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Most non-small cell lung cancer (NSCLC) patients har-
boring activating epidermal growth factor receptor
(EGFR) mutations respond to tyrosine kinase inhibi-
tor (TKI) therapy. However, about 30% exhibit pri-
mary resistance to EGFR TKI therapy. Here we report
that Met protein expression and phosphorylation
were associated with primary resistance to EGFR TKI
therapy in NSCLC patients harboring EGFR muta-
tions, implicating Met as a de novo mechanism of
resistance. In a separate patient cohort, Met expres-
sion and phosphorylation were also associated with
development of NSCLC brain metastasis and were se-
lectively enriched in brain metastases relative to
paired primary lung tumors. A similar metastasis-spe-

cific activation of Met occurred in vitro in the isog-
enous cell lines H2073 and H1993, which are derived
from the primary lung tumor and a metastasis, re-
spectively, from the same patient. We conclude that
Met activation is found in NSCLC before EGFR-targeted
therapy and is associated with both primary resistance
to EGFR inhibitor therapy and with the development of
metastases. If confirmed in larger cohorts, our analysis
suggests that patient tumors harboring both Met activa-
tion and EGFR mutation could potentially benefit from
early intervention with a combination of EGFR and
Met inhibitors. (Am J Pathol 2010, 177:415–423; DOI:

10.2353/ajpath.2010.090863)

Activating mutations in EGFR (primarily del19 EGFR and
L858R) are associated with sensitivity to epidermal
growth factor receptor (EGFR) small molecule tyrosine
kinase inhibitor therapy, but patients uniformly develop
disease recurrence.1–6 In addition, about 30% of patients
with EGFR sensitizing mutations show primary resistance
to EGFR inhibitor therapy.1–7 While disease recurrence in
formerly responsive patients has been associated with an
EGFRT790M mutation,8 MET amplification,9,10 or hepato-
cyte growth factor (HGF) expression,11 the factors in-
volved in de novo resistance remain unidentified. Sequist
et al reported primary resistance to EGFR tyrosine kinase
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inhibitor (TKI) in a patient harboring Met copy gain, but
analysis of larger cohorts has not been reported and Met
protein expression and activation were not tested.12 We
examined a cohort of EGFR mutant non-small cell lung
cancer (NSCLC) patients before treatment with EGFR TKI
(designated cohort 1), and we report here that Met pro-
tein expression and phosphorylation were found in a
subset of tumors before EGFR TKI therapy. Importantly,
the subset harboring Met expression and phosphoryla-
tion was associated with poor response to subsequent
EGFR TKI therapy despite the presence of EGFR inhibitor
sensitizing mutations.

In addition to primary resistance, poor outcome to
EGFR targeted therapy in NSCLC can result from devel-
opment of metastases, especially to the central nervous
system. Since HGF/Met signaling is uniquely positioned
to be a key factor in cell migration and tumor dissemina-
tion,13,14 we compared Met status in a separate cohort of
NSCLC patients (designated cohort 2) with paired brain
metastases. Met expression has been correlated with
both development of metastases and poor prognosis in
some tumor types,13 but no studies have demonstrated
Met activation in metastatic lung cancer. In this study we
found that Met expression and phosphorylation in pri-
mary NSCLC tumors were strongly associated with sub-
sequent development of brain metastases. Furthermore,
we showed an enrichment of cells positive for Met ex-
pression and phosphorylation in brain lesions compared
with matched primary lung tumors.

Materials and Methods

Cell Lines and Reagents

Cell lines were from American Type Culture Collection
(ATCC) except: EBC-1 (Health Science Research Re-
sources Bank, Japan Health Sciences Foundation) and
H1993 and H2073 (from J. Minna and A. Gazdar, Hamon
Cancer Center, University of Texas Southwestern). Cells
were maintained in RPMI plus 10% fetal calf serum and
100 �g/ml Pennicillin/Streptavidin (Sigma, St. Louis, MO).
SU1127415 was from Sigma.

Clinical Samples

Cohort 1: EGFR Kinase Inhibitor–Treated NSCLC
Cohort

Sixty-nine patients with a diagnosis of lung adenocarci-
noma were identified who had undergone EGFR mutation
analysis between 2003 and 2007 and who had archived
formalin-fixed paraffin-embedded (FFPE) samples at
Brigham and Women’s Hospital Department of Pathol-
ogy. Of these, 46 were excluded because they either did
not receive TKI therapy or did not have available fol-
low-up data. Of the remaining 23, all were women, 11
were nonsmokers, and 10 were smokers; smoking status
was not available for two patients. Patient response was
scored according to Response Evaluation Criteria in
Solid Tumors (RECIST).16

