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Abstract
Patients with non–small cell lung cancer (NSCLC) EGFR mutations have shown a dramatic response to EGFR inhibitors (EGFRTKI). EGFR T790M mutation and MET ampliﬁcation have been
recognized as major mechanisms of acquired resistance to EGFRTKI. Therefore, MET inhibitors have recently been used in
NSCLC patients in clinical trials. In this study, we tried to
identify the mechanism of acquired resistance to MET inhibitors. We analyzed the antitumor effects of two MET inhibitors,
PHA-665752 and crizotinib, in 10 NSCLC cell lines. EBC-1
cells with MET ampliﬁcation were the only cells that were
sensitive to both MET inhibitors. We established PHA665752–resistant EBC-1 cells, namely EBC-1R cells. Activation
of KRAS, EGFR, and FGFR2 signaling was observed in EBC-1R
cells by FISH and receptor tyrosine kinase phosphorylation

antibody arrays. EBC-1R cells also showed overexpression of
ATP-binding cassette subfamily B member 1 (ABCB1) as well
as phosphorylation of MET. EBC-1R cells grew as cell spheres
that exhibited cancer stem cell–like (CSC) properties and
epithelial–mesenchymal transition (EMT). The level of miR138 that targeted ABCB1 was decreased in EBC-1R cells. ABCB1
siRNA and the ABCB1 inhibitor elacridar could reduce sphere
numbers and suppress EMT. Elacridar could also reverse resistance to PHA-665752 in EBC-1R cells. Our study demonstrated
that ABCB1 overexpression, which was associated with CSC
properties and EMT, was involved in the acquired resistance to
MET inhibitors. Inhibition of ABCB1 might be a novel therapeutic strategy for NSCLC patients with acquired resistance to
MET inhibitors. Mol Cancer Ther; 14(11); 2433–40. 2015 AACR.

Introduction

EGFR mutation in exon20 T790M, which prevents effective inhibition by EGFR TKIs due to steric hindrance or an increased
binding afﬁnity for ATP (7). An additional 5% to 10% of tumors
from refractory patients undergo MET gene ampliﬁcation, which
causes HER3-dependent activation of the signaling cascade downstream of EGFR despite its inhibition by TKIs (8).
MET is a proto-oncogene that encodes a receptor tyrosine
kinase, c-MET. c-MET is the receptor for hepatocyte growth factor
(HGF). The binding of HGF to c-MET leads to cellular responses,
including cell proliferation, motility, migration, and invasion
(9, 10). In lung cancer, MET can be activated by HGF stimulation
(11). Our recent study demonstrated that MET ampliﬁcation and
gene copy number gains showed a short response to geﬁtinib
treatments in lung adenocarcinoma with EGFR mutation (12).
Recently, MET inhibitors have been administered to NSCLC
patients who are na€ve or resistant to EGFR TKIs in a clinical trial
(13). This phase II study showed that PFS was longer in the group
treated with erlotinib plus the MET inhibitor tivantinib than in the
group treated with erlotinib alone, especially among patients with
KRAS mutations (13). Recent studies showed mechanisms of
resistance to MET inhibitors, including mutation in the MET
activation loop (Y1230), bypassed EGFR activation, and MET
and KRAS gene ampliﬁcation (14, 15). However, the molecular
mechanisms of the acquired resistance to MET inhibitors in
NSCLC are not completely understood.
In this study, we aimed to identify a novel molecular
mechanism for acquired resistance to MET inhibitors and
demonstrate potential therapeutic strategies. We established
MET inhibitor–resistant NSCLC cells (EBC-1R). EBC-1R cells

Lung cancer is the most frequent cause of cancer-related death
in Japan and worldwide (1). Recently, oncogenic driver mutations
in non–small cell lung cancer (NSCLC) patients, such as EGFR
mutation and anaplastic lymphoma kinase gene (ALK) fusion
gene, have been identiﬁed (2–4). Several tyrosine kinase inhibitors (TKI) are currently approved or are under clinical development for the treatment of NSCLC. Our group and others have
recently reported that ﬁrst-line geﬁtinib treatment in advanced
NSCLC patients with EGFR mutations improved progression-free
survival (PFS) in randomized phase III studies (5, 6). Unfortunately, despite this initial and marked response, most NSCLC
patients become resistant to EGFR-TKIs. Two major mechanisms
of acquired resistance to EGFR-TKI were identiﬁed in patients with
NSCLC (7, 8). About half of resistant tumors develop a secondary
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showed overexpression of ATP-binding cassette subfamily B
member 1 (ABCB1) with cancer stem cell (CSC)-like properties
and epithelial–mesenchymal transition (EMT) phenotype.
Inhibition of ABCB1 could overcome the stem cell–like abilities and resistance to MET inhibitors in NSCLC cells. ABCB1
may be a critical and novel therapeutic target for resistance to
MET inhibitors in NSCLC cells.

