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ABSTRACT
Objective: We aimed to assess MET intratumoral heterogeneity and its potential
impact on biomarker-based patient selection as well as potential surrogate biomarkers
of MET activation.
Methods: Our study included 120 patients with non-squamous Non-small-cell
Lung Cancer (nsNSCLC), of which 47 were incorporated in tissue microarrays (TMA).
Four morphologically distinct tumor areas were selected to assess MET heterogeneity.
MET positivity by immunohistochemistry (IHC) was defined as an above-median
H-score and by +2/+3 staining intensity in >50% of tumor cells (Metmab criteria).
MET FISH positivity was defined by MET/CEP7 ratio ≥ 2.0 and/or MET ≥ 5.0. MET
staining pattern (cytoplasmic vs. membranous) and mesenchymal markers were
investigated as surrogates of MET activation.
Results: Median MET H-score was 140 (range 0–400) and 47.8% of patients were
MET positive by Metmab criteria. Eight cases (6.8%) were MET FISH positive and
showed higher H-scores (p = 0.021). MET positivity by IHC changed in up to 40% of
cases among different tumor areas, and MET amplification in 25–50%. Cytoplasmic
MET staining and positivity for vimentin predicted poor survival (p = 0.042 and 0.047,
respectively).
Conclusions: MET status is highly heterogeneous among different nsNSCLC
tumor areas, hindering adequate patient selection for MET-targeted therapies.
MET cytoplasmic staining and vimentin might represent surrogate markers for MET
activation.

(NSCLC) accounts for up to 85% of lung cancers, of which
40% are adenocarcinomas [2]. During the last decade,
considerable progress has been made in the knowledge
of NSCLC biology. Several molecular alterations, such as
mutations in the epidermal growth factor receptor (EGFR)

INTRODUCTION
Despite significant advances in diagnosis and
treatment, lung cancer remains the leading cause of
cancer death worldwide [1]. Non-small cell lung cancer
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MATERIALS AND METHODS

[3] or anaplastic lymphoma kinase (ALK) and ROS protooncogene 1 (ROS1) rearrangements [4]predict response
to specific targeted therapies. These developments have
greatly impacted on patients’ outcome and quality of life
[5–7].
MET was first identified in the late ‘80s, it is
located on chromosome band 7q31 and encodes a
heterodimeric transmembrane receptor with tyrosine
kinase activity (RTK) [8, 9]. Activation of MET initiates
a cascade of cellular signaling processes that ultimately
lead to proliferation, reduced apoptosis, epithelial
to mesenchymal transition (EMT) and an increased
invasiveness and metastatic potential [10, 11]. MET
pathway activation has been explained by different
mechanisms such as genetic point mutations, gene
amplification, post-translational activation, as well as in a
ligand-dependent manner [12, 13].
The presence of MET protein overexpression and
MET gene amplification in NSCLC are globally considered
as adverse prognostic factors [14–17]. Consequently,
many efforts have been made to develop MET-targeted
agents [18, 19]. Clinical benefit was initially reported in
patients with high serum levels of circulating HGF [20]or
whose tumors harbored MET gene amplification [21]. In
the MARQUEE [22] and the MetLung trials [23], patients
were selected based on non-squamous histology and on
MET immunohistochemical expression, respectively. Both
trials failed to meet their primary endpoints, highlighting
the need for predictive biomarkers for Met-directed
treatment.
During the past few years, next-generation
sequencing studies have revealed remarkable genetic and
phenotypic differences among individual solid tumors
[24] and also among different tumor areas and their
metastases [25, 26]. This heterogeneity can interfere
with biomarker-based treatment decisions, particularly
when these are made based on material from small tumor
biopsies.
Finally, a recent report in patients with gastric
adenocarcinoma has suggested that MET staining
pattern can predict MET gene amplification [27].
Moreover, in previous experiences with SCLC patients,
we have observed that total MET protein expression
does not always translate pathway activation and that
signaling through MET can trigger EMT [28]. Thus,
we hypothesized that the presence of a mesenchymal
phenotype could translate MET pathway activation.
The primary aim of this study was to evaluate the
potential impact of intra-tumor heterogeneity on MET
evaluation and classification using different techniques and
criteria. Furthermore, we sought to assess the correlation
of MET status with other pathological and molecular
characteristics. Finally and with exploratory purposes,
we investigated potential surrogate markers of MET
activity, such as MET staining pattern and the presence of
mesenchymal markers by immunohistochemistry.
www.impactjournals.com/oncotarget

