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Dysregulation of the Met pathway in non-small cell lung cancer:
implications for drug targeting and resistance

Joseph J. Sacco', Michael J. Clague’

'Molecular and Clinical Cancer Medicine, Institute of Translational Medicine, University of Liverpool, Liverpool, UK; !Cellular and Molecular

Physiology, Institute of Translational Medicine, University of Liverpool, Liverpool, UK.

Correspondence to: Joseph J. Sacco. Molecular and Clinical Cancer Medicine, Institute of Translational Medicine, University of Liverpool, Liverpool,

L69 3GA, UK. Email: joesacco@liv.ac.uk.

Abstract: The receptor tyrosine kinase, Met, orchestrates a complex signalling network that physiologically
drives a programme of ‘invasive growth’. In cancer however, this process may be co-opted to promote
proliferation, survival and metastasis of cancer cells. Met is thus a key therapeutic target, not least in non-
small cell lung cancer (NSCLC) where it is one of the most commonly dysregulated driver oncogenes.
Identifying robust biomarkers that allow the selection of patients most likely to respond to Met targeted
therapies will however be essential to realising their potential. This has been underlined recently by the
early termination of three pivotal phase III trials investigating Met targeted agents in NSCLC, all of which
failed to show clinical benefit. In contrast to these trials, which were relatively unselective, a couple of
early phase trials have recently been instigated that select patients on the basis of Met amplification. While
still at an early stage, interim results are relatively encouraging and strengthen the rationale for using Mer
amplifaction as a biomarker. Here we will discuss this and other aberrations in Met signalling in relation to

their significance in the therapeutic targeting of Met.
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Introduction

The last decade or so has seen the management of
metastatic non-small cell lung cancer (NSCLC) emerge as
a paradigm for personalized medicine (1). This principally
follows the development and clinical validation of
inhibitors against two key oncogenes; epidermal growth
factor receptor (EGFR) and anaplastic lymphoma kinase
(ALK). Significantly, the clinical efficacy of inhibiting
these two kinases is almost entirely restricted to patients
with constitutive activation of the relevant kinase, through
mutation (EGFR) or translocation (ALK). This in turn
has led to a stratified approach to therapy, with molecular
analysis at diagnosis and the use of EGFR or ALK
inhibitors if indicated. However, for the majority of patients
who do not have mutations in either gene, treatment
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generally remains chemotherapy, for which survival is
relatively unchanged. While there has been recent progress
in targeting RET and ROS1 (2,3), mutations in these two
genes occur very infrequently, and there is thus a clear
need to develop drugs against alternative molecular targets,
among which Met is a leading example.

The receptor tyrosine kinase, Met [also known as
hepatocyte growth factor receptor (HGFR)], was first
discovered 30 years ago as part of a fusion gene, TPR-MET,
that was isolated from a osteosarcoma cell line derived
through chemical carcinogenesis (4). It has since been
shown to have key physiological roles, driving a programme
of “invasive growth” that is vital in development and
tissue repair (5). Aberrant activation of Met is common
in malignancy, most notably hereditary papillary renal
carcinoma in which activating mutations in Met are
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Table 1 Abnormalities in Met signalling in NSCLC

. Number in study Abnormality
Aberration . Ref.
(histology) (%)
Met
Over-expression 42 (NSCLC) 25.0 (7)
32 (NSCLC) 61.0 (8)
40 (NSCLC) 40.0 9)
47 (adenocarcinoma) 72.3" (10)
52 (squamous cell) 38.5 (10)
130 (adenocarcinoma) 36.1 (11)
682 (adenocarcinoma) 27.3 (12)
149 (squamous cell) 0.7 (12)
Amplification 230 (adenocarcinoma) 2.2 (13)
62 (adenocarcinoma)® 3.0 (14)
97 (squamous) 8.2 (15)
72 (adenocarcinoma) 428 (15)
655 (adenocarcinoma) 11.5 (12)
142 (squamous) 0.7 (12)
148 (adenocarcinoma) 1.4 (16)
28 (squamous) 0.0 (16)
Exon 14 skipping 230 (adenocarcinoma) 4.3 (13)
87 (adenocarcinoma) 3.4 17
211 (adenocarcinoma)’ 8.3 (16)
HGF
Over-expression 42 (NSCLC) 55.0 (7)
130 (NSCLC) 315 (11)