Materials and Methods
Cell culture
Nine lung adenocarcinoma cell lines (A549, LC-2/ad, PC-9, PC14, ABC-1, HCC-827, NCI-H441, NCI-H1648, and RERF-LC-MS)
and one EBC-1 squamous carcinoma line were used in this study.
A549 and LC-2/ad were obtained from RIKEN Cell Bank. PC-9
and PC-14 were obtained from Immuno-Biological Laboratories.
ABC-1, RERF-LC-MS, and EBC-1 were obtained from the Japanese
Collection of Research Bioresources (Osaka, Japan). HCC-827,
NCI-H441, and NCI-H1648 were obtained from the ATCC. These
cell lines were obtained from 2003 to 2011, ampliﬁed and frozen,
and one aliquot of each was thawed for this project, although no
authentication was done by the authors. All cells were routinely
screened for the absence of mycoplasma. These cell lines were
maintained in RPMI1640 medium (Gibco) or minimum essential
medium eagle supplemented with 10% FBS at 37 C in a humidiﬁed incubator. EBC-1 cells were incubated with increasing concentrations of PHA-665752 by stepwise methods. Cells that
survived incubation with 5 mmol/L PHA665752 were stored for
further analysis and referred to as PHA665752-resistant cells
(EBC-1R).
Drugs and growth inhibition assay
The MET inhibitor PHA-665752 and the ABCB1 inhibitor
elacridar were purchased from Santa Cruz Biotechnologies. The
dual ALK and MET inhibitor crizotinib was obtained from Selleck
Chemicals. To evaluate the sensitivity to PHA-665752 and crizotinib in vitro, cells were plated (5,000 cells/well) in 96-well tissue
culture plates and incubated for 24 hours before being exposed to
different concentrations of PHA-665752 or vehicle (DMSO). The
cells were incubated with various concentrations of PHA-665752
or crizotinib at 37 C for 72 hours. After incubation at 37 C for 72
hours, MTS was added to each well and incubated at 37 C for 2
hours, after which absorbance was measured at a test wavelength
of 450 nm using a microplate reader (Dynatech MR7000, Dynatech). The IC50 value was calculated by SigmaPlot12 (HULINKS,
Inc.). Each experiment was performed independently three times.
The corrected absorbance of each sample was calculated and
compared with that of the untreated control.

nucleotide array analysis was carried out using Affymetrix HGU133A GeneChips (22,282 probe sets), as previously described
(16). We performed human receptor tyrosine kinases (RTK)
phosphorylation antibody arrays including 71 antibodies (RayBiotech, Inc.). Total RNA was also used for hybridization on
miRNA microarray chips containing 768 probes with the TaqMan
Array Human MicroRNA A þ B Cards Set v3.0 (Life Technologies)
on a 7900 Real Time PCR System (Applied Biosystems), as
previously described (19). Ct values were provided from all
miRNAs represented on the cards, and fold changes in expression
were calculated using the DDCt method. Expression levels of
MammU6 on the array card were deﬁned as positive controls for
the purpose of calculation of DDCt.
The microarray data have been deposited in NCBIs Gene
Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/
geo/) and are accessible through GEO Series accession number
GSE66604 (released March 7, 2015).
Real-time quantitative reverse transcription PCR
ABCB1, ABCG2, ALDH1, and CD44 expression levels were
measured by real-time quantitative reverse transcription PCR
(qRT-PCR) using TaqMan Gene Expression Assay (Applied Biosystems). GAPDH was determined as an internal control (Applied
Biosystems). Expression levels of miRNAs were measured using
TaqMan MicroRNA Assay (Applied Biosystems). RNU66 expression level was determined as an internal control (Applied Biosystems). Gene and miRNA expression were quantiﬁed as 2DDCt
value (20).
Ologonucleotide transfection
The miR-374a and miR-138 mimics (miR-374a mimic and
miR-138 mimic) and their negative control were synthesized by
Ambion. All precursors were treated with Lipofectamine 2000
transfection reagent 24 hours after seeding, according to the
manufacturer's instructions (Life Technologies). The precursor
complexes were transfected into cells at a ﬁnal concentration of
40 nmol/L.
FISH
Gene copy numbers (GCN) and ampliﬁcation of cMET,
KRAS, and EGFR genes were examined by FISH. Tissue sections were then hybridized with cMET, KRAS, EGFR, CEP7,
CEP12, and D7Z1 probes (LSI Chemical Medience Corporation). Numbers of ﬂuorescence signals were counted independently by two investigators under an Axio Vision microscope
(Carl Zeiss).

Western blot analysis
Cells were lysed in buffer containing 50 mmol/L Tris–HCl, pH
7.6, 150 mmol/L NaCl, 0.1% SDS, 1% Nonidet P-40, and 0.5%
sodium deoxycholate. Western blot analysis was performed as
previously described (16). ABCB1, KRAS, and vimentin antibodies were obtained from Santa Cruz Biotechnologies. MET, pMET, AKT, p-AKT, p-MEK, EGFR, p-EGFR, and E-cadherin antibodies were purchased from Cell Signaling Technology. b-Actin
was obtained from Sigma Aldrich.

Sphere formation assays in serum-free culture
A total of 1.25  104 cells were plated in 24-well plates with
Ultra-Low Attachment surface (Corning Inc.), and cultured in
serum-free minimum essential medium Eagle (Sigma-Aldrich)
with 20 ng/mL EGF and 10 ng/mL basic ﬁbroblast growth factor
(Sigma-Aldrich). The numbers of spheres exceeding 150 mm in
diameter in each well were counted under a microscope after 14
days of culturing.

RNA extraction and microarray analysis
Total RNA was extracted using TRIzol reagent (Invitrogen) from
frozen cells as previously described (17, 18). High-density oligo-

