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Malignant pleural mesothelioma (MPM) is an aggressive neoplasm
associated with asbestos exposure. Although expression and activa-
tion of receptor tyrosine kinases (RTKs), includingMET, have been
reported in most MPM, specific RTK inhibitors showed less than
the expected response inMPM cells. To determine whether the lack
of response of MET inhibitors was due to cooperation with other
RTKs, we determined activation status of MET and other RTKs,
including epidermal growth factor receptor (EGFR) family of 20
MPM cell lines, and tested whether dual RTK inhibition is an
effective therapeutic strategy. We detected MET upregulation
and phosphorylation (thus indicating activation) in 14 (70%) and
13 (65%) cell lines, but treatment with MET-specific inhibitors
showed weak or modest effect of suppression in most of the cell
lines. Phospho-RTK array analysis revealed that MET was simul-
taneously activated with other RTKs, including EGFR, ErbB2,
ErbB3 and platelet-derived growth factor receptor-b. Combina-
tion of MET and EGFR inhibitors triggered stronger inhibition
on cell proliferation and invasion of MPM cells than that of each
in vitro. These results indicated that coactivation of RTKs was
essential in mesothelioma cell proliferation and/or survival, thus
suggesting that simultaneous inhibition of RTKs may be a more
effective strategy for the development of molecular target therapy
for MPM.

Introduction

Malignant pleural mesothelioma (MPM) is a highly aggressive neoplasm
arising from mesothelial cells of the pleural cavity (1–4). There is often
a long latent period between exposure to asbestos and clinical presen-
tation. However, once the disease overtly presents, the clinical course of
the patients is usually very rapid. Since MPM is resistant to conventional
multimodal therapies, the prognosis of the patients with advanced stages
is poor, with a median survival of 11–12 months after diagnosis (5,6).
Hence, new approaches of the treatment of MPM are urgently needed.

Dysregulated activation of receptor tyrosine kinases (RTKs) plays
a key role in tumorigenesis and progression in a variety of human

malignancies (7,8). A specific RTK that is activated in tumor cells is
a potential therapeutic target, and EGFR tyrosine kinase inhibitors
(TKIs), gefitinib and erlotinib, are one of the most successful TKIs that
show a significant response in patients with non-small cell lung cancer,
especially with activating mutation (9–11). However, a phase II clinical
study of erlotinib treatment did not show an effect on MPM, although
96% of the specimens showed positive pEGFR (12). This may be due to
the lack of EGFR mutation in MPM, as non-small cell lung cancer
without EGFR mutation often shows resistance to EGFR TKIs (13).

MET is another RTK which mediates the activation of several
signaling pathways, including phosphoinositide 3-kinase (PI3-K)/
AKT and Ras/mitogen-activated protein kinase cascades (14). Previ-
ous studies demonstrated that MET was expressed and activated in the
majority of MPM cell lines and clinical specimens (15–18). However,
MET inhibition caused growth inhibition in only a small subset of
MPM cell lines regardless of frequent MET activation.

To develop molecular target therapies for expected RTKs that are
shown to be activated in cancer cells, an understanding of the molec-
ular mechanisms underlying acquired as well as intrinsic resistance of
specific RTK inhibitors is extremely valuable. In the case of acquired
resistance of EGFR TKI in lung cancer cells, a secondary mutation of
T790M was shown to be an important mechanism (19). Engelman
et al. (20) also demonstrated that MET gene amplification was an
alternative mechanism. This indicated that PI3-K/AKT pathway in
cancer cells can be activated by another RTK when the initial RTK
with activating mutation is blocked. It also suggested that the reasons
for the failure of specific RTK inhibitors against MPM cells may be
multiple RTK activation as well as possible alterations of downstream
molecules such as activating PI3-K mutation or loss of PTEN.