Cohort 2: Primary NSCLC and Paired Brain
Metastases Cohort

FFPE tumor samples were from a subset of a previ-
ously described collection of primary NSCLC diagnosed
between 1989 and 2003.17 Patients with adenocarci-
noma or squamous cell carcinoma with metastases to the
brain were matched for clinicopathological features with
a control group of NSCLC patients who did not develop
brain metastasis during six years of follow-up or until
death. We excluded from the Control Group patients who
developed metastases in a distant site different from
brain, to have a homogeneous control group that did not
develop metastases. We also excluded neuroendocrine
tumors. We analyzed 40 patients and a total of 58 spec-
imens, including 18 primary tumors (10 adenocarcinoma
and 8 squamous cell carcinoma), with paired 18 brain
metastases and 22 nonmetastatic tumors (14 adenocar-
cinoma and 8 squamous cell carcinoma).

Fluorescence in Situ Hybridization

The MET probe (BAC clone RP11-95i20,CHORI; http://
bacpac.chori.org) was labeled with SpectrumOrange
dUTP (Abbott Molecular Inc., Des Plaines, IL) and hybrid-
ized to full tissue sections along with the centromere
probe (CEP7/D7Z1, SpectrumGreen, Abbott Molecular
Inc., Des Plaines, IL), using standard conditions.18 A
minimum of 100 cells were analyzed. MET amplification
was defined as MET:CEP7 ratio greater than 2.2.19 Sam-
ples having MET:CEP7 ratio between 1 and 2.2 were
further defined as either low copy gain (MET copy num-
ber from 3 to 5) or high copy gain (MET copy number
�5).20,21 A score analogous to the H score for immu-
nohistochemistry (IHC) was derived by multiplying the
percentage of cells harboring MET abnormalities by
the level of copy gain (low copy gain multiplied by 1,
high copy gain multiplied by 2).

Immunohistochemistry on FFPE Sections

The following antibodies were used: anti-c-Met (Zymed-
Invitrogen, clone3D4, diluted 1:100); anti-Y1234/35 Met
(3077, Cell Signaling Technology, 1:50); anti-EGFR (No-
vocastra, clone EGFR.25, 1:50). Negative controls for the
Y1234/35 Met antibody included multiple FFPE embed-
ded cell lines with various well-described kinase amplifi-
cation or activation as indicated in Supplemental Table
S2. Negative control for Met was LNCAP cells.22 Positive
controls for Met and Y1234/35 Met were Met-amplified
GTL16 and nonamplified A549 cells � HGF. The negative
control for EGFR staining was MDAMB453 cells (negative
for EGFR23), while HCC827 cells were a positive control.

Epitope retrieval used boiling 0.01 M citrate buffer, pH
6.0 for 15 minutes in microwave (anti-c-Met,) or in pres-
sure cooker (anti-EGFR). For Y1234/35 Met, Ventana
Benchmark autostainer and Rabbit Ultra-HRP were used.
Detection was with ChromoMap kit (Ventana Molecular
Discovery Systems, Tucson, AZ). Results of the IHC were
reviewed independently by two pathologists (M.F. and
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L.R.C.), who were blinded as to the outcome of the tu-
mors. Membrane stain intensity was scored from 0 to 3�
for total Met and EGFR: 0, absent or faint staining in less
than 5% of cells; 1�, �5% tumor cells faint stain; 2�,
tumor cells moderate stain; 3�, tumor cells strong stain-
ing. For Y1234/35 Met phosphospecific antibody mem-
brane stain intensity was scored from 0 to 2� as follows:
0, absent or faint staining in less than 5% of cells; 1�,
tumor cells with weak staining; 2�, tumor cells with mod-
erate-strong staining. The results of the two reviewers
were compared, and any tumors for which there was not
agreement were reviewed together by both pathologists
and a consensus was reached. The H score for each
sample was calculated by multiplying the stain intensity
value by the percentage of positive cells. Images were
acquired using a Leitz Diaplan microscope bright field
and a CRI Nuance spectral analyzer (CRI Inc., Woburn,
MA) and collected at 5-nm wavelength intervals from 450
to 700 nm.

DNA Extraction and Amplification

DNA was extracted from five 0.8-mm cores of each FFPE
specimen with Qiagen BioRobot (Qiagen, Hilden, Ger-
many). Whole genome amplification (WGA) was per-
formed with GenomePlex (Sigma) as described.24

Somatic Mutation Profiling (Oncomap)

The set of somatic EGFR kinase domain activating muta-
tions along with 15 MET mutations (E168D, L229F, R988C,
T1010I, H1112Y, H1112R, N1118Y, L1213V, Y1248H,
Y1248C, Y1253D, M1268T, splicing site IVS13del22, exon
14 splice site mutation, splicing site ex14del28)25 were
tested as described.24

Cell Line Genotyping

DNA typing was done with Gene Print Multiple PowerPlex
2.1 (Promega). Cell identity typing (Wellcome Trust
Sanger Institute, Cambridge, UK) is listed at http://www.
sanger.ac.uk/genetics/CGP/Genotyping/synlinestable.shtml.