Statistical analysis
Data were expressed as mean (SD) of three independent
experiments and evaluated with the Student t test.
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Results
Effect of MET inhibitors on NSCLC cell lines and establishment
of PHA-665752–resistant NSCLC cells
We ﬁrst evaluated the antitumor effects of PHA-665752 and
crizotinib in 10 NSCLC cell lines. On the basis of the IC50 by
growth-inhibitory assays, only EBC-1 cells were sensitive (IC50 <
0.1 mmol/L) to both MET inhibitors (Table 1). The EBC-1 cell line
had been established from a metastatic skin tumor of a patient
with lung squamous cell cancer by Watanabe Y in Okayama
University in 1985. EBC-1 cells have been reported to contain
genomic ampliﬁcation of MET (21). We evaluated protein expression levels of MET and EGFR signal pathway molecules in the 10
NSCLC cell lines by Western blot analysis (Fig. 1A). Total MET
protein expression was increased in EBC-1, NCI-H1648, and two
EGFR-mutant cell lines (PC-9 and HCC-827). MET phosphorylation (p-MET) was enhanced in only EBC-1 cells. MET protein
expression status was also evaluated in 6 additional squamous cell
carcinoma cell lines. EBC-1 was the only cell line that had elevated
levels of both p-MET and MET among 7 squamous cell carcinoma
cell lines (Supplementary Fig. S1). PHA-665752 reduced the level
of p-MET in EBC-1 cells in a time-dependent manner (Fig. 1B).
Next, we established PHA-665752–resistant EBC-1R cells from
EBC-1 cells by the stepwise method. After 3 months' selection, we
established EBC-1R cells (Fig. 1C). EBC-1R cells showed resistance
to PHA-665752 with an IC50 of 5 mmol/L, which is an approximately 160-fold increase over the IC50 of the parental EBC-1 cells
(Fig. 1C). EBC-1R cells were further maintained without PHA665752 exposure for one month. The IC50 value of the EBC-1R
cells without PHA-665752 exposure was still more than 1 mmol/L.
We next evaluated the protein expression of downstream
molecules in the MET and EGFR pathways in EBC-1R cells.
Increased levels of p-MET, MET, KRAS, and AKT phosphorylation
(p-AKT) were observed in EBC-1R cells by Western blotting (Fig.
1D). FISH analysis of MET, KRAS, and EGFR genes was performed
to examine the mechanism of overexpression of these proteins.
MET gene copy number gain was not increased in EBC-1R cells;
however, increased copy number gains of KRAS and EGFR genes
were observed in EBC-1R cells (Supplementary Table S1).
To further clarify the signaling mechanism associated with
sensitivity to PHA-665752, RTKs phosphorylation expression
proﬁles were investigated in the same set of 10 NSCLC cell lines.
The phosphorylation status of four RTKs associated with PHA665752 sensitivity is shown in Table 2 (fold change of >1.5 and
<0.5). Phosphorylation of FGFR1 and FGFR2 was enhanced in
EBC-1R cells. We conﬁrmed upregulation of FGFR2 gene expression in EBC-1R cells by qRT-PCR analysis (Fig. 1E). We also
examined the effect of the FGFR-inhibitor, nintedanib, on the
drug sensitivity to PHA-665752 in EBC-1 and EBC-1R cells.
Nintedanib combined with PHA-665752 did not have an effect

on drug-sensitive EBC-1 cells (Supplementary Fig. S2A). In contrast, nintedanib could reverse the resistance to PHA-665752 in
EBC-1R cells with overexpressed FGFR2 (Supplementary Fig.
S2B). FGFR2 might contribute to the resistance to PHA665752, probably by bypassing pathway activation (22). These
ﬁndings suggested that activation of KRAS as a downstream
molecule of MET and activation of EGFR and FGFR2 signaling
by a MET-independent bypass pathway are partially involved in
the resistance to PHA-665752.
Overexpressed ABCB1 in EBC-1R cells with stem cell–like
properties and EMT
To identify genes associated with resistance to PHA-665752 in
EBC-1R cells, gene expression proﬁles were studied in the parental
EBC-1 and EBC-1R cells by cDNA microarrays. The gene encoding
ABCB1 (ATP-binding cassette transporter belonging to subfamily
B member 1), which belongs to the ATP-binding cassette transporter family, was among the most upregulated genes in EBC-1R
cells (Table 2). ABCB1 has recently been reported to be associated
with CSC-like properties (23). We conﬁrmed that the ABCB1 gene
was signiﬁcantly overexpressed in EBC-1R cells by qRT-PCR
analysis (Fig. 2A). To conﬁrm the robustness of ABCB1 overexpression in EBC-1R cells, cloned EBC-1R cells derived from a
single cell by limiting dilution were used. Three independent
clones also showed ABCB1 overexpression by qRT-PCR analysis
(Supplementary Fig. S3). Genes encoding other stem cell–related
markers, ABCG2 and CD44 genes, were slightly upregulated in
EBC-1R cells (Fig. 2A). We next evaluated sphere formation
activities of EBC-1R cells to conﬁrm CSC-like properties. We
found that EBC-1R cells grew as cell spheres (Fig. 2B). The
presence of CSC-like properties was closely related to EMT
(23). Therefore, we evaluated the expression levels of EMT markers in EBC-1R cells. The level of mesenchymal cell marker
vimentin was increased in EBC-1R cells, resulting in the EMT
phenotype (Fig. 2C). These ﬁndings showed that EBC-1R cells
exhibited CSC-like properties and EMT.
miRNAs associated with drug sensitivity to PHA-665752
miRNAs, small noncoding RNAs that act as posttranscriptional
regulators of gene expression, are involved in cancer progression
and drug resistance (24–26). To identify the miRNAs that were
altered in EBC-1R cells, miRNA expression proﬁling was performed. Twenty-three miRNAs were downregulated in EBC-1R
cells (<0.5 fold changes; Supplementary Table S2). We next
proceeded to identify potential targets using Target Scan 5.2
(http://www. targetscan.org/), a comprehensive resource of
miRNA target predictions and expression proﬁles. We found that
miR-10b, miR-130b, and miR-15a commonly target MET. KRAS
could be predicted as a target of miR-504 and miR-135b. FGFR2

Table 1. IC50 values in 10 NSCLC cell lines responding to PHA665752 and crizotinib
Cell lines
Pathology
PHA665752
IC50 (mmol/L)
Crizotinib
IC50 (mmol/L)
MET ampliﬁcation
KRAS mutation
EGFR mutation