T, Any Met protein expression detected on immunoblotting
was reported as positive; immunoblotting of adjacent normal
tissue was negative for Met; * EGFR mutant tumours that had
not been treated with EGFR inhibitors; $, difference between
histologies not statistically different; ", no exon 14 skipping
identified in 51 non adenocarcinomas. Abbreviations: NSCLC,
non-small cell lung cancer; Ref., reference; HGF, hepatocyte
growth factor.

common (6), but also in other malignancies including
NSCLC, where, in contrast, signalling is generally driven
by increased Met abundance (1able I).

The relative importance of Met in NSCLC has
recently been underlined by the findings of a large scale
comprehensive molecular profiling study conducted by The
Cancer Genome Atlas (TTCGA) in lung adenocarcinoma (13).
This identified Met as a key targetable driver gene, with
approximately 7% of tumours either exhibiting Mez
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amplification or exon 14 skipping. The latter increases Met
abundance by decreasing turnover rate (Figure I). Both
these aberrations were mutually exclusive with other known
oncogenes, supporting oncogene driver status. Notably only
K-RAS, EGFR and BRAF mutations were more frequent.
Interest in the clinical potential of targeting Met has also
been heightened by studies in which Met amplification was
shown to be one of the principle mechanisms by which
NSCLC escapes EGFR inhibition (14,18).

In contrast to K-RAS, which is the most commonly
mutated driver gene in NSCLC, Met is readily druggable,
with a wide range of Met targeted drugs already in clinical
development. These fall into several different classes;
including small molecule inhibitors, decoy molecules which
prevent binding of HGF to Met, and monoclonal antibodies
that inhibit either Met or HGF (19,20). Preclinical evidence
for these inhibitors is promising, with Mer amplified NSCLC
cell lines in particular showing exquisite sensitivity (21).
However, to date this promise has not been borne out in
clinical trials, which have been relatively disappointing. In the
last two years, three landmark phase III trials investigating
Met targeted agents in combination with erlotinib (an
EGEFR inhibitor) in pre-treated lung cancer were suspended
following interim analyses that indicated no improvement
in survival and/or safety concerns (22-24). Further trials
are however ongoing with these drugs and it is feasible that
subgroup analysis will identify patients who benefit from one
or other combination. In addition, several other agents are in
development including crizotinib (small molecule inhibitor
of Met and ALK kinase) which has shown early evidence of
activity in Met amplified NSCLC (25).

Nevertheless, the results of the recent negative trials are
sobering and highlight significant gaps in our knowledge,
not least in patient selection. It is clear that patient
stratification to identify patients most likely to benefit from
Met inhibitors will be vital (26), and to this end the ability
to detect when Met is acting as a driver oncogene is crucial.
In this review we will discuss the various aberrations in
Met signalling in NSCLC, and how these may impact on
responses to Met inhibitors.

Overview of Met signalling

Met signaling has been extensively reviewed elsewhere (5,20),
and we will cover only a few salient points here. Both Met
and its ligand HGF are synthesised as single polypeptide
chains that are proteolytically cleaved to form the mature
protein, each consisting of two polypeptide chains linked by
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Figure 1 Met is stabilised by loss of Tyr-1003. (A) Activation of wild-type Met is coupled with its internalisation and ubiquitylation by CBL

allowing efficient sorting to the multivesicular body (MVB), and subsequent degradation by the lysosome; (B) following exon 14 skipping

however, the juxtamembrane domain, including Tyr-1003 is deleted. This prevents recruitment of CBL and thus Met ubiquitylation; as a

consequence Met is not sorted to the MVB, instead being recycled back to the cell surface. Abbreviations: HGE, hepatocyte growth factor; p,

phosphate; Ub, ubiquitin.

a disulphide bond. Notably, while pro-HGF is capable of
high affinity binding to Met, only mature HGF can activate
Met signalling (27,28). HGF binding to the extracellular
domains of Met (29) leads to its homodimerisation, and
transphosphorylation of tyrosine kinase residues Tyr-1234
and Tyr-1235 in the catalytic domain. This is followed by
autophosphorylation of residues Tyr-1349 and Tyr-1356
in the c-terminus, which act as a platform for the binding
of adaptor proteins. Met has fewer pTyr binding sites than
other receptor tyrosine kinases such as EGFR. However, the
adapter protein GAB1 expands the palette of sites and is a
key co-ordinator of Met signalling, acting as a scaffold for the
docking of signalling molecules that include GRB2, PLC,
SRC, SHP2 and PI3K (30-33). This leads to activation of a
number of downstream pathways that have been shown to
be involved in oncogenesis, most notably PI3K, MAPK and
STAT3 (34-37).