Migration Assays

Wounding migration assays used 1-mm-thick scotch
tape (Bristol) placed in the center of 24-well plates. Cells
were plated at confluency, and tape was removed after to
create a clear zone. Cells that migrated into the cleared
region were photographed for counting at 72 hours later.
A separate migration assay format used 96-well Fluoro-
block insert wells (BD Biosciences). H1993 or H2073
cells (n � 10,000) were plated and 24 hours later treated
with compounds for 12 hours before HGF addition to both
the top and bottom wells. After 12 hours, calcein AM
(Invitrogen) at 2.5 �g/ml was added to the bottom cham-
ber for 1 hour. Signal was measured on a Wallace 1420
Multilabel Victor V counter (Perkin Elmer) with bottom
reading capacity.

shRNA and Cell Growth

Met and control shRNA were as described.26 Growth
factor–mediated rescue of gefitinib growth inhibition in
HCC827 cells used 4000 cells per well in 96-well plates.
Gefitinib (LC labs, 1 �mol/L) was added, followed by
addition of growth factors (R&D Systems) at 50 ng/ml.
Cell growth was measured by Vialight 4 days later.

Western Blotting

Lysis buffer containing 30 mmol/L Tris-HCL, pH 7.5, 50
mmol/L NaCl, 5 mmol/L EDTA, 50 mmol/L NaF, 30 mmol/L
NaPPi, 1% Triton, 0.5% IGEPAL, 10% Glycerol, 1 mmol/L
Sodium Vanadate, 1 mmol/L bpPhen (Calbiochem), and
protease inhibitor cocktail (Roche) was added with shak-
ing for 10 minutes at 4°C. Lysates were clarified by cen-
trifugation at 20,000g for 5 minutes at 4°C. SDS-PAGE on
40 �g of cell lysates and Western blotting followed stan-
dard procedures. Antibody to Met (AF276) was from R&D
Systems, GAPDH was from Fitzgerald industries, and
antibodies from Cell Signaling Technology included
Y1234/35 Met (3077), Met (3127), Ser473 Akt (4058), Akt
(4691), T202/Y204 Erk (4370), S235/236 S6 (4857),
cleaved PARP (9544), Y1173 EGFR (4407), and EGFR
(4267).

Statistical Analysis

Wilcoxon rank-sum test was used to compare the distri-
bution of phosphorylation H scores between independent
tumor groups defined by Met expression and MET copy
number. The Signed rank test was applied to the analysis
of paired difference in H scores between primary lung
tumors and brain metastases. When H scores were di-
chotomized as positive versus negative, the Fisher exact
test was used to compare the frequencies of expression
and phosphorylation between independent patient groups,
while the McNemar test was used in the analysis of
paired binary data. Exact P values were computed for the
log rank test to compare the time of progression between
patient groups, stratifying by stage to control for the
underlying prognosis. Analysis was performed using SAS
9.1 (SAS Institute, Cary, NC) and StatXact 6.1 (Cytel
Software Corp, Cambridge, MA). All P values are based
on a two-sided hypothesis test.

Results

Met Phosphorylation in NSCLC Patients not
exposed to EGFR Inhibitors Is Associated with
Poor Response to EGFR Inhibitor Therapy

To investigate the role of Met in de novo resistance to
EGFR TKI therapy, we correlated Met expression, phos-
phorylation, and gene copy gain with patient response.
We analyzed 23 NSCLC samples, including ten with ac-
tivating EGFR mutations (L858R, L861Q, or exon19 dele-
tion) and 13 with wild-type EGFR. Importantly, our analy-
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sis was conducted on patient tumors resected before
EGFR inhibitor therapy (cohort 1, see supplemental Table
S1, available at http://ajp.amjpathol.org). Met phosphory-
lation was tested using a recently developed antibody