EBC-1
SQ
0.03

A549
AC
3.5

LC-2/ad
AC
3.7

PC-9
AC
3.9

PC-14
AC
4.6

HCC827
AC
9.4

NCI-H441
AC
17.7

NCI-H1648
AC
20.5

ABC-1
AC
33.8

RERF-LC-MS
AC
100

<0.01

24

4.1

3.8

26.7

19.9

12.1

19.6

20

27.9

þ




þ



þ




þ







þ

þ
þ


þ












Abbreviations: AC, adenocarcinoma; SQ, squamous cell carcinoma.
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A

B
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LC-MS
PHA665752
IC50 (mmol/L)
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1

10
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1
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0
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Cell viability (% of control)
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4
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3
2.5
2
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1
0.5
0

P = 0.02
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EBC-1R

PHA-665752 (μmol/L)

Figure 1.
Protein levels of molecules in the MET and EGFR signal pathways in 10 NSCLC cell lines and establishment of PHA-665752–resistant NSCLC cells. A, protein levels of pMET, MET, KRAS, p-EGFR, EGFR, p-AKT, and AKT were examined by Western blot analysis. Signiﬁcantly higher levels of p-MET and MET were found in
EBC-1 cells. B, protein levels of p-MET and MET in EBC-1 cells after treatment with PHA-66575 (0.03 mmol/L) from 24 to 48 hours. The p-MET level signiﬁcantly
decreased after PHA-665752 treatment in a time-dependent manner. C, PHA-665752–resistant EBC-1 cells (EBC-1R). EBC-1R cells are resistant to PHA-665752 with
an IC50 of 5.0 mmol/L, which represents an approximately160-fold increase compared with the IC50 of the parental EBC-1 cells. Data, mean  SD from three
independent experiments. D, high protein levels of p-MET, MET, KRAS, and p-AKT in EBC-1R cells. E, FGFR2 gene was overexpressed in EBC-1R cells on qRT-PCR.

could be predicted as a target of miR-125. Furthermore, ABCB1
could be predicted as a target of miR-374a by Target Scan and was
previously reported as a target of miR-138 (27). We conﬁrmed
downregulation of miR-374a, miR-138, and miR-125 in EBC-1R
cells by qRT-PCR (Fig. 3A). We next examined whether overexpression of miR-374a and miR-138 using miRNA mimics
reduced the level of ABCB1. Treatment with miR-138 mimic
downregulated the protein expression of ABCB1, resulting in
increased E-cadherin and reduced vimentin in EBC-1 cells on
Western blot analyses (Fig. 3B and C). However, overexpression of
miR-374a did not result in these changes (Fig. 3B and C). These
ﬁndings suggested that expression of miR-138 consequently
played a key role in the resistance to PHA-665752 by targeting
ABCB1 in NSCLC cells.
Downregulation of ABCB1 reverses resistance to MET
inhibitors
Finally, we evaluated whether ABCB1 inhibition restores the
CSC and EMT abilities, resulting in sensitivity to PHA-665752 in
EBC-1R cells. ABCB1-siRNA could successfully inhibit ABCB1
expression in EBC-1R cells, resulting in induction of E-cadherin
(Fig. 4A). We also found that oncosphere numbers were significantly decreased after treatment with siABCB1 (Fig. 4B). Next, we
examined the effect of ABCB1 inhibitor elacridar on the CSCproperty and EMT phenomenon in EBC-1R cells. ABCB1 protein

2436 Mol Cancer Ther; 14(11) November 2015

expression was knocked down by elacridar at a concentration of
more than 0.5 mmol/L (Fig. 4C). Elacridar increased E-cadherin
expression and reduced vimentin expression (Fig. 4C). Oncosphere numbers were signiﬁcantly decreased after elacridar treatment of EBC-1R cells (Fig. 4D). We evaluated the effect of elacridar
combined with PHA-665752 on the p-MET level. The p-MET was
completely inhibited by treatment of elacridar with PHA-665752
(Fig. 4E). Furthermore, we evaluated whether elacridar could
reverse the resistance of EBC-1R cells to PHA-665752. EBC-1 cells
showed no ABCB1 expression; therefore, elacridar combined with
PHA-665752 did not have an effect on drug-sensitive EBC-1 cells
(Fig. 4F). In contrast, elacridar could suppress the CSC abilities
and EMT, resulting in overcoming the resistance to MET inhibitors
in EBC-1R cells (Fig. 4G). These results suggest that ABCB1
overexpression, which was associated with CSC and EMT, was
mainly involved in the resistance to PHA-665752, and inhibition
of ABCB1 is a novel therapeutic strategy for overcoming the
resistance of NSCLC cells to MET inhibitors.
ABCB1 overexpression was involved in cancer progression in
squamous cell carcinoma patients
We further investigated the relationship between ABCB1 protein expression and tumor progression of squamous cell carcinoma. ABCB1 expression was not found in any of the 7 squamous
cell carcinoma cell lines (Supplementary Fig. S1). We also
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Table 2. Differentially expressed genes and genes encoding RTKs between EBC-1 and EBC-1R cells
Gene
EBC-1R/EBC-1
Fold change
Gene
ABCB1
Up
155
PRSS2
TMEM45A
Up
10
CALB2
AKR1C2
Up
10
FST
HMOX1
Up
9.7
ENPP1
CCDC80
Up
8.3
ETV1
ABI3BP
Up
7.4
Let-7a2
CCL2
Up
7.1
PLXNA4
LCN2
Up
7.0
SLC14A1
IL6
Up
6.9
BLID
CROT
Up
6.4
DUSP6

EBC-1R/EBC-1
Down
Down
Down
Down
Down
Down
Down
Down
Down
Down

Fold change
0.13
0.14
0.14
0.17
0.17
0.17
0.18
0.19
0.19
0.19

RTK
FGFR2
FGFR1

EBC-1R/EBC-1
Down
Down

Fold change
0.4
0.3

EBC-1R/EBC-1
Up
Up

RTK
ROR2
MCSF2

Fold change
2.7
1.6

NOTE: Gene expression proﬁles were studied by cDNA microarrays. The expression of RTKs was studied by RTK arrays.
Abbreviations: Down, gene downregulated in EBC-1R cell line; up, gene upregulated in EBC-1R cell line.

