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Abstract: Resistance to targeted therapeutics is a key issue limiting the long-term utility of these medications 

in the management of molecularly selected subsets of cancer patients, including patients with non-small cell lung 

cancer harboring oncogenic alterations affecting EGFR, ALK and other genes. Bypass resistance mediated by 

activation of MET kinase has emerged as a frequent, validated and pivotal resistance mechanism in multiple types 

of cancers. Biochemical understanding is accumulating to explain the unique role of MET in such bypass pathways, 

providing alternate downstream activation opportunities and intricate interactions during epithelial-mesenchymal 

transitions. Multiple diagnostic testing platforms have become available for selecting appropriate patients for MET 

targeting in a variety of settings. Importantly, in light of the failures of several earlier clinical studies of MET 

targeting agents, a large array of recent and current MET-focused trials are incorporating stricter patient selection 

and more robust predictive biomarkers providing hope for validation of MET targeting as a clinically impactful 

strategy.
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Introduction

The current review focuses on the role of the MET proto-
oncogene receptor tyrosine kinase (MET)/hepatocyte 
growth factor (HGF) pathway as a key participant in 
resistance mechanisms for targeted therapies. We will 
first introduce the paradigm of resistance mechanisms 
through the case of epidermal growth factor receptor 
(EGFR) inhibition in EGFR-mutated lung adenocarcinoma, 
providing a model for many key aspects that are integral 
to overcoming drug resistance. Then, the involvement of 
MET signaling pathways in targeted therapy resistance 
in a variety of settings will be addressed and biochemical 
and cell-level mechanisms of the MET pathway will be 
highlighted. Lastly, we will discuss emerging biomarkers 

for patient selection as well as provide a survey of relevant 
ongoing and completed clinical studies focusing on MET 
inhibition in the context of targeted therapeutic resistance.

Primary (de novo) and acquired resistance to 
targeted therapy

With rapid advancements in detecting genomic alterations, 
it is increasingly possible to select specific targeted therapies 
a priori for patients whose tumors have a high probability 
of responding to initial treatment, often by identifying 
molecularly defined subsets associated with oncogene 
addicted tumors. Prominent examples of such include BCR-
ABL1 positive chronic myeloid leukemia, KIT-mutated 
gastrointestinal stromal tumors and EGFR-mutated, 
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anaplastic lymphoma receptor tyrosine kinase (ALK) gene 
rearrangement-positive, and ROS proto-oncogene 1  
(ROS1) gene rearrangement-positive non-small cell lung 
cancers (NSCLC). However, even in patients whose tumors 
dramatically and deeply respond to a rationally chosen 
targeted therapy, acquired resistance develops in nearly 
all patients, invariably so in advanced lung cancer with 
actionable mutations (1). For a given targeted therapy, 
tumors that do not respond to initial treatment are defined 
as having primary, or de novo, resistance. Of the subset of 
tumors that do respond to initial treatment, tumors that 
eventually stop responding to targeted therapy are said 
to have acquired resistance. It remains an urgent priority 
of molecular research to address the difficult challenge of 
overcoming primary and acquired resistance in order to 
achieve the goal of durable clinical responses with targeted 
therapy approaches in oncogene addicted lung cancer and 
other malignancies.

Acquired resistance via EGFR-dependent 
pathways in EGFR-mutated lung cancer

In the realm of thoracic malignancies, the great promise 
and success of targeted therapy and the potential options 
of overcoming acquired resistance are most developed in 
EGFR-mutated lung cancer. Mutations in the EGFR gene 
are present in approximately 10–20% of all NSCLCs 
with higher incidence in females, non-smokers, younger 
patients, and adenocarcinoma histology, occurring 
as frequently as 30–50% in never-smokers with lung 
adenocarcinoma (2). Since the introduction of small 
molecule adenosine triphosphate (ATP)-mimetic EGFR 
tyrosine kinase inhibitors (TKI) and the subsequent 
discovery of recurrent and actionable EGFR mutations 
defining a subset of advanced NSCLC patients with 
dramatic and durable responses to these drugs, research 
in the EGFR inhibitor space has increased exponentially. 
While up to 60–80% of patients with EGFR-mutated 
tumors initially respond to first- and second-generation 
EGFR TKIs with significant improvement in both 
response rates and progression-free survival compared to 
upfront chemotherapy, resistance typically develops after 
8–14 months of treatment (3).

Over the past decade, extensive research has identified a 
multitude of primary and acquired resistance mechanisms. 
One type of common genomic alteration involves mutations 
that prevent targeted therapies from effectively inhibiting 
their respective molecular targets. A prominent example 

of this involves point mutations resulting in a threonine-
to-methionine amino acid substitution at the gatekeeper 
position 790 of EGFR, which confers resistance to first-
generation EGFR TKIs (4). This EGFR T790M mutation 
has also rarely been reported as a germline alteration 
leading to a high risk of lung cancer (5). It is also the most 
common mechanism of acquired resistance developing after 
treatment with first-generation EGFR TKIs, with 50–65% 
of tumors harboring such alterations at the time of disease 
progression (6). Interestingly, recent research suggests 
that certain tumors may harbor minute subclones with 
the T790M mutation, while in other tumors the mutation 
develops de novo. These different evolutionary paths 
that tumors can take depend on the presence or absence 
of T790M at disease onset (7). Novel third-generation 
T790M-directed EGFR inhibitors have demonstrated 
tremendous success in the clinic for T790M-mediated 
resistance and one lead compound, osimertinib, is now 
approved in this setting (8). Examples of similar second site 
mutations are numerous in other actionable kinases (9-12) 
and in these cases, cancer cells appear to maintain their 
original dominant dependence on the integrity of the native 
oncogenic pathway for continued cell proliferation and 
survival, principally via activation of cyclin D-dependent 
proliferative pathways and downregulation of the key pro-
apoptotic protein, Bim (13,14).