Study population
Criteria for patient selection were non-squamous
non-small cell lung carcinoma (nsNSCLC) histology and
availability of tissue for the studies. A total of 124 tumor
specimens from 120 patients diagnosed of nsNSCLC at
our institution between 2009 and 2013 were included.
Four of the 120 patients presented two different tumors,
thus providing one extra specimen each. Material was
available either from surgical resections, core-needle
biopsies or cytological cell-blocks. Clinical data were
extracted from medical records and included age, sex,
smoking history, tumor disease stage and clinical followup information.

Tissue microarray construction
Based on tissue availability, 47 of the patients
were selected to construct tissue microarrays (TMAs)
as outlined by Kononen et al. [29]. First, original
Hematoxylin–Eosin (H&E) stained-sections were
reviewed from each patient to identify different malignant
areas and benign lung tissue. A total of six tissue cores
with a 2 mm of diameter were obtained from each patient,
four of them containing different histological areas of
the carcinoma (named A, B, C and D) and two of them
containing benign lung parenchyma. Two of the 47
patients presented two different tumors, thus providing
eight tumor cores each. This lead to a final number of 196
tumor cores divided into six TMAs.

Fluorescence in situ hybridization
MET fluorescence in situ hybridization (FISH)
evaluation was performed on unstained formalin-fixed
and paraffin-embedded(FFPE) tissue sections from
the whole tumor and the TMA samples, as previously
described [30], using a MET/CEP7 probe cocktail
(#06N05-020, Abbott Molecular Inc, Des Plaines, IL)
according to manufacturer’s instructions. A minimum
of fifty non-overlapping cells with hybridization signals
were examined for each case with a BX51 fluorescence
microscope (Olympus, Tokyo, Japan) and using the
Cytovysion software (Applied Imaging, Grand Rapids
MI). Tumors with MET/CEP7 ratio ≥ 2.0 (named “truly
amplified”) and/or MET ≥ 5.0 copies (named “high
polysomy”) were considered MET FISH positive [15, 31].
MET gains -defined as a mean copy number ≥ 2.5 copies
in at least 10% of analysed nuclei- were also recorded.

Immunohistochemical assays
MET immunohistochemistry (IHC) evaluation
was performed using anti-total c-MET (SP44) Rabbit
Monoclonal as a primary antibody (#7904430, Ventana
16216

Oncotarget

Medical Systems, Tucson, AZ) and revealed using
an Anti-RbOmniMap DAB Detection Kit (#760149,
Ventana Medical Systems). The staining was carried out
according to the manufacturer’s protocol on a Discovery
XT platform (Ventana Medical Systems). The primary
antibody was incubated for 60 minutes. IHC staining was
evaluated by one pathologist using two different methods.
The first one was an H-score, as initially described to
evaluate EGFR expression [32]. Briefly, this score ranges
from 0 to 400 and results from the combination of the
staining intensity (0–4) and the percentage of positive
tumoral cells (0–100%) in each sample. Tumor samples
were considered positive if their H-score was above
median. The second one was the method described by
Spigel and collaborators [33], which divides tumors into
two different categories: MET high for cases presenting
strong MET staining (+2 or +3) in more than 50% of
tumoral cells and MET low for cases not fulfilling the
former criteria. Met staining pattern, i.e. predominantly
membranous vs. cytoplasmic, was assessed as described
elsewhere [27].
E-cadherin and vimentin as EMT immuno
histochemical markers were evaluated semiquantitatively
[34]. Anti-human E-cadherin (NCH-38) mouse monoclonal
primary antibody (#IR059, Dako, Carpinteria, CA) and
anti-Vimentin (V9) mouse monoclonal primary antibody
(#IR630, Dako) were evaluated. Both were revealed using
the EnVision Flex visualization system (#K8010, Dako)
and carried out according to the manufacturer’s protocol
using DakoAutostainer Plus. E-cadherin expression was
evaluated as positive or “normal” when more than 50% of
tumoral cells showed either membranous or cytoplasmatic
staining. Vimentin expression was evaluated as positive or
“acquired” when more than 5% of tumoral cells presented
strong staining. For analysis purposes, samples showing
positive E-cadherin expression were considered as having
an epithelial phenotype, whereas samples showing
acquired Vimentin staining were considered mesenchymal.

regression test. Statistical analysis was carried out with
SPSS version 13.0 (SPSS Inc., Chicago, IL). Data and
statistical analysis reported are fully compliant with the
REMARK guidelines [35].