ABCB1
8,000

*

P = 0.03

6,000
4,000
2,000
0

MET gene activation is involved in resistance to anticancer
agents, including EGFR-TKI, in NSCLC (8). MET ampliﬁcation
causes resistance to geﬁtinib by driving ERBB3-dependent activation of PI3K (8). Therefore, several MET inhibitors have been
administered to EGFR-TKI–na€ve or resistant NSCLC patients in
clinical trials (13, 28). PFS was longer in the group treated with the
MET inhibitor tivantinib combined with erlotinib than in the
group treated with erlotinib alone in a phase II study (13).
Another phase II trial showed that MET-positive NSCLC patients

ABCG2
3
2
1
0

EBC-1 EBC-1R
Figure 2.
EBC-1R cells exhibit both CSC-like
properties and EMT features. A,
ABCB1, ABCG2, and CD44 gene
expression levels in EBC-1 and EBC-1R
cells by qRT-PCR. The ABCB1 level was
signiﬁcantly higher in EBC-1R cells
than in EBC-1 cells. B, EBC-1R cells
acquired high ability to form spheres in
suspension culture in the sphere
formation assay. C, the levels of ABCB1
and mesenchymal marker vimentin
were increased in EBC-1R cells on
Western blot analysis.
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evaluated ABCB1 protein expression in 50 squamous cell carcinoma patients with stage I or III by immunohistochemical analysis (Supplementary Fig. S4). No specimens were observed to be
positive for ABCB1 in 32 stage I squamous cell carcinoma patients
(Supplementary Table S3). On the other hand, 6 (33%) of 18
squamous cell carcinoma patients with stage III were positive for
ABCB1 (Supplementary Table S3). These results support that
ABCB1 expression was involved in tumor progression and metastasis as well as drug resistance in squamous cell carcinoma
patients.
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Figure 3.
miR-138 was involved in the resistance of EBC-1 cells to PHA-665752. A, expression of miR-374a, miR-138, and miR-125b was decreased in EBC-1R cells on qRT-PCR. B,
miR-374a or miR-138 was overexpressed after treatment with miR-374a mimic or miR-138 mimic, respectively, in EBC-1R cells from 24 to 72 hours on
qRT-PCR. C, treatment of EBC-1R cells with miR-138 mimic reduced ABCB1 expression, resulting in increased E-cadherin and decreased vimentin
expression on Western blotting.