In the present study, to determine whether less than the expected
response to MET inhibitors in MPM cells is due to cooperation with
other RTKs, we first analyzed MET and other RTK activation status in
MPM cells and then simultaneously blocked them with MET and other
RTK inhibitors. Treatment with a combination of METand EGFR TKIs
showed stronger inhibition on cell proliferation and invasion of MPM
cells than treatment by either one. Our results indicated that simulta-
neous inhibition of the activated RTKs was required for the efficient
suppression of MPM cell proliferation and/or survival.

Materials and methods

Cell lines and primary specimens of malignant mesothelioma

Fourteen Japanese MPM cell lines, including ACC-MESO-1, -4, Y-MESO-8D,
-9, -12, -14, -21, -22, -25, -26B, -27, -28, -29 and -30, were established in our
laboratory as reported previously and described elsewhere, and the cells at 10–15
passages were used for assays (21). Four MPM cell lines, including NCI-H28,
NCI-H2052, NCI-H2373, and MSTO-211H and one immortalized mesothelial
cell line, MeT-5A, were purchased from the American Type Culture Collection
(Rockville, MD) and cells at 3–5 passages after receiving from American Type
Culture Collection were used. NCI-H290 and NCI-H2452 were the kind gift of
Dr Adi F.Gazdar. All MPM cell lines were cultured in RPMI1640 medium
supplemented with 10% fetal calf serum (FCS) and 1� antibiotic–antimycotic
(Invitrogen, Carlsbad, CA) at 37�C in a humidified incubator with 5% CO2.
MeT-5Awas cultured according to the instructions of the American Type Culture
Collection. Two primary cultures of normal mesothelial cells at 3–5 passages
derived from ascites of patients with gastric cancer, GAS-M1, and ovarian
cancer, OV-M1, were also used as controls. Thirty-five primary specimens of
malignant mesotheliomas (MMs) used were 23 pleural, 6 peritoneal, 2 lung,
1 heart, 1 mesentery, 1 bone and 1 kidney origin. Histological classification
was 22 epithelial, 6 mixed, 5 spindle, 1 desmoplastic and 1 lymphohistiocytoid.
Among 35 MMs, 16 were MPM tissue samples obtained from patients at Aichi
Cancer Center Hospital, Nagoya University Hospital, Japanese Red Cross
Nagoya First Hospital, Toyota Kosei Hospital and Kasugai City Hospital accord-
ing to the institutional review board-approved protocol of each and the written
informed consent from each patient. The other 19 MM samples were from the
human mesothelioma tissue array from US Biomax (Rockville, MD).

Abbreviations: EGFR, epidermal growth factor receptor; ERK, extracellular
signal-regulated kinase; FCS, fetal calf serum; HGF, hepatocyte growth factor;
MM, malignant mesothelioma; MPM, malignant pleural mesothelioma;
mRNA, messenger RNA; PBS, phosphate-buffered saline; PCR, polymerase
chain reaction; PDGFR, platelet-derived growth factor receptor; PI3-K, phos-
phoinositide 3-kinase; RTK, receptor tyrosine kinase; sh, short hairpin; TKI,
tyrosine kinase inhibitor.
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Antibodies and reagents

Anti-MET antibody (MAB358) and anti-phosphorylation site (amino acid
1234/1235)-specific MET antibody (AF2480) were purchased from R&D Sys-
tems (Minneapolis, MN). Anti-AKT (#9272), anti-phospho-AKT (S473)
(#9271), anti-extracellular signal-regulated kinase (ERK) 1/2 (#9102) and
anti-phospho-ERK1/2 (#9107) antibodies were purchased from Cell Signaling
Technology (Beverly, MA). Anti-b actin antibody (clone AC74) was purchased
from Sigma (St Louis, MO).

AG1295, LY294002, PD153035, PD98059, SU5402 and SU11274 were pur-
chased from EMD Chemicals (San Diego, CA), PHA-665752 from Tocris Bio-
science (Ellisville, MO), and dissolved in dimethyl sulfoxide as 10 mmol/l stocks.

Preparation of DNA and RNA

Genomic DNA was extracted using a standard phenol–chloroform method. Total
RNA was prepared using RNeasy Plus RNA extraction kit (Qiagen K.K., Tokyo,
Japan), according to the manufacturer’s protocol. Random-primed, first-strand
complementary DNA was synthesized from 3 lg total RNA using Superscript II
according to the manufacturer’s instructions (Invitrogen).