MET pathway activation as a bypass resistance 
mechanism

Bypass resistance refers to a type of genomic alteration 
that results in the activation of alternative ligands and/
or receptors that sustain signaling of key downstream 
pathways, despite successful inhibition of the specific 
molecular target of a given targeted therapy. The first 
established model of such bypass pathway activation 
involves the MET pathway, including MET amplification 
and overexpression of the MET receptor’s sole cognate 
ligand hepatocyte growth factor (HGF), which acts as a 
multi-functional cytokine primarily on cells of epithelial 
origin (15).

The MET oncogene

MET, which belongs to the MET/RON family, is a proto-
oncogene located on chromosome 7q31.2 that encodes 
for a receptor tyrosine kinase (RTK) (16,17). The binding 
of HGF to the MET receptor favors its dimerization and 
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its autophosphorylation on two tyrosine residues in its 
catalytic domain, Y1234 and Y1235. Subsequently, other 
tyrosine residues are phosphorylated, including Y1003 
in the juxtamembrane domain and Y1349 and Y1356 at 
the C-terminus tail, leading to the avid binding of many 
effectors. In particular, MET-related phosphorylation 
and activation of Gab1-mediated downstream pathways 
involving SHP2, p85-PI3K, PLCγ, and the adapter 
protein, Crk are more protracted than EGFR-related Gab1 
phosphorylation and activation. These events principally 
result in downstream signaling through the RAS-RAF-
MEK-ERK pathway and the PI3K-AKT-mTOR pathway, 
playing an important role in cellular proliferation and cell 
survival (18). In addition, MET can associate with many cell 
membrane proteins including integrins, CD44v6 isoform, 
plexin type receptors and it can also interact with other 
RTKs such as EGFR. Even in the absence of HGF, MET 
can be transactivated by EGFR and simultaneous activation 
of MET and EGFR is synergistic. In malignant cells, 
aberrant signaling through the MET receptor promotes 
cellular invasion, migration, angiogenesis, and eventual 
metastasis (19,20).

Since it was first discovered in 1984, mutations in the 
MET gene have been directly associated with papillary renal 
cell carcinoma and MET aberrations frequently occur in 
hepatocellular carcinoma as well as head and neck squamous 
cell carcinomas (21). With regards to NSCLC, MET 
overexpression, high MET gene copy number, MET gene 
amplification, and high HGF levels due to overexpression 
via transcriptional upregulation, activating gene mutations, 
and alternative splicing have all been significantly 
associated with negative prognosis (18). MET is also 
intimately implicated in the processes of tissue remodeling 
and morphogenic differentiation within the context of 
transient epithelial-mesenchymal transition (EMT), which 
is characterized by loss of epithelial differentiation, cell 
dispersal, cell migration, and degradation of the epithelial 
matrix (22). In MET-driven cancer, the loss of tight 
regulation of these events leads to invasion and metastasis. 
Invasion can also be driven by hypoxia, which induces 
HGF and MET expression via HIF-1α, rendering cells 
more sensitive to further HGF stimulation and MET 
overexpression (23,24).

Initially, the search for biomarkers defining cancers with 
MET pathway activation focused on MET overexpression, 
which is frequent and readily testable using routine assays 
such as immunohistochemistry (IHC). However, it does 
appear that genetic alterations in the MET pathway 

provide more robust biomarkers for pathway activation 
and targeting. MET amplifications are found in 2–4% of 
untreated NSCLC tumors and are also found in other 
cancer types, such as gastric adenocarcinoma. Multiple 
case reports and case series suggest that a subset of MET 
high-amplified tumors can respond to MET inhibition. In 
addition, infrequent and recurrent MET gene mutations can 
occur in the semaphorin extracellular domain, juxtamembrane 
region, and the kinase domain (25). Mutations that involve 
the juxtamembrane domain, which is encoded by exons 14 
and 15 and is necessary for MET receptor degradation via 
a critical tyrosine residue (Y1003), can cause tumorigenesis. 
More recently, recurrent mutations leading to MET exon 
14 skipping have been reported to be the most common 
actionable MET alteration occurring in approximately 3–4% 
of NSCLCs (26,27) with a higher frequency reported in 
pulmonary sarcomatoid lung cancer, a rare, very aggressive 
and treatment-refractory subtype of lung cancer (28).

MET in EGFR TKI resistance

As for the role of the MET pathway in EGFR TKI 
resistance, the first report by Engelman and colleagues 
in 2007 provided experimental evidence that focal 
amplification of MET drives ErbB3-dependent activation 
of PI3K, conferring resistance to the first-generation 
EGFR TKI gefitinib (29). By exposing cell line models to 
increasing concentrations of gefitinib for extended periods 
of time, an in vitro model of drug resistance was developed. 
In this model, resistance to gefitinib could be overcome by 
combined treatment with gefitinib and a MET inhibitor 
but not with MET inhibitor monotherapy, suggesting a 
fundamental switch to co-dependence on the activity of both 
the EGFR pathway and MET pathway where the sustained 
downstream signaling of just one of these key kinase pathway 
is sufficient for cellular survival (29). In addition, MET 
overexpression caused by genomic amplification was noted 
in patient samples at the time of acquired resistance (29). 
Interestingly, in another preclinical study the converse 
situation has also been reported in which a MET-positive 
gastric carcinoma cell line became resistant to MET 
inhibitors through bypass activation of the EGFR pathway, 
resulting in sustained downstream signaling of the RAS-
RAF-MEK-ERK and PI3K-AKT-mTOR pathways (30).