by IHC showed signiﬁcantly longer PFS and OS by treatment with
MET monoclonal antibody onartuzumab (28). Therefore, MET
inhibitors may be attractive for treating NSCLC patients with
overexpressed MET. Understanding the mechanism of resistance
to MET inhibitors may have a clinical beneﬁt for NSCLC patients
receiving MET inhibitors.
In this study, we established a MET inhibitor PHA-665752–
resistant-EBC-1R cell line from the parental EBC-1 cell line. We
found several acquired resistant mechanisms to MET inhibitors
using EBC-1R cells. KRAS, EGFR, and FGFR2 activation were
observed in EBC-1R cells. A previous study already reported that
KRAS gene ampliﬁcation was observed using the same EBC-1 cells
as a mechanism of resistance to PHA-665752 (15). KRAS ampliﬁcation may be involved in the acquired resistance to PHA665752 as KRAS is a downstream molecule of MET. Activation
of p-EGFR bypassing the need for MET signaling was observed in
PHA-665752–resistant cells (14, 15). FGFR signaling alteration
has been reported in several human cancers (29). EGFR and
FGFR2 activation may have contributed to the resistance to
PHA-665752 by a MET-independent bypass pathway in this
study.
We ultimately identiﬁed that ABCB1 overexpression in EBC1R cells was mainly involved in the acquired resistance to MET
inhibitors. ABCB1 belongs to the ATP-binding cassette transporters that use the energy of ATP hydrolysis to transport
substrates across cell membranes, and ABCB1 overexpression
results in diminished efﬁcacy of anticancer drugs (30). Previous studies reported that increased ABCB1 conferred resistance
to chemotherapeutic agents in several cancers (31–33). ABCB1
is also closely correlated with CSC-like properties and is one of
the CSC markers (23). Cells with CSC-like properties, which
are characterized by the capacity for pluripotency and selfrenewal, have been attracting interest as a source of cancer cells
(34). The signiﬁcance of CSC-like properties has been reported
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in NSCLC (35, 36). EGFR-mutant NSCLC cells exhibited CSClike properties with EMT after the failure of geﬁtinib treatments
(23). We found that EBC-1R cells showed high levels of sphere
formation and EMT phenotype. The appearance of CSC-like
properties, which is associated with ABCB1 activation, may
be an important mechanism of acquired resistance to MET
inhibitors.
The ABCB1 inhibitor elacridar was initially developed as a
multidrug reversal agent to restore sensitivity to chemotherapeutic agents in multidrug–resistant tumor cells (37). Elacridar
inhibited ABCG2 as well as ABCB1 and has been used in preclinical and clinical settings (38, 39). Elacridar can also signiﬁcantly
increase plasma pharmacokinetics and brain distribution of several drugs, including dasatinib (40), geﬁtinib (41), and sunitinib
(42). In this study, ABCB1 knockdown reduced the numbers of
oncospheres and suppressed EMT features in EBC-1R cells. Elacridar also reversed the acquired resistance to PHA-665752 in
EBC-1R cells. These ﬁndings suggest that ABCB1 overexpression,
which is associated with CSC-like property and EMT features, is a
critical mechanism of acquired resistance to MET inhibitors.
Therefore, ABCB1 inhibition targeting the subpopulation with
CSC-like property may be an attractive approach to resensitize
MET inhibitor–resistant NSCLC cells to MET inhibitors. In addition, ABCB1 inhibitors may increase the concentration of MET
inhibitors in EBC-1R cells, resulting in the possibility of reduced
cell viability. Some portion of NSCLC cells with acquired resistance to EGFR-TKI exhibited CSC-like properties with EMT. The
combination of driver gene mutation inhibitor and ABCB1 inhibition targeting CSC-like property may be an attractive strategy to
NSCLC with driver gene mutation.
We found that ABCB1 expression was regulated by miR-138.
miR-138 was reported to act as a tumor suppresser and serve as
a therapeutic target in head and neck squamous cell carcinoma
patients (43) and be involved in regulation of ABCB1
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Figure 4.
ABCB1 inhibition overcomes the resistance to PHA-665752 in EBC-1R cells. A, RNA interference targeted to ABCB1 resulted in marked downregulation of
ABCB1 protein expression. ABCB1-siRNA increased the expression of E-cadherin from 24 to 48 hours. B, ABCB1-siRNA decreased oncosphere numbers in
EBC-1R cells. C, ABCB1 inhibitor elacridar was administered to EBC-1R cells at a concentration of 0, 0.5, or 1.0 mmol/L for 72 hours. ABCB1 expression was suppressed
by elacridar at a concentration of 0.5 mmol/L. Elacridar reduced the expression of vimentin and increased the expression of E-cadherin. D, treatment with
elacridar reduced oncosphere numbers. E, treatment with elacridar combined with PHA-665752 completely inhibits p-MET in EBC-1R cells. F, EBC-1 cells were
incubated with various concentrations of PHA-665752 with or without 0.5 mmol/L elacridar for 72 hours. G, EBC-1R cells were incubated with various concentrations
of PHA-665752 with or without 0.5 mmol/L elacridar for 72 hours. Each result is expressed as cell viability in the treated samples compared with the
non–PHA-665752–treated sample (100%). Data, mean  SD from three independent experiments.

transcription (27). Therapy targeting miR-138 may be a therapeutic approach to inhibit ABCB1 in NSCLC cells.
In conclusion, ABCB1 overexpression, which was associated
with CSC-like properties and EMT, may be a critical mechanism of
the acquired resistance of NSCLC cells to MET inhibitors. Our
study demonstrated that ABCB1 inhibition might be a novel
therapeutic strategy to overcome the resistance of NSCLC cells
to MET inhibitors.

Disclosure of Potential Conﬂicts of Interest
A. Gemma reports receiving a commercial research grant from Pﬁzer and has
received speakers bureau honoraria from Pﬁzer. No potential conﬂicts of
interest were disclosed by the other authors.

Authors' Contributions
Conception and design: T. Sugano, M. Seike, R. Noro, A. Gemma
Development of methodology: T. Sugano, R. Noro
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): T. Sugano, S. Nakamichi
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): T. Sugano, M. Seike, R. Noro

Writing, review, and/or revision of the manuscript: T. Sugano, M. Seike,
A. Miyanaga, A. Gemma
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): T. Sugano, C. Soeno, M. Chiba, F. Zou,
N. Nishijima, M. Matsumoto
Study supervision: M. Seike, K. Kubota, A. Gemma

Acknowledgments
The authors thank K. Matsuda of Nippon Medical School for technical
assistance.

Grant Support
This study was supported in part by a grant-in-aid from the Ministry of
Education, Culture, Sports, Science, and Technology of Japan (grant 24591179
to M. Seike; grant 25461172 to A. Gemma), Clinical Rebiopsy Bank Project for
Comprehensive Cancer Therapy Development (to M. Seike. and A. Gemma),
and the Smoking Research Foundation (to A. Gemma).
The costs of publication of this article were defrayed in part by the payment of
page charges. This article must therefore be hereby marked advertisement in
accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
Received January 18, 2015; revised August 13, 2015; accepted August 21,
2015; published OnlineFirst September 8, 2015.

References
1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global cancer
statistics. CA Cancer J Clin 2011;61:69–90.
2. Lynch TJ, Bell DW, Sordella R, Gurubhagavatula S, Okimoto RA, Brannigan
BW, et al. Activating mutations in the epidermal growth factor receptor
underlying responsiveness of non-small-cell lung cancer to geﬁtinib. N
Engl J Med 2004;350:2129–39.

www.aacrjournals.org

3. Paez JG, Janne PA, Lee JC, Tracy S, Greulich H, Gabriel S, et al. EGFR
mutations in lung cancer: correlation with clinical response to geﬁtinib
therapy. Science 2004;304:1497–500.
4. Soda M, Choi YL, Enomoto M, Takada S, Yamashita Y, Ishikawa S, et al.
Identiﬁcation of the transforming EML4-ALK fusion gene in non-small-cell
lung cancer. Nature 2007;448:561–6.

Mol Cancer Ther; 14(11) November 2015

Downloaded from mct.aacrjournals.org on June 17, 2021. © 2015 American Association for Cancer Research.