Mutation analysis

Mutation analysis of all coding exons of the MET gene and exon 18–21 of the
EGFR gene was carried out by direct sequencing after polymerase chain re-
action (PCR) amplification of genomic DNA. Sequence of amplification pri-
mers was available on request.

Quantitative real-time reverse transcriptase–PCR

Quantitative real-time reverse transcriptase–PCR was performed using first-
strand complementary DNA with TaqMan probes and TaqMan universal PCR
Master Mix (Applied Biosystems, Foster City, CA). TaqMan probes for MET
and HGF were purchased from Applied Biosystems, and the amplification was
carried out with an ABI 7500 Real-Time PCR System (Applied Biosystems)
according to the manufacturer’s instructions. Glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) served as an endogenous control; the expression levels
of MET and HGF in each of the samples were normalized on the basis of the
corresponding GAPDH content and recorded as relative expression levels.

Western blot analysis

Preparation of total cell lysates and western blotting were carried out as described
previously (21). In brief, cells growing confluently were rinsed twice with phos-
phate-buffered saline (PBS), lysed in sodium dodecyl sulfate sample buffer (62.5
mM Tris, pH 6.8, 2% sodium dodecyl sulfate, 2% 2-mercaptoethanol and 10%
glycerol) and homogenized. Total cell lysate (30 lg) was subjected to sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to Immobilon-
P polyvinylidene difluoride membranes (Millipore, Bedford, MA). Following
blocking with 5% non-fat dry milk, the filters were incubated with the primary
antibody, washed with PBS, reacted with the secondary antibody and then detected
with ECL (Amersham Biosciences, Buckinghamshire, UK).

RNA interference vectors

Complementary short hairpin (sh) sequences were cloned into pLentiLox3.7 un-
der control of a U6 promoter and transfected into HEK293FT cells along with the
vectors of VSVG, RSV-REV and pMDLg/pRRE, to generate lentiviruses that
transcribe shRNA. Sh-MET-RNA interference lentivirus vector (Sh-MET) con-
tained a target sequence of the hairpin loop of MET (5#-GCCAGATTCTGCCG
AACCA-3#). A control shRNA vector for luciferase (Sh-Luc) with the target
sequence for Luciferase (5#-CGTACGCGGAATACTTCGA-3#) was also con-
structed. The efficacy of each virus was tested by immunoblotting of whole-cell
lysates 96 h after transducing NCI-H290 cells at the multiplicity of infection of 10.

Immunohistochemical analysis

Immunohistochemical analysis was carried out on formalin-fixed, paraffin-
embedded tissue sections of mesothelioma specimens. Sections (5 lm thick)
were deparaffinized in xylene and rehydrated in decreasing concentrations of
ethanol. The antigens were retrieved by 45 min of heating at 98�C in 0.5%
Immunosaver (Nisshin EM, Tokyo, Japan) in a waterbath. After blocking the
endogenous peroxidase activity with 3% aqueous H2O2 solution for 15 min, the
sections were reacted with a primary antibody [anti-MET antibody, 3 lg/ml
and anti-phospho-MET (Tyr1234/1235) antibody, 2 lg/ml] for 1 h at room
temperature, washed with PBS, treated with a biotinylated secondary antibody
for 15 min at room temperature and allowed to react for 15 min with the
streptoavidin–peroxidase reagent using an Ultra-tech Kit (Beckman Coulter,
Marseille, France). The 3,3#-diaminobenzidine tetrahydrochloride Liquid
System (DakoCytomation, Glostrup, Denmark) was used to detect immuno-
staining. Normal rabbit immunoglobulin G, mouse immunoglobulin G or
omission of primary antibodies served as negative controls. Immunoreactivity
was evaluated independently by two investigators (K.K. and H.M.). The

intensity of staining was scored as strong (3þ), moderate (2þ), weak (1þ)
or negative (0), respectively.