Physiological Met signalling is tightly regulated, with
activation of Met being directly and acutely coupled
to its degradation (Figure 1A4). Activated Met is rapidly
internalised and delivered to the sorting endosome, from
which a proportion is recycled back to the membrane,
while the rest is directed to the multivesicular body (MVB)
and then undergoes degradation in the lysosome (38-42).
Ubiquitylation of Met is required for efficient sorting by
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the endosome, and is dependent on phosphorylation of Tyr-
1003 in the Met juxtamembrane domain, which leads to
binding of the CBL tyrosine kinase binding (TKB) domain
and CBL activation (42). Internalised Met continues to
signal from the endosomal platform, although the signalling
output is qualitatively different due to the changing palette
of substrates present in different subcellular compartments
(38,43). Notably, Met receptor in which Tyr-1003 is missing
(through exon 14 skipping for example) or mutated, is not
directed to the MVB, but is instead trafficked back to the
cell surface (Figure 1B) (41,44).

Met signalling in NSCLC

In NSCLC, aberrant activation of the Met pathway in
NSCLC may occur through a variety of mechanisms,
the most important of which are summarised in Table 1.
Over-expression of Met protein is the most commonly
reported, with rates of between 25% and 75% in different
case series (7-11). Several factors are likely to contribute
to this large variability in the literature. Expression of
Met is generally assessed through immunohistochemistry
and/or immunoblotting, both of which are subject to a
large degree of experimental variability, and which are in
addition often quantitatively non-linear. The level of Met
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expression is a continuous variable, and thus reported rates
of over-expression also depend partly on the choice of
cut-off. The variability in reported rates may additionally
reflect true biological differences, for example between
histological subtypes, with some studies suggesting over-
expression is more frequent in adenocarcinomas than
in squamous cell carcinoma (8,10,12). However, even
assuming the lower end of range, Met over-expression is a
common event in NSCLC. Interestingly, although studies
have shown a correlation between Met over-expression
and phosphorylation [assessed by Immunohistochemistry
(IHC)], not all cases with Met over-expression were positive
for phosphorylation or vice versa (11,12). This suggests
that Met over-expression may not always be a marker for
activated Met signalling.

Met gene amplification is a well-established mechanism
by which Met overexpression occurs. Most studies suggest
this occurs in about 2-4% of lung adenocarcinomas, and
potentially at lower rates in squamous carcinomas (Zable I).
In the large-scale, comprehensive TCGA study in
adenocarcinoma, 2.2% of cases exhibited amplification (13)
compared to only 1% of cases in the comparable study on
lung squamous cell carcinomas [curated data from (45)
viewed in cBioPortal (46)]. Other smaller studies are
generally comparable although there are exceptions (Zable I).

Met amplification has also been shown to be a major
mechanism by which cancers develop resistance to EGFR
inhibitors. In one study, an EGFR exon 19 mutant
NSCLC cell line was exposed to gefitinib at increasing
concentrations over 6 months leading to the generation of
gefitinib resistance (18). Unlike the parental cell line, the
resistant cell line (and six single cell clones) maintained
phosphorylation of ERBB3 and Akt in the presence of
gefitinib. Copy number analysis revealed a 5-10 fold
amplification of Met, and combined inhibition of Met and
EGEFR restored drug sensitivity. This finding was confirmed
in cancer tissue samples, with 4 out of 18 cases of NSCLC
that had developed resistance to gefitinib demonstrating
Mer amplification (18). Further work has shown that
treatment with EGFR inhibitors may positively select
existing clones with Met amplification, and that EGFR
kinase resistance due to either Met amplification or HGF
autocrine secretion, can be overcome with the use of Met
inhibitors (47). This is supported by a study in which Met
amplification was observed in only 3% (2 of 62) of untreated
controls, which increased to 21% (9 of 43) in patients with
acquired resistance to EGFR inhibitors (14).