specific for Y1234/35 activation loop phosphorylation (Ab
3077, Cell Signaling Technology). Importantly, this anti-
body did not cross-react by Western blot or IHC with cell
lines harboring other amplified or activated receptor ty-
rosine kinases (including EGFR family kinases, PDGFR,
FGFR, insulin receptor, and Ron kinases), providing a
specificity not available with prior reagents (see supple-
mental Table S2, available at http://ajp.amjpathol.org). We
determined whether progression free survival (PFS) was
different in tumors that expressed Y1234/35 Met com-
pared with tumors that did not express Y1234/35 Met. In
a stage-matched analysis, Met expression and phos-
phorylation were more common in tumors that pro-
gressed during EGFR TKI therapy, but this trend was not
significant (P � 0.221 and P � 0.148, respectively; Figure
1A). However, when considering only patients harboring
EGFR mutation, both Met phosphorylation and expres-
sion were strongly associated with shorter time to pro-
gression (P � 0.024 and P � 0.005, respectively; Figure
1B and C). Furthermore, two patients with EGFR– activat-
ing mutations exhibited primary resistance to EGFR TKI
therapy, displaying progressive disease (PD) three
months after treatment initiation (Table 1, patients 1 and
8). Importantly, these resistant tumors exhibited exten-
sive Met expression and activation (in 70% of tumor, P �
0.022).

We also conducted fluorescence in situ hybridization
(FISH) analysis and found MET copy gain resulting from
chromosome 7 polysomy but not MET focal amplification
(MET/CEP7 ratio �2.2). However MET copy gain was not
associated with time to progression (P � 0.198, data not
shown), similar to a previous report.27 We conclude that
Met activation (in the absence of gene amplification) was
correlated with de novo resistance to EGFR tyrosine ki-
nase inhibitors.

We next used the EGFR mutation containing HCC827
cell line to define a potential mechanism for the poor
outcome of EGFR-mutated tumors harboring Met acti-
vation. We found that Met activation by HGF in HCC827
cells caused a striking resistance to Gefitinib (Figure
2A). In fact, HGF was the only ligand in a panel of 12
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Figure 1. Met expression and phosphorylation in EGFR mutation containing
NSCLC tumors are associated with poor response to EGFR TKI therapy. Kaplan–
Meier curves of progression-free survival (PFS) for Met and Y1234/35 Met in 23
NSCLC patients before EGFR inhibitor therapy (A), and the subset of patients
(n � 10) harboring EGFR mutations (B). C: Top panels (EGFR TKI nonrespon-
sive) indicate elevated Met and Y1234/35 Met in the tumor specimen of a
nonresponsive patient (Patient eight, Table one, PFS of three months); bottom
panels (EGFR TKI responsive) indicate undetectable Met and Y1234/35 Met in
the tumor from a responsive patient tumor (PFS � 40 months, patient five, Table
one). FISH analysis revealed low Met copy gain in both patients (Table 1).

Table 1. NSCLC Patient Outcome on EGFR TKI Therapy in Relation to Met Expression, Phosphorylation, and Gene Copy Number
Gain

Met Y1234/35 Met EGFR mutation

Pt RECIST
PFS

(months)
% Pos
cells Intensity

H
score FISH

% Pos
cells Intensity

H
score Type

% Pos
cells Site

EGFR
TKI

1 PD 3 70 3� 210 H 70 2� 140 ex19del 90 local LN Er
2 PR 15 10 1� 10 H 30 2� 60 ex19del 100 PWR Er
3 PR 15 40, 10 1�, 2� 60 L 10 1� 10 ex19del 90 PWR Er
4 SD 50 0 0 0 0 0 0 0 ex19del 20 local LN Ge
5 SD 40 3 1� 3 L 0 0 0 ex19del 70 PWR Ge
6 PR 4 20, 5 1�, 2� 30 H 30 2� 60 ex19del 90 PWR Er
7 PR 38 0 0 0 na 0 0 0 ex19del na PWR Er
8 PD 3 70 2� 140 L 70 2� 140 L861Q na PWR Er
9 PR 15 40, 10 1�, 2� 60 H 0 0 0 ex19del 40 local LN Er

10 SD 12 0 0 0 L 0 0 0 L858R 90 lobe Er

All tumors harbor EGFR-activating mutations and were resected before EGFR TKI therapy. RECIST indicates patient response according to RECIST
criteria; PFS, progression-free survival during EGFR inhibitors treatment. IHC: when multiple intensity values are present in the same sample, the
respective percentages of positive cells are separated by a comma. FISH for Met is scored as described in Materials and Methods: D indicates
disomic; L, low copy gain; H, high copy gain; na, not assessable; Local LN, loco-regional lymph node; PWR, pulmonary wedge resection; Er, erlotinib;
Ge, gefitinib.
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growth factors (HGF, EGF, Amphiregulin, Epiregulin,
neuregulin, TGF�, FGF1, PDGFBB, Kit ligand, insulin,
IGF1, IGF2) able to maintain HCC827 cell growth in the
presence of Gefitinib (data not shown). HGF-mediated
rescue also occurred in 0.1% serum, revealing that Met
activation did not require cooperation with serum fac-
tors (Figure 2A). Importantly, the HGF-mediated rescue
was blocked by an anti-HGF antibody or the Met-spe-
cific inhibitor SU11274 (Figure 2A). HGF also rescued
Gefitinib growth inhibition in the EGFR mutation-con-
taining cell lines HCC4006 and H2935 (see supplemen-
tal Figure S1, available at http://ajp.amjpathol.org). These
in vitro results provide a mechanism for our observation
that Met activation, independent of MET amplification, is
associated with de novo resistance and poor disease
control with EGFR targeted therapy.