Phospho-RTK array analysis

The Human Phospho-RTK Array Kit (R&D Systems) was used to determine the
relative levels of tyrosine phosphorylation of RTKs. The membranes contained
spotted antibodies corresponding to 42 distinct RTKs and both positive and
negative controls. MPM cell lines were cultured on 10 cm plates in RPMI1640
media with 10% FCS confluently, changed into the media without FCS for 24 h
and lysed in NP-40 lysis buffer (1% NP-40, 20 mM Tris–HCl, pH 8.0, 137 mM
NaCl, 10% glycerol, 2 mM ethylenediaminetetraacetic acid, 1 mM sodium
orthovanadate, 10 lg/ml aprotinin and 10 lg/ml leupeptin). The arrays were
blocked in the provided blocking buffer and incubated with 500 lg of cell lysate
overnight at 4�C. The arrays were washed and incubated with a horseradish
peroxidase-conjugated phospho-tyrosine detection antibody, treated with ECL
and exposed to film. Intensity of each spot detected with a phospho-RTK array
was measured by Image analyzer, LAS-4000 (Fuji Film, Tokyo, Japan) and
calculated for the relative intensity of the average signal of the pair of duplicated
spots to the negative control spots. Background intensity was also determined
and subtracted from each average signal. Phospho-RTKs with ratios over three
times those of the highest negative control were listed (Table I).

Cell proliferation assay

For RTK inhibitors, 3000 MPM cells were seeded onto flat-bottomed 96-well
plates and grown in RPMI1640 with 10% FCS. After 24 h, the cell medium was
changed to 50 ll RPMI1640 medium with 5% FCS containing RTK inhibitor,
and the cells were incubated for an additional 72 h. The final concentration of
dimethyl sulfoxide was adjusted as 1% for both single- and dual-inhibitor treat-
ment and for all various concentrations of RTK inhibitors. For RNA interference
lentiviral transduction, 1.5 � 104 MPM cells were seeded onto flat-bottomed
24-well plates and grown in RPMI1640 with 10% FCS. After 24 h, cells
were transduced with lentiviral vectors at the multiplicity of infection of 10,
incubated for an additional 6 h and then changed with 500 ll RPMI1640
medium with 5% FCS. Cells were incubated for an additional 90 h. Each drug
concentration for RTK inhibitors and viral transduction was applied to triplicate
wells for cells.

Calorimetric assays were performed with adding of 10 ll (for 96-well plate)
or 50 ll (for 24-well plate) of TetraColor One (Seikagaku, Tokyo, Japan)
containing 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
2H-tetrazolium, monosodium salt and 1-methoxy-5-methylphenazinium methyl-
sulfate as electron carrier in each well and incubation at 37�C for 1 h. Absorbance
was read at 450 nm using a multiplate reader. Growth inhibition was expressed
as a mean ratio of absorbance reading from treated cells versus untreated cells.

Cell cycle analysis

In total, 1 � 106 cells were seeded into 15 mm plates, and indicated drugs were
added 24 h later. After 48 h, the cells were trypsinized and centrifuged. After
washing with PBS, cells were resuspended in 500 ll solution containing 50 lg/
ml propidium iodine (Sigma), 0.1% Triton X-100 and 0.1% sodium citrate and
incubated at room temperature for 10 min. The cell suspension was then added
with 2 ll of 0.1 mg/ml RNaseA (Roche Applied Science, Basel, Switzerland)
and incubated at room temperature for 30 min. Cell cycle profiles were ana-
lyzed by flow cytometry using FACSCalibur (Becton-Dickinson, Franklin
Lakes, NJ) using Modfit LV software (Verity Software House, Topsham, ME).