In further evidence supporting Met amplification as an
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important oncogenic event, several studies have shown
that Met amplification is associated with phosphorylation
and thus activation of Met in cell lines and tumour samples
(12,48,49). Mer amplification has also been shown to lead to
transphosphorylation of other receptor tyrosine kinases such
as EGFR and ERBB3 (49). Significantly, studies have shown
that Mer amplified cell lines are sensitive to Met inhibition
(21,50). These included a study which profiled 500 cell lines
for sensitivity against a panel of kinase inhibitors in which
the 7 which exhibited greatest sensitivity to Met inhibitors
were all Mer amplified (5 gastric and 2 NSCLC) (21).
Interestingly, a few cell lines with Mez amplification
were not sensitive to the Met inhibitor; these either did
not express Met protein or failed to show activation of
downstream survival signals (21).

However, Met activation is not observed solely in the
presence of amplification, suggesting other mechanisms of
activation of signalling. As previously discussed, impaired
Met degradation due to exon 14 skipping is a further likely
oncogenic driver (Figure 1, Table I). Splice mutants of Met that
lead to skipping of exon 14 and thus lose the juxtamembrane
region and Tyr1003 show enhanced stability, prolonged
signalling and oncogenic capacity (44). Mutations leading to
exon 14 skipping have now been reported in around 3-4%
of NSCLC cases (13,16), indicating this to be an important
mechanism driving Met overexpression in lung cancer.

"Two Met mutations that increase the rate of endocytosis
and recycling to the membrane, and reduce rates of
degradation leading to Met accumulation have previously
been described (51). Both mutations, D1246N and M1268T,
involve the catalytic domain, lead to constitutive activation
and were identified in papillary renal cell carcinoma (6). A
search of the COSMIC and cBioportal databases revealed
neither of these mutations in lung cancer, and it is unlikely
that either play a significant role in NSCLC. Intriguingly
mutations that lead to constitutive activation of Met are
almost unheard of in NSCLC. While non-synonymous
mutations in other Met domains have been described, these
either represent germline polymorphisms or are rare and
likely of low oncogenicity (52-54).

The discrepancy between the combined rates of
Met amplification and exon 14 skipping (7%), and Met
overexpression (at least 25%) is likely due to several
other mechanisms, many of which remain to be defined.
These include repression of microRNAs leading in turn
to increased expression of Met. mir27a is perhaps the best
studied in this setting, and has been shown to regulate
Met expression in NSCLC both directly, and indirectly
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through sprouty2 (55). Interestingly miR27a also regulates
EGFR and thus may be involved in cross talk between these
two receptors (55). In addition, reduced serum expression
of mir27a has also been reported in patients with early
NSCLC (56). Interestingly, a host of other miRNAs have
been implicated in the regulation of Met in NSCLC
(miR-449a and miR-7515) or other malignancies (57-74);
however their relative importance and interplay remains to
be deciphered. Importantly, up regulation of Met through
this mechanism is unlikely to be targetable through the
use of Met inhibitors, as most miRNAs affect multiple
genes. Instead expression of Met could be repressed
through the use of miRNA mimetics. The first in class,
MRX34, which regulates over 20 genes including Met, is
currently undergoing investigation in a phase I trial that
is investigating its efficacy in patients with HCC or liver
metastases from other malignancies (75). This class of drugs
clearly has immense promise, however many challenges
remain including drug delivery to target organs as well as
potential toxicity issues.

A proportion of Met overexpression and/or activation
undoubtedly occurs as a consequence of activation of other
oncogenic pathways, which may alter Met transcription,
translation or degradation, or indeed directly transactivate
Met receptor. EGFR is the best-studied example of the
latter, however a host of other molecules can also affect
the activation of Met (76). Met activation may also occur
through HGF over-expression and autocrine secretion
(Table 1), which has also been shown to contribute to gefitinib
resistance (77). However, while these processes may facilitate
oncogenesis, at present there is limited evidence to suggest
that over-expression of Met (apart from that driven by
amplification or exon 14 skipping) or HGF acts as a driver.