RESULTS
Clinical and pathological characteristics of the
study population
Patients’ median age was 66 years, 69% were
males and 52% were current smokers. Forty percent
of the study population had stage I disease and 85%
were adenocarcinomas (Table 1). Most of the samples
showed moderate or poor histological differentiation
(Grades 2–3). The predominant histological patterns
in adenocarcinomas were acinar or solid with mucin
production, whereas lepidic and micropapillary patterns
were less common.
Mutational data was available for more than 90%
of the cases. KRAS and EGFR mutations were found in
21% and 12% of the samples, respectively, whereas 2% of
the cases presented ALK rearrangements. Patients included
in the TMA study had similar characteristics, but with a
higher proportion of patients with stage I disease (60%)
and EGFR mutated cases (21%).

MET FISH analysis
MET status by FISH was evaluable in 117 out of
124 tumors (94.4%). We found eight MET positive cases
(6.8%; 8/117). Four of these cases exhibited a MET/CEP7
ratio ≥ 2 (truly amplified) and the remaining four had
five or more copies of the MET gene (high polysomy).
MET gain was identified in 73 cases (62.4%), being most
of them polysomic for chromosome 7 (n = 60) (Table 2).
MET gains were more prevalent in adenocarcinomas with
a predominantly solid histological pattern (p = 0.011)
(data not shown). Different FISH patterns are illustrated
in Supplementary Figure 1.

Statistical analysis
All 196 TMA cores were considered and analysed
as individual cases to study the association between MET
IHC and MET FISH with histopathological variables.
These associations were analysed using Chi-square or
two-sample T-tests as necessary. Heterogeneity between
different cores (A, B, C and D) was assessed using
Kappa agreement index for categorical variables (i.e.
FISH categories) and intraclass correlation coefficient for
continuous variables (i.e. MET H-score).
Survival analyses were only performed in those
patients included in the TMAs as this was a more
homogeneous population, being all surgically treated
patients with early stage disease. Survival curves were
obtained with the Kaplan-Meier method and significance
of the differences in outcome was evaluated with the Cox
www.impactjournals.com/oncotarget

MET IHC
MET IHC was assessable in 115 out of 124
tumors (92.7%). According to MetMab criteria, 55 cases
(47.8%; 55/115) were classified as MET high, and 60
cases (52.2%; 60/115) as MET low (Table 2). Median
H-score was 140 (range 0–400). According to H-score,
56 tumors were classified as positive (H-score > 140) and
59 as negative (H-score ≤ 140). Comparing both scoring
methods, three cases were classified differently, one case
with an H-score of 140 was classified as MET high and
two cases with H-scores of 160 and 180, respectively,
were classified as MET low. MET membranous stain
ing was generally coarser than cytoplasmic staining
(Supplementary Figure 2).
16217
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Table 1: Global study population and TMA patients’ characteristics
Global population1 (n = 120)

TMA population2 (n = 47)

66
41–92

66
41–80

83 (69)
37 (31)

29 (62)
18 (38)

20 (17)
37 (31)
63 (52)

12 (25)
14 (30)
21 (45)

50 (40)
19 (15)
20 (17)
35 (28)

29 (60)
8 (16)
10 (20)
2 (4)

106 (85)
18 (15)

44 (90)
5 (10)

16 (20)
33 (42)
30 (38)
27

12 (30)
17 (42)
11 (28)
4

90 (79)
24 (21)
10

38 (83)
8 (17)
3

101 (88)
14 (12)
9

38 (79)
10 (21)
1

106 (98)
2 (2)
16

39 (95)
2 (5)
8

Age (yr)
Median
Range
Sex, n (%)
Male
Female
Smoking status, n (%)
Never smoker
Former smoker
Current smoker
Stage, n (%)
I3
II
III
IV
Histology, n (%)
Adenocarcinoma
NOS
Histological Grade4, n (%)
1
2
3
Not assessable
KRAS, n (%)
Wild-type
Mutated
Not Assessable
EGFR, n (%)
Wild-type
Mutated
Not assessable
ALK, n (%)
Not rearranged
Rearranged
Not assessable