Initial reports suggested a fairly high frequency of MET 
amplification-mediated bypass resistance; however, this 
frequency was found to be substantially lower with the 
use of more precise detection techniques. For example, 
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while an initial study noted MET amplification detected 
by IHC in 4 out of 18 (22%) lung cancer specimens from 
patients that had developed resistance to EGFR TKIs, a 
later study from the same group using stricter fluorescence 
in situ hybridization (FISH) criteria detected 4 out of 37 
cases (11%) cases with genomic MET amplification (6). 
The thoracic oncology group at Memorial Sloan Kettering 
Cancer Center reported 9 of 43 patients (21%) of MET 
amplification in their series utilizing array comparative 
genomic hybridization (31); however, it was noted that only 
one case involved a high level gene amplification and three 
of the cases also harbored EGFR T790M. Lower prevalence, 
as low as 5%, has been reported with the use of more 
stringent criteria for defining MET amplification, including 
MET/CEP7 ratio by FISH (32). In summary, MET 
amplification is a recurrent and definable event occurring in 
approximately 5–10% of EGFR-mutated tumors that have 
acquired resistance to EGFR inhibitors, representing the 
second most common validated EGFR resistance alteration.

While it has been less carefully studied, it appears that 
MET activation can also serve as a primary resistance 
mechanism to EGFR-targeted therapy in EGFR-mutated 
lung cancer. The best evidence for this comes from the 
recent case report by Gainor and colleagues reporting 
on a 73-year-old never-smoker patient presenting with a 
malignant effusion from lung adenocarcinoma. Molecular 
testing demonstrated a classic EGFR L858R mutation as 
well as high level MET amplification of at least 30 copies, 
with a MET/CEP7 ratio greater than 15 in the pre-
treatment diagnostic specimen (33). The patient was started 
on erlotinib therapy as per guideline recommendations, 
but rapidly progressed 4 weeks into therapy. Based on the 
patient’s MET amplification crizotinib was added, leading 
to a dramatic clinical and radiographic response. While 
the rate of de novo MET amplification is anticipated to be 
no more than 3%, cases like this argue for broader upfront 
mutation profiling in EGFR-mutated lung cancer.

MET gene amplification can also act as a pre-existing 
resistance mechanism in certain cases (18). Using in 
vitro resistance models with a pan-ErbB kinase inhibitor, 
PF00299804, resistant clones of HCC827 were noted to 
recurrently carry MET amplifications, leading to MET 
overexpression-dependent EGFR TKI resistance that 
could be overcome by subsequent MET inhibition. All 
clones that emerged carried at least four-fold amplification 
of MET, and closer examination of the chromosome 7 
amplicon suggested that all clones shared the same clonal 
origin. In addition, short-term HGF exposure rescued 

cells from gefitinib-induced death through Gab1 adaptor 
protein signaling instead of through an ErbB3-dependent 
mechanism. In contrast, long-term HGF exposure led to 
the emergence of MET-amplified clones, resulting in a 
more typical resistance pattern. High-throughput FISH 
studies demonstrated that parental HCC827 cells harbor 
minor subfractions of cells with MET copy gains (6 out 
of 4,237, 0.14%). HGF exposure alone did not lead to the 
emergence of MET-amplified clones; the presence of EGFR 
inhibition was required, which may provide a unique growth 
advantage to a subset of cells with MET overexpression. In 
human correlative studies, MET amplification was identified 
in 4 out of 27 (15%) post-treatment specimens with the use 
of an IHC assay. HGF expression by IHC was also higher in 
some post-treatment specimens. In all four MET-amplified 
specimens, rare tumor cells with MET amplifications could 
be identified in the pre-treatment specimens, while only 
1 out of 8 post-treatment non-MET amplified specimens 
harbored cells with detectable MET amplifications. An 
interesting clinical observation demonstrating the waxing 
and waning of a MET amplified subclone in a patient 
dependent on EGFR TKI therapy corroborates these 
findings (34). Overall, these studies strongly suggest that 
specific mechanisms of drug resistance that develop as a 
result of drug exposure may be predetermined and occur 
as a result of drug selective pressure. In the case of MET 
pathway activation, resistance can emerge over time in the 
context of long-term drug exposure due to the presence of 
MET-amplified subclones and both paracrine and autocrine 
HGF stimulation, leading to enrichment and clonal 
selection (Figure 1).

MET in resistance to third-generation EGFR TKIs

More recently, EGFR T790M-directed third-generation 
EGFR inhibitors have demonstrated great success in the 
management of EGFR T790M-mediated resistance. Two 
lead compounds, rociletinib and osimertinib, showed 
excellent response rates in this context and osimertinib has 
been approved by the FDA for this indication (8); however, 
the development of rociletinib has been suspended since. In 
vitro studies with HCC827 cell line models demonstrated 
that MET activation via MET amplification can serve 
as a resistance mechanism not only to first-generation 
EGFR inhibitors but also to third-generation EGFR  
inhibitors (35). In these cell models, a combination of 
osimertinib and the MET/ALK TKI crizotinib overcame 
resistance, leading to enhanced Bim stability and 
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augmentation of apoptosis; regaining sensitivity was closely 
correlated with full suppression of ErbB3 phosphorylation. 
Since acquired resistance uniformly develops with the use of 
third-generation EGFR inhibitors as well, case reports and 
case series are emerging identifying analogous mechanisms 
of secondary acquired resistance with novel EGFR 
mutations (C797S) that disallow covalent binding of third-
generation EGFR inhibitors as well as bypass resistance via 
MET pathway activation (36).

For example, in a recent case report of an EGFR-mutated 
T790M lung cancer patient treated with the third-generation 
EGFR TKI osimertinib, post-treatment tumor biopsies 
revealed high levels (30 copies) of MET amplification. 
Interestingly, crizotinib provided transient symptomatic and 
clinical benefit, lending credence to the idea of investigating 
combined EGFR and MET inhibition (37). In a cohort of 
43 patients on rociletinib, CAPP-Seq circulating tumor 
DNA (ctDNA) was utilized to monitor emerging resistance 
mechanisms and MET copy number gains were noted in 11 
patients (26%) (38). High-level MET amplification was also 

demonstrated in correlative mouse xenograft studies upon 
rociletinib exposure that could be overcome with the addition 
of crizotinib.