Targeting Met

Pharmaceutical companies have invested heavily in
developing drugs against Met, with most large companies
now including one or more such drugs in their pipeline.
Several comprehensive reviews of Met inhibitors have been
published recently (19,20). There are three main classes of
drug, examples of which are summarised in 7izble 2.

HGF monoclonal antibodies and decoys

In the first approach, antibodies against HGF or soluble Met
fragments act as decoys, binding HGF and thus reducing
the concentration of free HGF available to activate Met
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signalling. Examples of this approach include ficlatuzamab
(AV299, Aveo) and rilotumumab (AMG-102, Amgen)
which are both monoclonal antibodies, and CGEN241
(Compugen), which is a soluble truncated Met receptor.

The first of these, ficlatuzumab, showed synergism with
the EGFR inhibitors erlotinib and cetuximab in a NSCLC
xenograft model, prompting a phase I study in which
ficlatuzumab was assessed either alone or in combination
with erlotinib in solid tumours (78). The combination was
well tolerated, however there were no responses, and only 2
out of 8 patients in the combination cohort had stable disease
at first assessment. A phase II trial followed in which 188
Asian patients with treatment-naive NSCLC were recruited
and randomised to gefitinib alone or in combination with
ficlatuzumab. The results of this trial have been presented
and show no benefit for the combination (80).

The second HGF antibody, rilotumumab is currently
being investigated in a phase 1I trial (again in combination
with an EGFR inhibitor), while CGEN241 remains in
preclinical development.

Met monoclonal antibodies

Binding of HGF to Met involves interactions between
multiple surfaces on both proteins, with a recent study
identifying four different hotspots that can be inhibited
by antibodies (81). There are several antibodies in
development, however only onartuzumab (Genentech) is in
late clinical development. Met antibodies have been shown
to lead to reduced Met signalling, apoptosis and shrinkage
of xenografts in a range of tumour types. In addition Met
antibodies may drive Met degradation, thus also leading to
a reduction in abundance at the membrane (82).
Onartuzumab is a humanised monovalent antibody
raised against Met that has recently been assessed in
combination with the EGFR inhibitor erlotinib in NSCLC
in two trials. The first was a randomised placebo controlled
phase II clinical trial, which compared the combination
of onartuzumab and erlotinib against erlotinib alone in
patients with recurrent NSCLC who had been treated
with one or two systemic regimens, and who had not had
significant prior exposure to EGFR directed therapy (83).
Overall the trial showed no benefit in progression free
survival (PFS) or overall survival (OS). However, in patients
who were positive for Met by IHC (n=66), both PFS and
OS were significantly improved, in contrast to Met negative
patients whose outcomes were worse with onartuzumab.
These results prompted the institution of a phase III clinical
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Trial

Class and Drug
phase

Design

QOutcome Ref.

Met monoclonal antibody
Onartuzumab I 499
(Genentech/Roche)

Onartuzumab in combination with erlotinib versus
erlotinib alone in previously treated MET-positive

Stopped early due to futility. (22)
Median OS 6.8 (combination) vs.

advanced NSCLC. Met positivity defined by IHC (2+ 9.1 months (P=0.068)

or 3+)

Abbreviations: NSCLC, non-small cell lung cancer; Ref., reference; HGF, hepatocyte growth factor; OS, overall survival; PFS,
progression-free survival; IHC, immunohistochemistry; EGFR, epidermal growth factor receptor.

trial with a similar design to the phase II study, with the
exception that Met positivity was mandated. Unfortunately
the study was suspended following an interim futility
analysis, which showed no improvement in either OS or
PES (22).

A related approach that may prove fruitful is the use of
conjugated antibodies that are capable of delivering either
chemotherapy or radioisotopes to Met expressing cells. An
example is anti-Met antibody fragment (FAB) conjugated to
doxorubicin which has demonstrated efficacy in preclinical
HCC model (84). Proof of principle for this approach
is provided from experience with the conjugated Her2
antibody, trastuzumab emtansine, which has demonstrated
significant activity in Her2 positive breast cancer (85).

Small molecule inbibitors

Over a dozen different small molecule inhibitors with varying
selectivity for Met are in clinical development (19). Two
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compounds that inhibit Met have been licenced for clinical
use, however both of these (crizotinib and cabozantinib)
have activity against multiple other kinases. Crizotinib is
an inhibitor of ALK kinase and has been licenced for use
in NSCLC in which there are ALK translocations, while
cabozantinib is a multi targeted kinase inhibitor that has been
licenced in prostate cancer.