2439

Published OnlineFirst September 8, 2015; DOI: 10.1158/1535-7163.MCT-15-0050

Sugano et al.

5. Mitsudomi T, Morita S, Yatabe Y, Negoro S, Okamoto I, Tsurutani J, et al.
Geﬁtinib versus cisplatin plus docetaxel in patients with non-small-cell
lung cancer harbouring mutations of the epidermal growth factor receptor
(WJTOG3405): an open label, randomised phase 3 trial. Lancet Oncol
2010;11:121–8.
6. Maemondo M, Inoue A, Kobayashi K, Sugawara S, Oizumi S, Isobe H, et al.
Geﬁtinib or chemotherapy for non-small-cell lung cancer with mutated
EGFR. N Engl J Med 2010;362:2380–8.
7. Kobayashi S, Boggon TJ, Dayaram T, Janne PA, Kocher O, Meyerson M, et al.
EGFR mutation and resistance of non-small-cell lung cancer to geﬁtinib.
N Engl J Med 2005;352:786–92.
8. Engelman JA, Zejnullahu K, Mitsudomi T, Song Y, Hyland C, Park JO, et al.
MET ampliﬁcation leads to geﬁtinib resistance in lung cancer by activating
ERBB3 signaling. Science 2007;316:1039–43.
9. Porter J. Small molecule c-Met kinase inhibitors: a review of recent patents.
Expert Opin Ther Pat 2010;20:159–77.
10. Birchmeier C, Birchmeier W, Gherardi E, Vande Woude GF. Met,
metastasis, motility and more. Nat Rev Mol Cell Biol 2003;4:
915–25.
11. Yano S, Wang W, Li Q, Matsumoto K, Sakurama H, Nakamura T, et al.
Hepatocyte growth factor induces geﬁtinib resistance of lung adenocarcinoma with epidermal growth factor receptor-activating mutations. Cancer
Res 2008;68:9479–87.
12. Noro R, Seike M, Zou F, Soeno C, Matsuda K, Sugano T, et al. MET FISHpositive status predicts short progression-free survival and overall survival
after geﬁtinib treatment in lung adenocarcinoma with EGFR mutation.
BMC Cancer 2015;15:31.
13. Sequist LV, von Pawel J, Garmey EG, Akerley WL, Brugger W, Ferrari D, et al.
Randomized phase II study of erlotinib plus tivantinib versus erlotinib plus
placebo in previously treated non-small-cell lung cancer. J Clin Oncol
2011;29:3307–15.
14. Qi J, McTigue MA, Rogers A, Lifshits E, Christensen JG, Janne PA, et al.
Multiple mutations and bypass mechanisms can contribute to development of acquired resistance to MET inhibitors. Cancer Res 2011;
71:1081–91.
15. Cepero V, Sierra JR, Corso S, Ghiso E, Casorzo L, Perera T, et al. MET and
KRAS gene ampliﬁcation mediates acquired resistance to MET tyrosine
kinase inhibitors. Cancer Res 2010;70:7580–90.
16. Shimokawa T, Seike M, Soeno C, Uesaka H, Miyanaga A, Mizutani H, et al.
Enzastaurin has anti-tumour effects in lung cancers with overexpressed JAK
pathway molecules. Br J Cancer 2012;106:867–75.
17. Seike M, Yanaihara N, Bowman ED, Zanetti KA, Budhu A, Kumamoto K,
et al. Use of a cytokine gene expression signature in lung adenocarcinoma
and the surrounding tissue as a prognostic classiﬁer. J Natl Cancer Inst
2007;99:1257–69.
18. Seike M, Goto A, Okano T, Bowman ED, Schetter AJ, Horikawa I, et al. MiR21 is an EGFR-regulated anti-apoptotic factor in lung cancer in neversmokers. Proc Natl Acad Sci U S A 2009;106:12085–90.
19. Kitamura K, Seike M, Okano T, Matsuda K, Miyanaga A, Mizutani H,
et al. MiR-134/487b/655 cluster regulates TGF-beta-induced epithelial-mesenchymal transition and drug resistance to geﬁtinib by targeting MAGI2 in lung adenocarcinoma cells. Mol Cancer Ther 2014;
13:444–53.
20. Bustin SA. Absolute quantiﬁcation of mRNA using real-time reverse transcription polymerase chain reaction assays. J Mol Endocrinol 2000;25:
169–93.
21. Lutterbach B, Zeng Q, Davis LJ, Hatch H, Hang G, Kohl NE, et al. Lung
cancer cell lines harboring MET gene ampliﬁcation are dependent on Met
for growth and survival. Cancer Res 2007;67:2081–8.
22. Turner N, Grose R. Fibroblast growth factor signalling: from development
to cancer. Nat Rev Cancer 2010;10:116–29.