HGF as paracrine mediator of resistance

HGF overexpression represents another MET pathway-
related mechanism of resistance to EGFR inhibitors. 
Excessive autocrine signaling of HGF through overexpression 
activates MET in a Gab1 signaling-dependent manner 
and accelerates the development of MET amplification in 
vitro and in vivo, leading to resistance to gefitinib (39). This 
represents an important example of ligand-mediated drug 
resistance, with HGF overexpression having the ability to 
independently rescue both PI3K-AKT-mTOR and RAS-
RAF-MEK-ERK signaling in the presence of first-generation 
EGFR tyrosine kinase inhibitors (40). Studies by Yano 
and colleagues demonstrated that in 23 EGFR-mutated 
NSCLCs with acquired resistance where post-resistance 
biopsy specimens were available, 14 had high levels of HGF 

Figure 1 Schematic illustration of the emergence of drug resistance to EGFR tyrosine kinase inhibitors highlighting the role of autocrine 
and paracrine MET/HGF pathway alterations and the preexistence of subclonal MET amplified drug-resistant cell subsets.
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expression (61%), 12 had EGFR T790M (52%), and two 
had MET amplification (9%) (41). As HGF is produced by 
lung cancer cells as well as stromal and fibroblast cells in 
the tumor microenvironment, resistance can be based on 
both autocrine and paracrine pathways and can synergize 
with MET amplification. HGF production by the stroma 
may also partially explain why clinical resistance might 
emerge preferentially in some organ sites and tissues. In 
addition, changes in serum HGF levels may be able to serve 
as predictive biomarkers of acquired resistance (42).

Other bypass signaling and alternative 
resistance mechanisms

Similar bypass signaling pathways have been repeatedly 
identified in preclinical, animal, and human studies, 
including the activation of ErbB2, AXL and IGF1R 
pathways; however, these mechanisms are not well validated 
yet in the clinic (43,44). Other known acquired resistance 
mechanisms include epithelial-mesenchymal transitions, 
which to some extent overlap with MET/AXL-activated 
tumor subsets, and rare transformations of NSCLC into 
small cell lung cancer which are sensitive to standard 
small cell lung cancer therapies, highlighting the need to 
repeatedly assess the genetics and histology of lung cancers 
throughout their clinical course (6). Additional mechanisms 
include different pharmacokinetic and pharmacodynamic 
examples, such as central nervous system (CNS) specific 
progression related to poor drug distribution of several 
agents into the CNS compartment. The field is further 
complicated by the fact that these resistance mechanisms 
can co-exist, shift and change in a temporally and spatially 
dynamic manner over the course of the disease dependent 
on multiple factors, most critically the relevant ongoing 
selection pressure of targeted therapies.

MET resistance mechanisms in other 
malignancies

EGFR inhibition in colorectal carcinomas

Multiple studies have demonstrated that MET amplification 
can occur in the setting of anti-EGFR monoclonal antibody 
therapy of advanced KRAS wild-type colorectal carcinoma 
(CRC). This setting differs from EGFR-mutated lung 
cancer in that the efficacy of anti-EGFR monoclonal 
antibodies in advanced CRC is limited, with progression 
usually occurring in 3–12 months. Additionally, there is no 

specific genetic defect being targeted in this setting. For 
example, Van Emburgh and colleagues reported that in vitro 
stimulation of MET by HGF led to resistance in CRC cells 
and xenografts to cetuximab and panitumumab and 3 out 
of 7 patients with acquired resistance to EGFR-directed 
therapy were noted to have MET amplification (45).  
Pharmacological silencing of the MET pathway in 
preclinical models led to reconstitution of sensitivity.

ErbB2-positive malignancies

Limited data also suggest potential involvement of MET-
mediated resistance with ErbB2-directed therapies. In a 
study conducted Minuti and colleagues, high gene copy 
numbers of MET and HGF correlated with poor outcomes 
and resistance to trastuzumab in HER2-positive breast 
cancers (46). Shattuck and colleagues demonstrated that 
trastuzumab-resistant primary cell lines and primary tumors 
also exhibited elevated expression of MET and HGF (47). 
Lastly, in ErbB2-positive gastric cancer models, MET 
activation and downstream ERK and AKT activation has 
been demonstrated to lead to resistance to the dual EGFR/
ErbB2 inhibitor, lapatinib (48). Physical association of 
MET and ErbB has also been demonstrated (49).

FGFR-driven cancers

In FGFR1-amplified lung cancer cell lines H1581 and 
DMS114, clones resistant to FGFR inhibitors AZD4547 
and BAY116387 were established and RTK arrays showed 
overexpression and activation of MET with genomic MET 
amplification identified in some but not all clones (50). 
Resistance appeared to be mediated via ErbB3 activation. 
Combination therapy with crizotinib or MET siRNA re-
sensitized cells while ectopic MET expression in H1581 
cells led to resistance. Resistant clones also appeared to 
undergo epithelial-mesenchymal transitions with enhanced 
migration and invasion.

BRAF-mutated tumors

MET activation via stromal HGF secretions was identified 
by two groups as one of the alternate pathways associated 
with resistance to the BRAF inhibitor vemurafenib in 
melanoma (51,52). In addition, Krepler and colleagues 
reported on 12 patient-derived tumor xenograft (PDX) 
models established from BRAF-mutated melanomas upon 
progression on BRAF inhibitor therapy (53). Among 
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other changes detected by next-generation sequencing 
(Foundation One), MET amplification (copy number 
ranging from 9–63) was noted in 3 PDX models, and 
increased phosphorylated MET signal was detected in 
at least one of the PDX models in which capmatinib 
MET inhibitor therapy demonstrated success. Lastly, in 
a recent study of patients with BRAF-mutated CRC who 
initially responded to combined EGFR/BRAF inhibition 
with panitumumab and vemurafenib, MET amplification 
was noted in specimens from resistant tumors and the 
corresponding pre-treatment specimens were found 
to harbor pre-existing cells with MET amplification, 
suggestive of clonal expansion after therapy exposure (54). 
In CRC cell line models, ectopic MET expression led to 
resistance to BRAF inhibition that could be overcome 
by combination therapy. One index patient with MET 
amplification on crizotinib and vemurafenib had a rapid and 
marked clinical response, confirming the clinical impact of 
these findings. In the post-treatment sample of this patient, 
MET IHC showed strong expression in 90% of cells while 
MET copy numbers by FISH ranged from 1–30 (mean 8.5) 
with an overall MET/CEP7 ratio of 2.62 with at least 75% 
of cells harboring MET amplification.