Includes 4 patients who had two different tumors (n = 124 tumors).
Includes 2 patients who had two different tumors (n = 49 tumors).
3
Includes 4 stage 0 patients.
4
Only n = 106 adenocarcinomas. TMA, Tissue microarray; NOS, Not otherwise specified.
1
2

Heterogeneity assessment

assessable for histology, 176 (89.8%) for grade, 184
(93.9%) for MET IHC and 180 (91.8%) for MET FISH.
As expected, histological pattern and grade showed a
highly heterogeneous distribution among different cores

Heterogeneity studies were focused on the TMA
population, in which 171 out of 196 cores (87.2%) were
www.impactjournals.com/oncotarget
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Table 2: MET IHC and MET FISH status among biopsy (left) and TMA (right) specimens
MET H-score
Median
Range
Metmab score, n (%)
MET high
MET low
MET FISH negative
MET disomic
MET gain
MET FISH positive2
High polysomy
Truly Amplified

Global population1 (n = 115)

TMA population (n = 49)

140
0–400

90
0–400

55 (48)
60 (52)
Global population1 (n = 117)

17 (35)
32 (65)
TMA population (n = 49)

36 (30.8)
73 (62.4)

11 (23)
35 (71)

4 (3.4)
4 (3.4)

2 (4)
1 (2)

For FISH analysis, the core with the highest gene copy number value was selected. For IHC, H-score and Metmab score
was calculated using all 4 cores (see Materials and Methods).
2
FISH positivity was defined as the average number of MET copies ≥5 or a MET/CEP7 ratio ≥2.
IHC, immunohistochemistry; TMA, Tissue microarray; FISH, fluorescence in situ hybridization.
1

was found between MET mean copy number and
MET H-score considered as continuous variables
(Supplementary Table 1). Applying the criteria recently
proposed by Camidge et al. [36], only the four cases
categorized as truly amplified would be considered
MET positive tumors. Of these, one case had highlevel MET amplification (MET/CEP7 ratio ≥ 5) with
an H-score of 400 and MET high by MetMab criteria,
whereas the remaining three cases had an intermediatelevel of MET amplification (MET/CEP7 ratio ≥ 2.2- < 5),
of which one was classified as MET high and the
remaining two as MET low by IHC. Discordance between
IHC and FISH is illustrated in Figure 4.

(Kappa agreement index of 0.10 and 0.18, respectively,
comparing A-B cores). When MET IHC status was
analyzed considering the H-score as a continuous
variable, intraclass correlation coefficient (ICC) was 0.47
between cores A and B. When all four cores (A to D)
were included in the analysis, ICC was 0.57. When cases
were classified using MetMab criteria and divided into
MET high and Met low, comparison of core A with the
remaining three cores (B to D) revealed differences in
classification in approximately 20–40% of the cases
(Figure 1).
Regarding MET FISH analysis, when evaluated
as a categorical variable (MET disomic, MET gain,
MET positive), Kappa agreement index between cores
A and B was 0.35. Regarding MET gain as a continuous
variable, ICC between the four cores was 0.58. Among
the three MET FISH positive cases found in the TMA
population, four out of the 12 cores represented were
FISH negative. Moreover, none of the cases was
considered positive in all four cores (Figure 2). Intratumor heterogeneity of MET by both IHC and FISH is
illustrated in Figure 3.

MET staining pattern and
mesenchymal markers
MET staining pattern was assessable in 132 cores.
Out of these, only 14 (10.6%; 14/132) corresponding to
11 patients showed a predominantly cytoplasmic staining.
Heterogeneity of MET staining pattern among different
tumor cores was also observed (Figure 5). Three patients
had predominantly cytoplasmic MET in two cores. The
remaining 8 patients showed cytoplasmic staining in only
one of the four cores. No patient had cytoplasmic MET
in all four cores and none of the cores with cytoplasmic
MET was FISH positive (Supplementary Figure 4).
Interestingly, predominant cytoplasmic MET staining
correlated with lower MET H-scores (p = 0.003), whereas
non-smoking was associated with a membranous staining
pattern (p = 0.042) (Table 3).