In a case report, treatment with crizotinib resulted
in a rapid and sustained response in a patient with Met
amplified NSCLC, with reduction in summated diameters
of over 50% (86). The very fact that this case is widely
cited is illustrative of the paucity of evidence to date. There
is however an ongoing phase I clinical trial of crizotinib
in Met amplified NSCLC that was presented at ASCO
this year; this has recruited 16 patients, 4 of whom have
responded to treatment with a 35 weeks median response.
While this trial is still at a very early stage with only a very
small number of patients recruited, the degree of Met
amplification correlated closely with response rate, with no
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responses in those classed as low level amplification, and
response rates of 20% and 50% in those classed medium or
high respectively.

Tivantinib is a specific small molecule inhibitor of Met
that is currently in late phase investigation. A phase III trial
exploring the efficacy of combining tivantinib and erlotinib
in pre-treated metastatic non-squamous lung cancer was
halted last year after a preliminary analysis showed it would
not achieve its primary objective of increasing overall
survival (24). Notably, this trial very closely mirrors the
study of onartuzumab, which similarly failed to support
activity of the combination. A full subgroup analysis is
awaited, and will be extremely valuable in determining
whether the combination of a Met targeted drug in
combination with erlotinib is a valid strategy.

Future perspectives

Met remains an exciting target for future drug development
with significant potential. However, the failure of the three
largest trials to date raises significant questions. The results
have not been fully published and as such any hypotheses
are only tentative. It is feasible that the combination of Met
inhibitor and EGFR inhibitor were antagonistic in vivo,
or led to increased toxicity (23) and thus reduced dose
density. Alternatively, the setting may have contributed; in
two out of three trials the patients had been pretreated with
chemotherapy and thus are more likely to have developed
tumour heterogeneity and/or drug generic resistance
mechanisms. However, perhaps the most likely contributory
factor is patient selection. Most trials investigating Met
have been non-selective or have included all patients with
Met (over)expression by IHC. Utilising overexpression
as a biomarker is however fraught with difficulties. As
described earlier, IHC is subject to considerable variability
between users. While it is possible to overcome this with
standardisation, expression is a continuous variable, and
thus any cutoff level is to some degree arbitrary and not
biologically driven. In the onartuzumab study for example,
where selection was performed on the basis of Met
expression, half of all patients screened were enrolled on the
study, which is far higher a proportion than are likely to be
Met dependent (87).

Thus far the strongest evidence for a biomarker of
response is Met amplification, which predicts for increased
sensitivity to Met inhibition in preclinical work (21,88,89).
These studies suggest that tumours with Met amplification
display oncogene addiction, and this is supported by the trial
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investigating crizotinib, where there also appears to be a
strong correlation between the degree of Met amplification
and response, although the results are as yet preliminary (25).
Notably, only patients with high-level amplification (defined
as a Met to centromere 7 ratio of 5 or more) showed
significant response to crizotinib (87). This may explain why
Met amplified patients did not show improved outcomes in a
subset analysis of the pivotal onartuzumab trial (22).

Rare subgroups that occur at very low frequencies
can however be prohibitive for drug development. In the
crizotinib study for example, only 0.8% of the population
screened had high level amplification (25). While this is
clearly a challenge it is not insurmountable with the use
of innovative trial designs including adaptive studies such
as the BATTLE study (90). In addition exon 14 skipping
would intuitively be expected to have a similar effect on
sensitivity to Met inhibitors, and combined with Met
amplification would allow selection of a significantly higher
proportion of patients. While this has not been tested
prospectively as yet, evidence to support (or refute) exon
14 skipping as a predictive biomarker may well be obtained
from retrospective analyses of the completed phase III trials.

Overall, we remain optimistic that Met inhibition will
prove a valuable addition to the therapeutic armamentarium
in NSCLC, albeit for a small proportion of patients.
Important lessons have been learnt from the recent negative
trials; these should strongly influence the design of the
next generation of trials, which will need to be rigorously
evidence based, and highly selective if they are to unlock the
potential of this therapeutic strategy.
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