We next identified the signal transduction pathways
necessary for Met to maintain cell growth and survival in
HCC827 cells. Gefitinib inhibited EGFR, Erk, S6 ribo-
somal protein, Akt, and PRAS40 phosphorylation (Figure
2B, column 2). Elevated basal Y1234/35 Met phosphor-
ylation in HCC827 cells was also dependent on activated
EGFR, as also reported in Guo et al.28 Addition of HGF to
Gefitinib-treated cells caused a durable (72 hours post
HGF addition) reactivation of Met and Erk, S6, and Akt
phosphorylation (Figure 2B, column 3). Activation of the
Akt target PRAS40 confirmed functional reactivation of
Akt. Interestingly, we found that reactivation of Erbb3 was

not required for HGF-mediated rescue of growth and
signal transduction pathways. Strikingly, HGF completely
blocked Gefitinib-mediated PARP cleavage (Figure 2B,
top panel). SU11274 reversed HGF-mediated reactiva-
tion of signaling and survival pathways (Figure 2B column
4), consistent with SU11274-mediated reversal of HGF-
stimulated proliferation (above, Figure 2A). We con-
clude that HGF blocks Gefitinib-mediated growth ar-
rest and cell death by reactivating major signal
transduction pathways.

EGFR Mutations and Met Activation Occur in
the Same Tumor Cells

Having shown EGFR mutation and Met activation were
commonly found in the same tumors, we next determined
whether both occur in the same tumor cells. Tumors
harboring either L858R or exon 19 deletion (del 19) EGFR
mutation were tested for the expression of mutated EGFR
by IHC analysis with mutation-specific antibodies.29 All
samples stained positively, and 75% (6 of 8) of these
cases showed widespread reactivity, suggesting that the
majority of tumor cells (70 to 100%) harbored EGFR mu-
tation (Table 1). Staining of consecutive sections re-
vealed Met activation in the same cells harboring EGFR
mutation (Figure 3, A–D). Because the majority of cells
stained positively for EGFR mutation, Met phosphoryla-
tion was not found in cells independently of EGFR muta-
tion. However, we commonly found EGFR mutant–posi-
tive cells that were negative for Met expression and
phosphorylation (Figure 3). Our in vitro results strongly
suggest that a combination of Met and EGFR-targeted
therapy will be required for cell death in these cancer
cells harboring both Met activation and EGFR mutation.

Figure 2. A: Gefitinib-induced growth inhibition of HCC827 is rescued by
HGF. Gefitinib (1 �mol/L) addition was followed by addition of 50 ng/ml
HGF. SU11274 (2 �mol/L) addition blocked HGF-mediated rescue. HGF
rescue was maintained in 0.1% serum as indicated. Cell growth was mea-
sured after four days of treatment and is shown relative to untreated cells.
Data represent mean � SEM. ***P � 0.001. B: HGF restores signal transduc-
tion pathways in Gefitinib-treated cells. Gefitinib (1 �mol/L) was added to
HCC827 cells, followed by addition of 50 ng/ml HGF. Seventy-two hours
later, lysates were prepared and analyzed by SDS-PAGE and Western blotted
for the indicated phospho proteins.

Figure 3. Colocalization of Met phosphorylation and EGFR mutation. A and
B: Exon 19 EGFR deletion, detected with a delEGFR-specific antibody. C and
D: Met Y1234/35 phosphorylation. IHC images on consecutive sections
(patient 2, Table 1) reveal colocalization of delEGFR and Y1234/35 Met.
Arrowheads indicate regions of positivity for both antibodies; arrows
indicate regions harboring EGFR deletion but not Met activation. B and D are
magnification (�400) of A and C (�100), respectively.
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Met Expression and Activation Are Associated
with the Development of Brain Metastases in
NSCLC

Met expression is associated with metastasis develop-
ment in a wide range of cancers.13,14 We determined
whether Met expression or activation were associated
with the development of brain metastases in NSCLC by
comparing the primary tumors from a group of 18 NSCLC
patients that later developed brain metastases to a group
of 22 tumors from NSCLC patients that did not develop
brain metastases17 (cohort 2). Importantly these groups
were otherwise matched for similar clinicopathological
characteristics (see supplemental Table S3, available at
http://ajp.amjpathol.org). The number of samples positive
for Met expression and phosphorylation was much higher
in the tumors from patients that developed brain metas-
tases (P � 0.011 and P � 0.031, respectively; see sup-
plemental Table S3, available at http://ajp.amjpathol.org).
Thus, both Met expression and phosphorylation in patient
primary tumors were associated with a higher risk of
developing brain metastases.