VEGF pathway targeting

In glioblastoma multiforme models, Jahangiri and 
colleagues conducted gene expression studies suggesting 
that in bevacizumab-resistant tumors, MET is one of the 
most overexpressed genes and that genetic ablation could 
reverse resistance and reduce tumor cell invasion and tumor 
cell survival (55). Other studies suggested that dual VEGFR 
and MET blockade reduces metastasis and improves 
survival in several preclinical models (56).

Overall, these various studies illustrate that activation 
of the MET/HGF axis is emerging as a key resistance 
mechanism in a large variety of clinical settings.

Biochemical mechanisms permitting MET to 
serve as a key bypass resistance kinase

It is important to note that MET kinase activation 
functions in a broad variety of settings as a bypass resistance 
mechanism. Physiologically, the binding of HGF to MET 
induces its activation, driving a complex biologic program 
of invasive growth from the promotion of cell proliferation 
and cell invasion, and protection from apoptosis (16). MET-
driven invasive growth is part of a physiological program 

that occurs during embryonic development and during 
adulthood within the context of tissue regeneration. MET-
mediated signaling results from pathways activated by the 
MET receptor but it can also be modulated by crosstalk 
between MET and different membrane receptors in 
complex interacting networks. The strength and duration 
of MET-induced signals are regulated by a network of co-
receptors, such as adhesive receptors, death receptors, 
class B plexins, and other tyrosine kinase receptors that 
physically associate with MET. When it occurs, constitutive 
MET activation can contribute to several aspects of tumor 
progression by inducing neoplastic cells to disaggregate 
from the tumor mass, eroding basement membranes, 
infiltrating stromal matrices and eventually colonizing new 
tissues to form metastases (17).

The tumor microenvironment plays an essential role 
in sustaining resistance to targeted therapies as paracrine 
and autocrine tumor microenvironment-derived ligands 
can activate signals sufficient to overcome drug inhibition 
in tumor cells, especially in the case of HGF, the cognate 
ligand for MET. Gusenbauer and colleagues set out to 
investigate the underlying mechanism of HGF-induced 
EGFR TKI resistance in 12 distinct carcinoma cell lines 
derived from breast, kidney, liver and tongue (57). They 
demonstrated that HGF inhibits classical tyrosine kinase 
activity-dependent EGFR activation in a wide variety of 
carcinoma cell lines and induces EGFR to directly interact 
with and stabilize multiple potentially oncogenic proteins 
in multiprotein complexes, including the RTKs Axl and 
EphA2 as well as CUB domain-containing protein 1 
(CDCP1), integrin β4, and JAK1; all these putative EGFR 
binding partners were confirmed to co-immunoprecipitate 
with EGFR by immunoblotting. Within this cell surface 
multiprotein complex, EGFR signaling no longer depends 
on its kinase function and downstream signaling activation 
is independent of ATP binding, preventing inhibition by 
small molecule EGFR TKI monotherapy. This unique 
ability of MET to engage other cell surface oncogenic 
kinases and to yield alternative ways for downstream 
activation of oncogenic pathways can explain many of 
the observations noted in the EGFR-mutated lung cancer 
setting, the association of drug resistance with epithelial-
mesenchymal transitions, and the wide involvement 
of MET bypass signaling in multiple cancer types. In 
addition, pretreatment with the MET-directed TKI 
AMG-458 fully restored gefitinib sensitivity and blocked 
HGF-induced cell scattering, further highlighting the role 
of HGF paracrine signaling and the HGF/MET axis in 
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EGFR TKI resistance.
To more comprehensively address the role of diverse 

cognate ligands for various oncogenic RTKs on TKI 
resistance, Harbinski and colleagues utilized high-
throughput secretome screening in which secreted proteins 
collected from cell media supernatants of various cell lines 
transfected with a library of 3,432 cDNAs were assessed for 
their ability to rescue kinase-dependent cancer cells that 
were simultaneously treated with a corresponding kinase 
inhibitor (58). For example, HEK293T cells and MKN-
45 cells were treated with JAA120, a MET inhibitor, and 
RT-112 cells were treated with BGJ398, a FGFR inhibitor. 
Interestingly, among multiple cytokines tested, HGF 
and FGF emerged as uniquely potent in rescuing cells 
from drug-induced apoptosis, including HGF for FGFR-
sensitive cells and FGF and NRG2 for MET-sensitive 
cells, suggesting that kinase receptor bypass signaling is 
a broadly common mechanism of drug resistance. There 
was also simultaneous and synergistic activity of two RTKs 
observed, specifically MET and FGFR in combination. 
In a set of primary xenograft mouse models with MET 
and FGFR1 co-activation, the combination of capmatinib, 
an investigational MET inhibitor, and BGJ398, a pan 
FGFR kinase inhibitor, led to statistically significant and 
substantial tumor regression, suggesting that simultaneously 
blocking multiple distinct oncogenic kinase pathways is a 

rational approach for overcoming resistance to single agent 
targeted therapy. 

In summary, these data demonstrating involvement of 
MET in EMT-mediated resistance, potential to lead to 
RTK uncoupling via the generation of cell surface receptor 
aggregates and recognition as a key resistance signaling 
pathway in multiple model systems suggests a key role via 
unique mechanisms of broad plasticity, receptor engagement 
and alternative signaling for the MET/HGF axis in bypass 
resistance (Figure 2).