Cell migration and invasion assays

Cell migration and invasion potential were measured by in vitro Boyden cham-
ber assays (BD Biosciences Discovery Labware, Bedford, MA) according to
the manufacturer’s protocol. Briefly, MPM cells (5 � 104 cells for transwell
migration assay and 1 � 105 for Matrigel invasion assay) in 0.5 ml of serum-
free RPMI1640 medium with different inhibitors were added to the upper wells
of uncoated and Matrigel-coated Boyden chambers with 8 lm pore membrane.
The bottom chambers were filled with 5% FCS-containing medium as a chemo-
attractant. After 22 h incubation, non-invasive cells were removed by scrub-
bing with a cotton swab. The cells that have migrated through the membrane
and stuck to the lower surface of the membrane were fixed stained using Diff-
Quik stain (Sysmex, Kobe, Japan). Values for migration and invasion were
obtained by counting five predetermined fields per membrane at �100 mag-
nifications and representing the average of three independent experiments.

Results

Frequent expression and activation of MET in MPMs

To select representative MPM cell lines for cell proliferation assay
with MET inhibitors and subsequent combination assay with other
RTK inhibitors, we first examined the expression and phosphorylation
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(activation) status of MET in 20 MPM cell lines. Comparing with the
expression level of MET messenger RNA (mRNA) in an immortal-
ized mesothelial cell line, MeT-5A, which was arbitrarily set as 1.0,
MET mRNA expression .2.0 was observed in 15 (75%) of 20 cell
lines (Figure 1A), whereas the average level of two short-termed
primary cultures of non-malignant mesothelial cells derived from
ascites with cancer patients was 0.43 (supplementary Figure 1A is
available at Carcinogenesis Online). Western blot analysis using total
cell lysates from cell lines that were cultured for 24 h under serum-
starved conditions also confirmed elevated MET protein in 14 cell
lines compared with the level of MeT-5A, and we found that most cell
lines with MET mRNA elevation also consistently showed an elevated
level of MET protein. Using anti-phospho-MET antibody, we detected
phospho-MET in 13 cell lines under serum-starved condition, includ-
ing four strong, five moderate and four weak cell lines of phosphor-
ylation (Figure 1B).

To verify that MET expression detected in MPM cell lines reflects
primary MPMs, we investigated MET expression in 35 MM specimens,
including 23 pleural and 6 peritoneal mesotheliomas. Immunohisto-
chemical analysis detected 28 (80%) of 35 specimens positive for
MET (Figure 1C and D), whereas normal mesothelial cells showed
very faint staining (supplementary Figure 2 is available at Carcinogen-
esis Online). Nineteen of 28 MET-positive specimens also stained pos-
itive for phospho-MET. Comparison of the levels of MET and phospho-
MET reactivity showed a positive correlation (Figure 1C and D and
supplementary Figure 2 is available at Carcinogenesis Online). Among
them, three specimens were the origins of three cell lines (Figure 1B
and C). KD1050/Y-MESO-12 and KD1048/Y-MESO-9 primary/cell
line pairs showed strong/high and negative/low expression, respec-
tively, suggesting a similar tendency of MET expression between the
primary tumor and cell line. However, KD1053/Y-MESO-14 showed
inconsistency, i.e. moderate/low expression. One of the possible rea-
sons was cell selection during establishment of cell culture.

Comparison of MET activation and AKT and ERK activation

To determine whether MET activation was a major determinant for
activation of downstream signaling cascades in MPM cells, we ana-
lyzed the two significant MET downstream signaling cascades, AKT
and ERK1/2, under serum-starved conditions. Regarding AKT, 12
MPM cell lines showed a relatively robust level of phospho-AKT,
whereas eight MPM, MeT-5A and two non-malignant mesothelial cell
lines showed an undetectable or very low level of phospho-AKT
(Figure 1B and supplementary Figure 1B is available at Carcinogen-
esis Online). Between MET phosphorylation and AKT phosphoryla-
tion status, both positive signals were observed in nine cell lines and
both were negative in four, suggesting a weak correlation. Further-
more, the levels of positivity of pMET and pAKT were not always
consistent between cell lines, including strong pMET but weak pAKT,
such as in NCI-H28 and Y-MESO-27 (Figure 1B, lane 1 and 17), and
negative pMET but strong pAKT in Y-MESO-22 (Figure 1B, lane 14).
These data suggested that MET activation was not a sole major de-
terminant for AKT activation for most MPM cells.