Met Activation Is Increased in NSCLC
Metastases

Having seen that Met phosphorylation and expression in
primary NSCLC was correlated with the development of
brain metastases, we considered that Met may in fact be
upregulated in metastatic lesions. We assessed Met ac-
tivation, protein expression, gene copy number, and mu-
tation in an annotated cohort of 18 primary NSCLC and
paired brain metastases.17 Three primary NSCLC tumors
were negative for Ki-67 staining and were therefore ex-
cluded from IHC analysis (Table 2). IHC revealed an
enrichment of cells positive for Met and Y1234/35 Met

(P � 0.003 and P � 0.031, respectively) in brain metas-
tases (Figure 4A, and Supplemental Tables S3 and S4,
available at http://ajp.amjpathol.org). Figure 4C reveals
increased Met expression and phosphorylation in a brain
metastasis relative to the paired primary tumor (from
patient 10, Table 2). By contrast, there was not an en-
richment of EGFR-expressing cells in the metastatic le-
sions (P � 0.793, Supplemental Table S4, available at
http://ajp.amjpathol.org).

We also found that high MET copy number gain as
assessed by FISH occurred more commonly in metas-
tastic samples (23%) relative to matched primary tumors
(8%), but this was not significant (P � 0.500, see sup-
plemental Table S4, available at http://ajp.amjpathol.org).
However, the prevalence of MET copy gain (determined
similarly to H score by factoring MET copy number gain
and percentage of MET FISH-positive cells) was signifi-
cantly higher in brain lesions relative to the paired pri-
mary lung tumor (P � 0.023, Figure 4B). We conclude
that MET copy number gain as well as protein expression
and phosphorylation were enriched in brain metastases
relative to primary NSCLC tumors. We expected that
increased MET copy gain would result in overexpression
and activation of Met, and we confirmed that Met and
Y1234/35 Met phosphorylation in cohort 2 were in-
creased in samples with high MET copy gain compared
with samples with lower MET copy gain (�5 copies of
MET, P � 0.002 and P � 0.007, respectively; see sup-
plemental Figure S2, available at http://ajp.amjpathol.org).

Met Activation Is Not a Result of Gene
Mutations

We analyzed both cohorts for 15 MET mutations, some of
which were previously reported to be selectively upregu-
lated in metastases.30,31 Forty-six samples (32 primary

Table 2. Profile of Met Expression, Y1234/35 Phosphorylation, Gene Copy Number, and EGFR Expression in NSCLCs and Their
Paired Brain Metastases

Pt Type

Primary NSCLC Paired brain metastasis

Met IHC Y1234-5 Met IHC

Met FISH EGFR

IHC

H

score

Met IHC Y1234–5 Met IHC

Met FISH EGFR

IHC

H

score

% Pos

cells Intensity

H

score

% Pos

cells Intensity

H

score Score

% Cells

w copy

gain

% Pos

cells Intensity

H

score

% Pos

cells Intensity

H

score Score

% Cells

w copy

gain

1 A 0 0 0 0 0 0 D 0 0 15, 5 1�, 2� 25 0 0 0 L 15 150
2 A 15 1� 15 15 2� 30 H 25 105 15, 5 1�, 2� 25 20 2� 40 H 40 12
3 S na na na na na na L 10 na 20, 10, 2 1�, 2�, 3� 46 20 2� 40 D 0 25
4 S 0 0 0 0 0 0 D 0 215 10 1� 10 0 0 0 L 20 200
5 A 3 1� 3 0 0 0 D 0 10 5 2� 10 0 0 0 L 70 30
6 S 0 0 0 0 0 0 L 10 25 0 0 0 0 0 0 na na 0
7 A 15, 20, 5 1�, 2�, 3� 70 5 2� 10 D 0 30 40, 35 2�, 3� 185 30 2� 60 L 10 0
8 S 5 1� 5 5 1� 5 na na 90 60 1� 60 10 1� 10 L 30 190
9 S 5 2� 10 0 0 0 H 80 50 10 1� 10 20 2� 40 na na 20