Diagnostic biomarkers for MET pathway 
activation/targeting

As the role of MET pathway activation in the development 
of acquired resistance to targeted therapies becomes more 
fully appreciated, there is an increasingly urgent need 
for validated diagnostic biomarkers to effectively detect 
MET pathway activation. Given the dramatic clinical 
responses seen in selected patients treated with MET-
directed therapy, detection of actionable MET alterations 
needs to be seamlessly incorporated into the clinical 
management of advanced NSCLC for upfront treatment 
selection and monitoring for the development of acquired 
resistance. Multiple methods exist for the detection of 
MET expression, MET activation, gene copy number 

Figure 2 Schematic illustration of the unique biochemical aspects of MET-mediated bypass signaling driven by cell surface RTK aggregates 
leading to de-coupling of EGFR oncogenic function from its tyrosine kinase activity (alternate signaling).
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changes, and genomic alterations and may be able to serve 
as biomarkers for sensitivity to MET-targeted agents, 
facilitating prospective patient selection in the clinic (19). 
We will review the most relevant assays in the resistance 
setting below.

Immunohistochemistry (IHC)

While MET IHC is a readily available and easily adoptable 
assay, its utility for MET targeting has been questioned 
by a series of recent studies, including multiple negative 
clinical studies which will be reviewed in detail below. The 
reason for the poor performance of MET IHC to predict 
treatment benefit might be related to limited correlation 
with genetic markers, such as MET exon 14 skipping or 
MET amplification which have emerged as much more 
robust biomarkers (59).

Copy number assessment

For copy number changes, both fluorescence in situ 
hybridization (FISH) and real-time polymerase chain 
reaction (PCR) can detect increased copy numbers of 
MET reliably; however, real-time PCR lacks the ability to 
distinguish true genomic amplification from polysomy (18). 
Case reports suggest significant benefit of MET inhibition 
in tumors with high level MET gene amplification (60,61). 
Recent studies are starting to provide guidance for relevant 
MET FISH cutoffs to define patients with true sensitivity 
for MET inhibition. For example, in a study by Camidge 
and colleagues, 13 patients with MET-amplified NSCLC 
were treated with crizotinib and 6 patients out of the 13 
had high level amplification (MET/CEP7 ratio greater 
than 5). For low, intermediate, and high MET/CEP7 
ratios, objective response rates were 0%, 17%, and 67% 
respectively, suggesting that a MET/CEP7 ratio greater 
than or equal to 5 effectively identifies patients with high 
sensitivity for MET inhibition. Accordingly, the median 
duration of response was 15.7 weeks for patients with 
intermediate-level amplification compared to 73.6 weeks for 
patients with high-level amplification.

Next-generation sequencing (NGS)

NGS has become a very powerful diagnostic tool in our 
diagnostic armamentarium for MET gene alterations, 
especially given the broad spectrum of mutations affecting 
the 5’ and 3’ splice sites of the MET gene that are hard 

to capture using other methodologies (62,63). NGS has 
the advantage of providing comprehensive information 
on mutations, insertions/deletions, copy number changes, 
and gene fusions. Given the wide range of possible MET 
genomic alterations, NGS should be viewed as the leading 
and preferred diagnostic method currently.

Plasma circulating tumor DNA (ctDNA) testing

ctDNA testing has become a valuable tool with validated 
utility for the detection of oncogenic and resistant EGFR 
mutations. Several test platforms also allow for NGS-based 
detection of multiple targets, including MET mutations 
and amplifications, and several ongoing studies have 
incorporated plasma ctDNA testing-based biomarkers 
for patient selection (38,64-66). While ctDNA testing 
has good sensitivity for point mutations, such as MET 
exon 14 skipping variants, it has less sensitivity for copy 
number changes. However, for high level amplifications, 
ctDNA testing might still be sufficient for relatively reliable 
detection and further studies in this rapidly developing area 
are eagerly awaited.

Other biomarkers

As shown in multiple preclinical models, activation of MET 
can be assessed by the phosphorylation status of tyrosine 
residues in the kinase domain and/or the C-terminus 
tail. In pre- and post-treatment biopsies, changes in Met 
phosphorylation were observed in response to multiple 
distinct MET tyrosine kinase inhibitors, including 
tivantinib. Additionally, the phosphorylation of downstream 
effectors such as Gab1 and ERK can be used as surrogate 
pharmacodynamic indicators. Plasma biomarkers also hold 
promise, including HGF and shed-Met (shedding of the 
Met extracellular domain), VEGF, and soluble VEGFR2, 
though more prospective clinical trials are needed for 
validation (16).

Pre-treatment biopsies will be a top priority for 
prospective clinical trials for MET-directed therapies, 
as archived biopsies are less likely to capture critical 
information about MET status after treatment with drugs 
directed at other molecular targets (67). Although frequent 
biopsies, including pre- and post-treatment biopsies, are 
difficult to obtain in the context of clinical studies, they 
will be necessary to direct more rationally chosen targeted 
approaches (16). ctDNA testing will provide a convenient 
compliment to such biomarker assays.
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Clinical studies assessing MET inhibition to 
potentiate the efficacy of targeted therapy

Prior experience

Despite tremendous excitement about the utility of 
targeting MET for the treatment of NSCLC in a variety 
of settings, initial efforts were hampered by a series of 
major setbacks. Reviewing these failures provides context 
for the challenges of clinical study designs in this area. 
For example, there was a great deal of optimism for 
onartuzumab, a monovalent monoclonal antibody designed 
to specifically target the MET receptor, based on intriguing 
results of a preceding prominent phase II trial (68). 
This randomized phase II study demonstrated improved 
progression-free survival (2.9 vs. 1.5 months; HR =0.53; 
P=0.04) and overall survival (12.6 vs. 3.8 months; HR =0.37; 
P=0.002) for the onartuzumab plus erlotinib arm compared 
to the erlotinib plus placebo arm in the subset of patients 
with IHC-confirmed MET-positive non-small cell lung 
cancer patients (69). Unfortunately, the subsequent phase 
III METLung trial failed to show clinically meaningful 
efficacy for IHC-confirmed MET-positive patients and 
further development of onartuzumab in this setting was 

halted. However, key shortcomings of this study included a 
molecularly unselected patient population where erlotinib 
is now understood to have very little clinical utility and 
the use of a poor biomarker, IHC for MET targeting, 
without consideration of more robust genetic biomarkers in 
treatment selection.