Association between IHC and FISH
MET FISH positive cases had higher H-score
values (p = 0.021) (Supplementary Figure 3). Among
these, the four truly amplified cases had higher H-score
values than those categorized as high polysomy 7,
although these difference was not statistically significant
(data not shown). However, no significant association
www.impactjournals.com/oncotarget
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Figure 1: Metmab status discordance among different tumor cores. Differences in MET IHC classification among different
areas represented in each core. The highest variability was observed between cores A and D and the lowest between A and C.

Figure 2: MET FISH discordance among different cores in FISH positive cases. Eight out of twelve cores are FISH positive.

None of the cases shows FISH positivity in all four cores.

Figure 3: Tumor heterogeneity regarding MET status. CASE A. Two TMA cores of the same tumor sample with opposite FISH MET

results: in the left a positive core showing a MET/CEP7 ratio ≥2, and in the right a MET negative disomic case. CASE B. Two TMA cores of the
same tumor sample with opposite MET IHC results: at the left a positive +4 area, and at the right a completely negative area of the same tumor.

www.impactjournals.com/oncotarget
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Figure 4: Discordance between FISH and IHC in individual tumors. CASE A. MET FISH positive case showing a MET/CEP7
ratio ≥2 (left) and, the same case assessed by IHC showing negative staining (right). CASE B. MET FISH negative sample (left) with a high
positive score by IHC (strong +4 membranous predominant staining) in the same sample (right).

Figure 5: Met IHC staining pattern discordance. A. and B. show different tumor cores from the same patient. A: predominantly
cytoplasmic staining and B: predominantly membranous staining.
Vimentin staining was assessable in 184 cores and
E-cadherin in 181. A total of 19 cores corresponding to eight
different patients (10.3%; 19/184) showed a mesenchymal
phenotype (strong vimentin staining). All of these patients
had a smoking history (five of them were current smokers
and the remaining three were former smokers). Interestingly,
the presence of a mesenchymal phenotype was associated
with a predominantly cytoplasmic MET staining (p =
0.042). Also, tumors showing mesenchymal features had
significantly lower H-scores (p = 0.027), whereas the
www.impactjournals.com/oncotarget

opposite occurred for E-cadherin positive tumors, which had
significantly higher H-scores (p = 0.003) (Table 3).

Survival analysis (TMA cohort)
Median follow-up time was 73.2 months and
median survival time was not reached. One-, twoand three-year survival rates were 93.7%, 80.6%
and 73.1%, respectively. Patients whose tumor Met
H-score values were below the median had shorter
16221
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Table 3: Association of MET IHC with other histopathological features in TMA samples (n = 196
cores)
MET H-score med [P25–P75]

p-value

35 [0–280]
400 [300–400]
30 [0–400]
25 [0–78.5]

0.033

360 [97.5–400]
60 [0–200]
30 [0–383]

0.010

20 [7.25–160]
240 [40–400]

0.003

0 [0–150]
80 [50–340]

0.027

80 [1–350]
0 [0–20]

0.003

Histological pattern
Acinar
Lepidic
Solid
Papillary
Histological grade
1
2
3
Staining pattern
Cytoplasmic
Membranous
Vimentin
Positive
Negative
E-cadherin
Positive
Negative
TMA, Tissue microarray; IHC, immunohistochemistry

survival times when compared with patients with
above-median values, but thiswas not statistically
significant (p = 0.175). Interestingly, patients with
tumors showing either a predominantly cytoplasmic
Met staining or expression of mesenchymal features
(i.e. vimentin positivity) had shorter survival times,
and these differences were statistically significant (p =
0.042 and p = 0.047, respectively). Survival curves are
illustrated in Figure 6.