10 A 5, 2 2�, 3� 16 5 2� 10 L 15 70 20 1� 20 40 2� 80 H 80 140
11 S 3 1� 3 0 0 0 D 0 164 0 0 0 0 0 0 D 0 20
12 A 0 0 0 0 0 0 D 0 85 5 1� 5 0 0 0 H 40 0
13 S na na na na na na L 20 na 0 0 0 0 0 0 L 40 70
14 A 0 0 0 0 0 0 D 0 0 10 2� 20 0 0 0 D 0 15
15 A 60, 2 1�, 2� 100 40 2� 80 na na 30 10, 40, 30 1�, 2�, 3� 180 80 2� 140 H 30 10
16 A na na na na na na D 0 na 0 0 0 0 0 0 na na 0
17 S 0 0 0 0 0 0 L 30 50 0 0 0 0 0 0 H 0 60
18 A 0 0 0 0 0 0 L 20 0 0 0 0 0 0 0 L 90 50

A indicates adenocarcinoma; S, squamous cell carcinoma. IHC: when multiple intensity values are present in the same sample, the respective
percentages of positive cells are separated by a comma. na indicates not available because of Ki67-negative staining. Met FISH is scored as
described in Materials and Methods: D indicates disomy, L, low copy gain, H, high copy gain; na, not assessable. Met and EGFR H score: 0–300;
Y1234/35 Met H score: 0–200.
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NSCLCs and 14 brain metastases) were informative. Ac-
tivating MET mutations were found in two NSCLC sam-
ples (both from the group of primary tumors that did not
develop metastases), but curiously these tumors were
negative for Met protein expression. No mutations were
found in the primary tumors that had paired brain lesions.
We also analyzed the same cases for EGFR kinase do-
main mutations and found EGFR exon 19 deletion muta-
tions (del19 EGFR) in two primary tumors, but not in the
paired brain metastases. Others have reported discor-
dance in the EGFR mutation status of primary NSCLC
tumors and matched metastases.32

Met Activation Occurs in a Metastasis-Derived
Cell Line but not in the Isogenous Cell Line
Derived from the Primary Lung Tumor

The MET-amplified H1993 lung cancer cell line was iso-
lated from a lymph node metastasis while the H2073 cell
line was isolated from the primary lung tumor from the

same patient. The common origin of these lines was
confirmed by DNA fingerprinting (data not shown) and
cell line identity typing (Wellcome Trust Sanger Institute,
Cambridge, UK). While H1993 cells harbor MET amplifi-
cation and highly activated kinase, as reported previ-
ously,26 H2073 cells do not have MET amplification and
have very low basal Met expression and phosphorylation
(Figure 5A). Also in contrast to H1993 cells, H2073 cells
were not growth inhibited by MET shRNA (Figure 5B).
Finally, Met-specific small molecule inhibitor SU1127415

also did not inhibit H2073 cell growth (IC50 � 10 �mol/L
for H2073 compared with IC50 � 460 � 70 nmol/L for
H1993 cells, data not shown).

We compared the metastasis-derived H1993 cells to
H2073 cells in in vitro migration assays. Using a “wound
healing” migration assay, we found that H1993 cells had
a much higher capacity for migration relative to H2073
cells (Figure 5C, supplemental Figure S3, A and B, avail-
able at http://ajp.amjpathol.org; P � 0.001). SU11274 Met
inhibitor blocked cell migration only in H1993 cells (Fig-
ure 5C; P � 0.001), revealing that Met activation is re-
quired for migration of this MET-amplified cell line. H2073
cells also migrated poorly relative to H1993 cells in a

Figure 4. Met expression, phosphorylation, and gene copy gain are enriched
in brain metastases relative to their paired NSCLC. A: Met and Y1234/35 Met
were assessed by immunohistochemistry (H score) in primary NSCLCs and
paired brain metastases. Both Met expression (P � 0.003) and Y1234/35 Met
phosphorylation (P � 0.031) are significantly upregulated in metastases.
Data represent mean � SEM. B: Prevalence of MET copy gain (factoring MET
copy number gain and % positive cells as in Materials and Methods) is higher
in the metastatic lesions relative to the paired primary NSCLCs (P � 0.024).
C: Met IHC (magnification �200) and FISH analysis on a primary NSCLC and
its paired brain metastasis (patient 10, Table 1). Met and Y1234/35 Met
staining was heterogeneous/focal in the primary cancer but more wide-
spread in the paired brain metastasis. MET FISH reveals low copy gain (MET
copies, n � 3 to 5) in the primary lung tumor, and high copy gain (MET
copies, n � 6 to 10) in the metastatic lesion.