Tivantinib, another novel MET receptor TKI, was 
featured in a phase III multinational, randomized, 
double-blinded, and placebo-controlled study in patients 
with previously treated locally advanced or metastatic 
NSCLC. This study was also founded on encouraging 
randomized phase II study data (70). The tivantinib plus 
erlotinib combination modestly improved progression-
free survival compared to the placebo plus erlotinib arm, 
but did not improve overall survival in the nonsquamous 
NSCLC population (71). Post-hoc subgroup analyses 
suggested an improvement in overall survival in patients 
with high MET expression, but statistical significance 
was not reached and further development of tivantinib 
in this setting is not currently being pursued. Similar to 
the phase II onartuzumab study, the lack of biomarker 
selection for EGFR targeting might have been a major 
flaw in retrospect and questions have been raised as to 

Table 1 Summary of ongoing studies with MET inhibitors in the drug resistance setting

Study ID 
Experimental 
drug

Drug class
Treatment 
combination

Phase Patient population Biomarker selection targets

NCT02468661 Capmatinib MET TKI Alone or with 
Erlotinib 

II Advanced EGFR-mutated  
NSCLC

EGFRm+, MET GCN >6

NCT02205398 Capmatinib MET TKI Cetuximab I/II Advanced Squamous Cell 
Carcinoma of Head and Neck, 
Metastatic Colorectal Cancer

K-Ras/N-Ras- CRC, cMet-
positive (combination of 
IHC and FISH)

NCT01982955 Tepotinib 
(MSC2156119J)

MET TKI Gefitinib I/II Advanced EGFR mutation+ 
NSCLC, failed prior EGFR TKI

EGFRm+, (ph II limited to 
MET IHC+, T790M-)

NCT02143466 Volitinib 
(AZD6094)

MET TKI AZD9291 I/II Advanced EGFR-mutation+ 
NSCLC, failed prior EGFR TKI

EGFRm+ (MET+ and 
T790M- for ph II)

NCT02260531 Cabozantinib Multi-targeted 
TKI

Trastuzumab  
(if ErbB2+)

II Breast cancer, metastatic brain 
disease

No biomarker selection

NCT01644773 Crizotinib Multi-targeted 
TKI

Dasatinib I Diffuse intrinsic pontine glioma, 
high-grade glioma

No biomarker selection

NCT01900652 LY2875358 Anti-MET 
monoclonal 
antibody

Alone or with 
erlotinib

II Advanced EGFR-mutation+ 
NSCLC, failed prior EGFR TKI

MET IHC+

NCT02318368 Ficlatuzumab Anti-HGF 
monoclonal 
antibody

Erlotinib II Advanced EGFR-mutation+ 
NSCLC, EGFR TKI-naive

EGFRm+ and BDX004 
positive
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whether tivantinib is actually a clinically relevant MET 
inhibitor.

MET TKI studies 

Learning from these drastic failures, more recent studies 
are much more focused on careful patient selection, 
enrolling only patients with EGFR-mutated NSCLCs with 
carefully defined acquired resistance to primary therapy. 
However, these scientifically cleaner studies suffer from 
much smaller patient numbers that are relevant for accrual 
based on stringent selection and the significant tissue 
needs for study eligibility. Currently, there are a multitude 
of clinical studies assessing MET inhibition with approved 
tyrosine kinase inhibitors with activity against MET 
such as crizotinib and cabozantinib, and with novel 
MET tyrosine kinase inhibitors. We have highlighted 
a few select studies below and have provided a more 
comprehensive list in Table 1.

Emerging clinical data suggest that MET TKIs in 
combination with an EGFR TKI may have a favorable 
benefit-risk ratio for the treatment of cMET-amplified, 
EGFR T790M negative advanced NSCLC with acquired 
resistance to prior EGFR TKI. INC280 (capmatinib) is 
an orally bioavailable, highly potent and selective cMET 
inhibitor (IC50 =0.13 nM) with greater than 10,000-fold 
selectivity for MET compared to other tested human 
kinases (72). Preliminary clinical activity of INC280 in 
combination with gefitinib was observed in adult patients 
with locally advanced or metastatic EGFR-mutated, cMET-
dysregulated NSCLC who have progressed after EGFR 
TKI treatment. In particular, patients with a cMET gene 
copy number greater than or equal to 5 demonstrated 
an overall response rate of 40% (8/20) and 7 of these 
responders had a GCN greater than 6 (73). Based on 
these promising preliminary data, a randomized three-
arm phase II study has been launched to compare INC280 
versus erlotinib plus INC280 versus standard doublet 
chemotherapy in patients with EGFR-mutated NSCLC 
(NCT02468661). Key selection criteria include MET 
GCN greater than 6 for study entry.

A combination of INC280 and cetuximab is also being 
explored in cMET-positive metastatic colorectal cancer 
and head and neck squamous cell carcinoma following 
progression on prior EGFR monoclonal antibody therapy 
with cetuximab or panitumumab (NCT02205398). This 
phase IB dose escalation study will assess the toxicity and 
then efficacy of the combination at the expanded MTD/

RDE dose level. Selection criteria include cMET positivity as 
defined by IHC and FISH (similar to ErbB2 scoring criteria) 
as well as KRAS and NRAS wild type status for CRC patients.

Another ongoing study in this area assesses the safety and 
utility of the highly potent and selective MET TKI inhibitor, 
tepotinib (MSC2156119J) along with gefitinib in patients 
with MET-positive advanced EGFR-mutated NSCLC who 
failed prior gefitinib (NCT01982955). The phase IB portion 
of the study was presented at ASCO 2016 demonstrating 
good tolerability (no DLTs noted in two dose levels) and 
encouraging initial activity (4/18 partial responses) of the 
combination (74) and the recommended phase II dose of 
tepotinib at 500 mg PO once daily with gefitinib at 250 mg 
PO once daily is now being studied in the randomized phase 
II portion limited to MET-positive and EGFR T790M-
negative patients with cisplatin/pemetrexed chemotherapy 
serving as the control arm. c-Met positivity (2+ or 3+) in this 
study is determined by IHC using an anti-c-Met monoclonal 
antibody (SP44; Ventana/Roche).

