serum
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HGF concentrations in HPV-positive patients were
higher than HPV-negative individuals. These data were
consistent with a previous study that reported a strong
association between HGF overexpression and cervical
HPV and HIV infections [227]. In terms of the prognostic
value of HGF, the study of Zhang et al. showed that cer-
vical cancer patients with low serum HGF levels had sig-
nificantly longer OS and PFS than those with high
levels [199].

V-J- Multiple myeloma

The prognostic and predictive value of HGF included in
serum or plasma cytokine and angiogenic factor profile
analysis has been explored in different tumor types
[205,228-231]. In a recent study, Saltarella et al. eval-
uated the panel of angiogenic factors including HGF in
multiple myeloma patients; they suggested that
increased plasma HGF was associated with shorter rela-
tive PFS and predicted the benefit from therapeutic
regimens [205]. However, contrary to the findings of
most studies evaluating angiogenic markers that have
supported the role of HGF in treatment response pre-
diction, in the study of Minarik et al., HGF was not
proved to be a potential predictive factor of response
to treatment in multiple myeloma patients [232].

VI- Other biomarkers
VI-A- HGF level in tumor tissue

Tumor tissue levels of HGF have also been found to cor-
relate with poor prognosis and have been proposed as
potential biomarkers [233,234]. Higher HGF expression
in esophageal tumor tissue was associated with a
shorter OS [196]. HGF overexpression was also observed
in 67.1% of tonsillar squamous cell carcinoma patients,
and patients with HGF overexpression experienced a
shorter OS (49.1 vs. 93.8 months, p=.001) than those
with a low MET expression; similar trends were observed
with PFS (46.0 vs. 85.5months, p=.004) [235].
Moreover, in endometrial cancer, patients with HGF-
positive, fibroblast growth factor-positive tumors had an
increased risk of recurrence compared with cases with
negative expression of both markers (HR 9.88, 95% ClI
2.63-37.16) [236].

VI-B- Circulating tumor DNA

In addition to the above-mentioned use of MET dysre-
gulation for biomarker discovery in tumor tissue,
recently a promising noninvasive method based on the
detection of circulating tumor DNA (ctDNA) in blood

samples has also been suggested as a cancer biomarker
[237-243]. One study comparing the MET amplification
rate in different tissue-based and blood-based analysis
methods showed that the frequency of MET amplifica-
tion using ctDNA in metastatic colorectal cancer
patients after exposure to anti-EGFR antibody therapy
was significantly increased compared with antibody-
naive patients (p <.001) [237]. Similarly, a case report of
a treatment refractory patient with metastatic colorectal
cancer showed that MET amplification was detected in
ctDNA using next-generation sequencing, but not in tis-
sue biopsy samples. The significant response that the
patient experienced after treatment with the combin-
ation of cabozantinib plus panitumumab led to the sug-
gestion that MET amplification in ctDNA may be a
predictive biomarker for response [244]. Finally, in
NSCLC, a recent study demonstrated the potential clin-
ical utility of ctDNA as a guide for therapy when tissue
DNA was insufficient or unavailable [240].

VI-C- Circulating mRNA

Circulating tumor-related genes that can be easily
detected by RT-quantitative PCR in the serum or plasma
of cancer patients may be reliable diagnostic and prog-
nostic biomarkers in several types of cancer [245]. One
study comparing the expression of five mRNA species,
MET, CEA, GalNAc-T, hTERT and MUC-1, in peripheral
blood in patients with gastric cancer showed that the
MET mRNA level was associated with the T stage
(p=.025), lymph node metastasis (p=.036), distant
metastasis (p =.031) and disease stage (p =.023) [246].
Similar results were reported in a later study which
showed that 41.2% of patients had serum MET mRNA
overexpression [247].

Conclusions

Dysregulation of HGF/MET pathways in cancer cells may
occur by MET gene overexpression, gene amplification
or gene CNG, and several activating mutations including
those causing exon 14 skipping. SMET and HGF levels in
circulation could also be altered aberrantly.

MET aberrations in tumor tissue serve as unequivocal
prognostic biomarkers in several types of cancer includ-
ing NSCLC, breast, head and neck cancers as well as
colorectal, gastric, pancreatic and other gastrointestinal
tumors. On the other hand, the predictive value of MET
activation biomarkers in tumor tissue has not always
been consistent. Most studies have suggested that
selection of patients based on MET biomarkers may
have clinical utility by showing that MET-positive



patients, in particular NSCLC subjects, carrying any of
the aberrations drew the most benefit from HGF/MET
targeted therapies. However, some studies have failed
to show such straight-forward associations. The root of
these discrepancies may lie in the methods used for
assessment of pathway dysregulations in tumor tissue.

Similar to tissue MET aberrations, increased levels of
SMET in the plasma or serum in cancer patients have
been mostly associated with poor prognosis; however,
the evidence is not as strong as for tissue MET. As a
diagnostic biomarker, sMET levels have shown their
value in prostate and bladder cancer as well as in mel-
anoma, but this role has not been solidly established
yet. On the other hand, HGF aberrant signaling, mostly
detected in the circulation and sometimes also in tumor
tissue, has been presented as a valuable prognostic and
diagnostic biomarker; however, controversies exist on
its predictive value.

A frequently-encountered problem is the high vari-
ation in the prevalence of MET/HGF alterations in differ-
ent reports. In this context, the main challenge is the
standardization and unification of measurement techni-
ques and scoring systems, especially those used in the
determination of expression levels in tumor tissue.
Another important challenge is to identify cancer types
and subtypes that involve MET oncogenic addiction.
This is of vital importance, because only these tumor
types may benefit from HGF/MET targeted therapies.

While the prognostic value of HGF/MET biomarkers
has been largely accepted, the diagnostic value of HGF/
MET biomarkers is a new field with promising possibil-
ities, and many questions remain to be answered
regarding their role as biomarkers to predict the
response to targeted therapies.

The HGF/MET pathway has emerged as an important
actionable target across many solid tumors, and bio-
marker discovery has become essential to guide clinical
interventions in this field. Moving along this path
should pave the way towards personalized medicine.
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