Figure 5. MET is amplified and constitutively activated in the metastasis-
derived H1993 cell line but not in the paired primary lung tumor–derived
H2073 cell line. A: Quantitative PCR for MET copy number. MET is not
amplified in H2073 cells but is amplified in H1993 cells. Data represent
mean � SEM. Immunoblot reveals elevated Met expression and Y1234/35
and Y1349 phosphorylation in H1993 cells but not in H2073 cells. B-actin is
the loading control. B: Growth of H2073 cells is not inhibited by Met shRNA,
whereas H1993 cell growth is inhibited. Data represent mean � SEM. Im-
munoblot revealing efficient Met knockdown in H2073 and H1993 cells
treated with Met shRNA M3 and less efficient knockdown with Met shRNA M2
and M1. L indicates Luciferase shRNA; 0, no shRNA. C: Migration assay was
performed in the indicated cell lines as described in Methods. 0, initial time
point; 72, 72 hours later; SU, addition of 2.5 �mol/L SU11274 Met inhibitor.
Data represent mean � SEM. *P � 0.5, ***P � 0.001. Results are representa-
tive of three independent experiments.
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transwell migration format (see supplemental Figure 3D,
available at http://ajp.amjpathol.org). As a control for com-
pound specificity, SU11274 (2.5 �mol/L) did not inhibit
the robust migration of A549 cells in which Met is not
activated26 (see supplemental Figure 3C, available at
http://ajp.amjpathol.org). These results demonstrate that
the elevated Met phosphorylation in H1993 cells is re-
quired for migration, and the enhanced capacity for mi-
gration in H1993 cells is consistent with our finding that
cells harboring Met activation were enriched in NSCLC
brain metastases.

Discussion

MET amplification has been considered a key parameter
for eligibility for Met inhibitor therapy33,34 and an indicator
of acquired resistance to EGFR TKI therapy.9,10 In our
cohort of EGFR TKI therapy-naïve NSCLC (cohort 1), we
observed increased MET copy number resulting from
polysomy of chromosome 7, rather than focal MET am-
plification, but it was not associated with poor response
to EGFR targeted therapy, similar to previous results in
NSCLC and colorectal cancer.21,27 We instead show that
Met expression and activation (before EGFR TKI treat-
ment) predicted poor response to subsequent EGFR in-
hibitor treatment, despite the presence of EGFR TKI sen-
sitizing mutations. We therefore demonstrate that Met
expression and phosphorylation are relevant parameters
in stratifying EGFR mutation-containing NSCLC patients
for potential Met inhibitor treatment. We further provide a
rationale for this poor response to EGFR TKI in patients
harboring Met activation by showing in vitro that Met
activation in HCC827, HCC4006, and H2935 EGFR mu-
tant cell lines mediates potent resistance to treatment
with EGFR TKI.

Taken together, our cell line and clinical data suggest
a model whereby tumors with extensive Met activation
before EGFR TKI therapy can exhibit primary resistance
to subsequent treatment with EGFR TKI (see supplemen-
tal Figure S4C, available at http://ajp.amjpathol.org). By
contrast, initial disease control (partial response or stable
disease) is predicted in tumors with low levels of Met
activation (see supplemental Figure S4B, available at
http://ajp.amjpathol.org). However, because these Met-
activated tumor cells can presumably proliferate despite
EGFR TKI therapy, initial disease control is then followed
by a relatively short PFS compared with tumors without
Met activation (see supplemental Figure S4, A and B,
available at http://ajp.amjpathol.org). Interestingly, both
Met and T790M mutation12 may be factors in primary
resistance as well as acquired resistance. Whether a
patient exhibits primary versus acquired resistance may
then be related to the percentage of resistant cells (con-
taining either Met activation or T790M mutation12) before
EGFR TKI therapy (see supplemental Figure S4, available
at http://ajp.amjpathol.org). However larger studies will be
required to confirm these relationships.

Although Met expression and activation can be heter-
ogeneous in NSCLC tumors, our IHC analysis with anti-
bodies specific for L858R EGFR and del19 EGFR reveal

that EGFR mutations are primarily homogenous within
tumors. Therefore poor response to EGFR TKI therapy
was not related to a low percentage of EGFR mutant cells
within the tumor but was instead associated with Met
activation. If confirmed in larger cohorts, our results also
suggest that the EGFR mutation-specific and Y1234/35
Met antibodies could identify EGFR mutation-containing
patients harboring Met activation who could potentially
benefit from early intervention with a combination of
EGFR and Met inhibitor therapy.

Finally, we found that the heterogeneous Met expres-
sion, activation, and gene copy gain in primary NSCLC is
significantly enriched in paired brain metastases. An
isogenous pair of cell lines derived from a primary lung
tumor and a paired metastatic lesion also revealed that
Met activation was required for in vitro migration. These
results suggest that the enrichment of Met-activated lung
tumor cells in brain metastases may result from an in-
creased capacity for Met activated primary tumor cells to
migrate and establish metastases.
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