poor. We also identified cases with evident discordance
between MET IHC and FISH, for which the underlying
mechanism is not clear. However, it is consistent with
findings from other studies [43].
The difficulty of finding the correct predictive
biomarker for MET-targeted therapies may explain, at least
in part, the lack of success of the two largest trials testing
MET inhibitors combined with Erlotinib in NSCLC patients.
The MARQUEE trial [22] selected patients with nsNSCLC
histology based on data of a phase II with Tivantinib [44].
The MetLung trial [23, 33], also based on phase II data
with Onartuzumab [33], performed a more restrictive
selection, including only patients with +2/+3 staining in at
least 50% of tumor cells. Interestingly, a molecular-based
post-hoc analysis was conducted on approximately 40%
of the patients (based on tissue availability) participating
in the MARQUEE trial. This analysis revealed a survival
benefit in those patients with high MET protein expression
determined by by MetMab criteria (HR 0.7; p = 0.03) [45].
Another strategy for the development of MET
inhibitors in NSCLC relies on patient selection based
on MET gains or gene amplification. In the MARQUEE
study, no statistically significant differences were observed
in overall survival between MET amplified and nonamplified cases (HR 0.83; p = 0.34) [45]. Conversely, a
subgroup analysis of the phase II study with Onartuzumab
revealed a survival benefit for EGFR wild-type and MET
FISH positive [15] patients receiving the combined

DISCUSSION
Lung adenocarcinoma is a morphologically
heterogeneous disease. Multiple histological patterns can
be identified when surgical samples are evaluated [37].
This may be due to underlying genetic heterogeneity
as described for other neoplasms [38, 39] as well as for
NSCLC [40, 41]. In routine clinical practice, we use biopsy
or cytology samples, which contain only a small fraction
of tumor, to make treatment decisions and select patients
for clinical trials. In our study, patient classification by IHC
could vary in up to 40% among different tumor areas.
We also corroborated that de novo MET
amplification is a rare event, in the range of other genetic
alterations such as ROS or ALK rearrangements [42].
Furthermore, although FISH positive cases showed
significantly higher MET H-score values, correlation
between MET gains and total MET protein expression was
www.impactjournals.com/oncotarget
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Figure 6: Exploratory survival analyses in the TMA cohort. A. Overall survival of the whole cohort (n = 47 patients, median
overall survival not reached). B. Survival according to MetMab status. C. Survival according to MET staining pattern. D. Survival according
to epithelial or mesenchymal phenotype.

treatment with Onartuzumab plus Erlotinib (HR 0.3;
p = 0.06) [46]. Recently, data from a phase I/II trial
with Crizotinib reported significant clinical responses
in patients with MET amplification. Those patients
with a MET/CEP7 ratio of ≥ 5.0 showed significantly
better outcomes [36]. Although these results need to be
confirmed in larger clinical trials, FISH-based criteria
appear to be more adequate for patient selection. If
MET status by FISH is less heterogeneous than MET
IHC remains to be determined, as small numbers in our
study (only three FISH positive cases in the TMA cohort)
prevent us from drawing any robust conclusions.
Classically, it has been accepted that, after activation
at the cell membrane, tyrosine-kinasereceptors (RTK) are
internalized and degraded or recycled back to the membrane.
However, during the last decade, preclinical evidence has
emerged that highlights the role of receptor endocytosis
and intracellular trafficking in RTK-mediated signaling
www.impactjournals.com/oncotarget

[47–49]. In a preclinical model with immortalized bronchial
cells, sustained stimulation with HGF caused a gradual
displacement of c-MET receptor from the membrane to
the cytoplasm [50]. Also, recent studies have associated the
presence of cytoplasmic Met determined by IHC with tumor
progression in patients with resected bladder cancer [51] and
with poor outcome in patients with gastric adenocarcinoma
[27] and mesothelioma [50]. Also, the presence of a
mesenchymal phenotype, which can be an early event
in NSCLC [52], has been linked to poor prognosis and
metastasis development in surgically resected NSCLC [53].
Finally, our evaluation of potential surrogate
markers for MET activation revealed interesting
findings. Predominant cytoplasmic staining, which
may translate MET pathway activation, was associated
with a mesenchymal phenotype, which in turn can also
be derived from MET HGF-dependent activation [34].
Although only hypothesis-generating, these results would
16223
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be concordant with these patients presenting a worse
prognosis, as observed in our limited series and harbor a
potential predictive value for MET inhibitor benefit.
In conclusion, our study shows that MET status is
highly heterogeneous within nsNSCLC tumors. This notion
challenges current techniques and criteria for selecting
patients for MET-targeted therapies. Further studies are
needed to accurately detect patients with MET-driven tumors.
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