2440 Mol Cancer Ther; 14(11) November 2015

23. Shien K, Toyooka S, Yamamoto H, Soh J, Jida M, Thu KL, et al. Acquired
resistance to EGFR inhibitors is associated with a manifestation of stem
cell-like properties in cancer cells. Cancer Res 2013;73:3051–61.
24. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function.
Cell 2004;116:281–97.
25. Calin GA, Croce CM. MicroRNA signatures in human cancers. Nat Rev
Cancer 2006;6:857–66.
26. Volinia S, Calin GA, Liu CG, Ambs S, Cimmino A, Petrocca F, et al. A
microRNA expression signature of human solid tumors deﬁnes cancer gene
targets. Proc Natl Acad Sci U S A 2006;103:2257–61.
27. Zhao X, Yang L, Hu J, Ruan J. miR-138 might reverse multidrug resistance of
leukemia cells. Leuk Res 2010;34:1078–82.
28. Spigel DR, Ervin TJ, Ramlau RA, Daniel DB, Goldschmidt JH Jr., Blumenschein GR Jr., et al. Randomized phase II trial of Onartuzumab in
combination with erlotinib in patients with advanced non-small-cell lung
cancer. J Clin Oncol 2013;31:4105–14.
29. Katoh M. Cancer genomics and genetics of FGFR2 (Review). Int J Oncol
2008;33:233–7.
30. Sharom FJ. ABC multidrug transporters: structure, function and role in
chemoresistance. Pharmacogenomics 2008;9:105–27.
31. O'Neill AJ, Prencipe M, Dowling C, Fan Y, Mulrane L, Gallagher WM, et al.
Characterisation and manipulation of docetaxel resistant prostate cancer
cell lines. Mol Cancer 2011;10:126.
32. Szakacs G, Paterson JK, Ludwig JA, Booth-Genthe C, Gottesman MM.
Targeting multidrug resistance in cancer. Nat Rev Drug Discov 2006;5:
219–34.
33. Zhu Y, Liu C, Nadiminty N, Lou W, Tummala R, Evans CP, et al. Inhibition
of ABCB1 expression overcomes acquired docetaxel resistance in prostate
cancer. Mol Cancer Ther 2013;12:1829–36.
34. Reya T, Morrison SJ, Clarke MF, Weissman IL. Stem cells, cancer, and cancer
stem cells. Nature 2001;414:105–11.
35. Eramo A, Lotti F, Sette G, Pilozzi E, Biffoni M, Di Virgilio A, et al.
Identiﬁcation and expansion of the tumorigenic lung cancer stem cell
population. Cell Death Differ 2008;15:504–14.
36. Berns A. Stem cells for lung cancer? Cell 2005;121:811–3.
37. Hyaﬁl F, Vergely C, Du Vignaud P, Grand-Perret T. In vitro and in vivo
reversal of multidrug resistance by GF120918, an acridonecarboxamide
derivative. Cancer Res 1993;53:4595–602.
38. Kuppens IE, Witteveen EO, Jewell RC, Radema SA, Paul EM, Mangum SG,
et al. A phase I, randomized, open-label, parallel-cohort, dose-ﬁnding
study of elacridar (GF120918) and oral topotecan in cancer patients. Clin
Cancer Res 2007;13:3276–85.
39. Planting AS, Sonneveld P, van der Gaast A, Sparreboom A, van der Burg ME,
Luyten GP, et al. A phase I and pharmacologic study of the MDR converter
GF120918 in combination with doxorubicin in patients with advanced
solid tumors. Cancer Chemother Pharmacol 2005;55:91–9.
40. Lagas JS, van Waterschoot RA, van Tilburg VA, Hillebrand MJ, Lankheet N,
Rosing H, et al. Brain accumulation of dasatinib is restricted by P-glycoprotein (ABCB1) and breast cancer resistance protein (ABCG2) and can be
enhanced by elacridar treatment. Clin Cancer Res 2009;15:2344–51.
41. Agarwal S, Sane R, Gallardo JL, Ohlfest JR, Elmquist WF. Distribution of
geﬁtinib to the brain is limited by P-glycoprotein (ABCB1) and breast
cancer resistance protein (ABCG2)-mediated active efﬂux. J Pharmacol Exp
Ther 2010;334:147–55.
42. Tang SC, Lagas JS, Lankheet NA, Poller B, Hillebrand MJ, Rosing H, et al.
Brain accumulation of sunitinib is restricted by P-glycoprotein (ABCB1)
and breast cancer resistance protein (ABCG2) and can be enhanced by oral
elacridar and sunitinib coadministration. Int J Cancer 2012;130:223–33.
43. Liu X, Jiang L, Wang A, Yu J, Shi F, Zhou X. MicroRNA-138 suppresses
invasion and promotes apoptosis in head and neck squamous cell carcinoma cell lines. Cancer Lett 2009;286:217–22.

Molecular Cancer Therapeutics

Downloaded from mct.aacrjournals.org on June 17, 2021. © 2015 American Association for Cancer Research.

Published OnlineFirst September 8, 2015; DOI: 10.1158/1535-7163.MCT-15-0050

Inhibition of ABCB1 Overcomes Cancer Stem Cell−like Properties
and Acquired Resistance to MET Inhibitors in Non−Small Cell Lung
Cancer
Teppei Sugano, Masahiro Seike, Rintaro Noro, et al.
Mol Cancer Ther 2015;14:2433-2440. Published OnlineFirst September 8, 2015.

Updated version
Supplementary
Material

Cited articles
Citing articles

E-mail alerts
Reprints and
Subscriptions
Permissions

Access the most recent version of this article at:
doi:10.1158/1535-7163.MCT-15-0050
Access the most recent supplemental material at:
http://mct.aacrjournals.org/content/suppl/2015/09/05/1535-7163.MCT-15-0050.DC1

This article cites 43 articles, 18 of which you can access for free at:
http://mct.aacrjournals.org/content/14/11/2433.full#ref-list-1
This article has been cited by 1 HighWire-hosted articles. Access the articles at:
http://mct.aacrjournals.org/content/14/11/2433.full#related-urls

Sign up to receive free email-alerts related to this article or journal.
To order reprints of this article or to subscribe to the journal, contact the AACR Publications Department at
pubs@aacr.org.
To request permission to re-use all or part of this article, use this link
http://mct.aacrjournals.org/content/14/11/2433.
Click on "Request Permissions" which will take you to the Copyright Clearance Center's (CCC)
Rightslink site.

Downloaded from mct.aacrjournals.org on June 17, 2021. © 2015 American Association for Cancer Research.