Another very potent and selective MET inhibitor in 
active development is volitinib (HMPL-504), an orally 
bioavailable and potent small molecule ATP-competitive 
inhibitor with single nanomolar activity and at least 200-
fold selectivity for MET kinase inhibition over 247 tested 
kinases. One ongoing study in China (NCT02374645) 
is assessing the safety of the combination of gefitinib 
and volitinib in advanced EGFR-mutated NSCLC. The 
TATTON clinical study (NCT02143466) is exploring 
different combinations of the T790M-targeting EGFR 
inhibitor osimertinib in different combinations, including 
volitinib, in patients with EGFR-mutated NSCLC upon 
progression on prior EGFR TKI therapy. In a rolling phase 
IB dose escalation design, the combination of osimertinib 
and volitinib appeared to have encouraging activity and 
was escalated to phase 2 following treatment of 12 patients 
at two dose levels of volitinib (600 and 800 mg PO once 
daily) with a set dose of osimertinib of 80 mg PO once  
daily (75). Partial responses were reported in 6 of 11 
evaluable patients with 4 of the responses confirmed, 
including a major response in a 32-year-old female with an 
EGFR exon 19 deletion positive NSCLC with documented 
high MET-amplification positive disease progression.

A phase I study of glesatinib (MGCD265), a potent and 
highly selective tyrosine kinase inhibitor with predominant 
activity against MET and AXL has been completed (76). 
Subsequent phase Ib data revealed clinical activity with 
durable confirmed partial responses in 3 out of 11 NSCLC 
patients and tumor regressions in 10 out of 11 NSCLC 
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patients, but bioavailability and tolerability issues prompted 
the use of a new formulation of glesatinib for the currently 
ongoing phase II trial (NCT02544633). One of the 
reported responses to single agent MGCD265 involved a 
patient with a MET amplification positive, EGFR-mutated 
advanced NSCLC. 

A study focusing on breast cancer patients with CNS 
metastases is assessing the utility of MET inhibition with 
cabozantinib in this setting alone or in combination with 
trastuzumab in ErbB2-positive patients (NCT02260531), 
utilizing a range of correlative biomarkers including 
levels and changes in serum MET as well as MET and 
phosphorylated MET by IHC in available archival tissues 
(NCT02260531).

Another intriguing study is exploring the combination 
of PDGFRA and MET inhibition in pediatric brain tumors 
based on frequent genetic alterations affecting both pathways 
as well as recent data highlighting genetic heterogeneity in 
clonal subpopulations suggestive of synergistic value to such 
combinations. This phase I study assessing the combination 
of crizotinib and dasatinib found that the combination was 
too toxic at twice daily dosing and now is accruing patients at 
once daily dosing cohorts (NCT01644773).

Anti-MET monoclonal antibodies

Another relevant agent being developed in this space 
is the humanized, bivalent, IgG4 monoclonal antibody 
LY2875358. It is unique by not exhibiting any functional 
agonist activity, and it potently blocks HGF binding to 
MET and HGF-induced MET phosphorylation and cell 
proliferation. In addition, it also induces MET receptor 
internalization and degradation and has shown activity 
in both HGF-dependent and HGF-independent (such as 
MET-amplified) model systems (77). Initial studies showed 
good tolerability of this antibody and a randomized phase II 
study that recently completed accrual will assess single agent 
LY2875358 and a combination of erlotinib and LY2875358 
in patients with advanced EGFR-mutated NSCLC with 
MET biomarker positive tumors upon progression on prior 
EGFR TKI therapy (NCT01900652). Results presented in 
abstract form suggest limited activity of single-agent anti-
MET antibody therapy or the combination for the overall 
population of MET diagnostic positive patients, defined 
by MET IHC positivity. Since close to 90% of enrolled 
patients were found to be positive by MET IHC, further 
results are awaited in more rigorously defined MET-positive 
patient subsets (78).

Anti-HGF monoclonal antibodies

Ficlatuzumab (AV-299) is a potent, high affinity and 
selective HGF-inhibitory antibody developed to inhibit 
HGF/MET-driven biological activities (79). A phase II 
study of ficlatuzumab and erlotinib versus placebo and 
erlotinib (FOCAL study, NCT02318368) is ongoing to 
assess the value of combined inhibition in patients with 
EGFR-mutated, EGFR TKI-naïve advanced NSCLC. One 
key eligibility criteria is positivity for the serum proteomic 
marker, BDX004. Similar to Veristrat, this defines a patient 
population with poor prognosis.

Summary

Overall, the emerging data puts the HGF/MET signaling 
axis front and center as a leading example of bypass 
resistance to a broad spectrum of targeted therapeutics in 
a variety of clinical settings. Activation of MET signaling 
represents a unique set of resistance mechanisms to targeted 
therapies because it can occur through multiple and varied 
molecular events including genomic amplification and 
ligand overexpression, leading to rapid evolution of drug 
resistance. It also provides a paradigm of clonal evolution 
and selection. The ability of overexpressed MET to form 
cell surface tyrosine kinase aggregates is a key mechanism 
for its role in EMT as well as drug resistance via bypass 
and alternative signaling pathways. In the case of EGFR-
mutated lung adenocarcinoma, a wide range of models from 
preclinical studies to well-annotated case reports suggest 
true actionability of MET amplification as a resistance 
mechanism. MET amplification detected by a variety of 
platforms might be the leading biomarker for ongoing 
EGFR-mutated NSCLC studies. A wide range of clinical 
studies exploring small molecule as well as monoclonal 
antibody MET inhibition approaches in diverse clinical 
settings should be greatly supported by our larger oncology 
community to enable us to fully validate MET inhibition in 
these clinical contexts.
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