Regarding activation of ERK1/2, the majority of cell lines and
MeT-5A also exhibited a similar level of phospho-ERK1/2, indicating
that phosphorylation of MET was not correlated with that of ERK1/2
(Figure 1B).

MET activation in MPM cell lines was not caused by its mutation

Since MET mutation has been reported in a subset of MPMs (17) and
activating mutation of RTKs can be a strong indicator of the effec-
tiveness of a specific TKI, we investigated whether or not the MET
activation in the MPM cell lines was due to mutation. We sequenced
all 21 exons that cover the entire coding region of MET in 20 cell lines
including five cell lines that had been reported to have no mutation.
However, we detected only single-nucleotide polymorphisms but not
any mutation to change amino acid sequence in 15 cell lines as well as
the five cell lines negative for mutation (supplementary Table I is
available at Carcinogenesis Online).T
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In addition, to test whether a ligand of MET, hepatocyte growth
factor (HGF), was responsible for MET activation in MPM cell lines,
we examined expression of HGF with real-time reverse transcriptase–
PCR. One cell line, Y-MESO-8D, highly expressed HGF and three
others expressed HGF similar to the level of MeT-5A, suggesting that
autocrine activation of MET was not a major factor in most MPM cell
lines in vitro (supplementary Figure 3 is available at Carcinogenesis
Online).

Downregulation of MET induces modest inhibition of MPM cell
proliferation

Next, we performed a knockdown experiment using shRNA expres-
sion vectors. Three MPM cell lines, NCI-H290, NCI-H2373 and Y-
MESO-29, with elevated MET expression were analyzed. Ninety-six
hours after transduction, Sh-MET-RNA interference vector induced
efficient knockdown of MET protein in all three cell lines, with sub-
sequent downregulation of phospho-MET (Figure 2A). Western blot
analysis showed that shRNA-mediated MET knockdown reduced the
pAKT levels to 65, 88 and 37% of control in NCI-H290, NCI-H2373,
and Y-MESO-29, respectively (Figure 2A). In contrast, no reduction
of phosphorylation status of ERK1/2 was observed in all three cell
lines (Figure 2A). Inhibition of cell proliferation of these cell lines
was determined with calorimetric assay. We found that downregula-
tion of MET induced a weak and moderate inhibition for NCI-H290
and Y-MESO-29 cells, respectively, but not for NCI-H2373 cells,

indicating that MET inhibition was not very effective for suppression
of MPM cell proliferation (Figure 2B).

We also studied the suppression of cell proliferation of 13 MPM
cell lines using two TKIs specific to MET, SU11274 and PHA665752.
After confirming that SU11274 treatment suppressed MET activation
dose dependently without affecting MET expression levels (supple-
mentary Figure 4 is available at Carcinogenesis Online), cell prolif-
eration assay was performed 72 h after treatment. We found that two
cell lines, NCI-H290 and Y-MESO-29, showed growth suppression of
30% compared with the control cells at 5 lM (Figure 2C). Meanwhile,
the other 11 MPM cell lines and MeT-5A were relatively resistant to
treatment by SU11274 (Figure 2C). Using the same panel of cell lines,
we obtained similar results with PHA665752 treatment (data not
shown).

Frequent coactivation of multiple RTKs in MPM cells

The results shown above indicated that, while MET downregulation in-
duced suppression of the proliferation of several MPM cell lines, the
effects seemed to be limited in a subset of MPMs and also relatively
modest. This supported a hypothesis that other RTKs that were simulta-
neously coactivated in mesothelioma cells compensated for the inhibitory
effect of MET downregulation. To test this, we examined the phosphor-
ylation status of 42 RTKs simultaneously using a phospho-RTK array in
15 MPM cell linesunder serum-starved conditions (Figure 3 and Table I).
Ten of 15 cell lines showed MET phosphorylation, which was well

Fig. 1. Expression and activation of MET in MM cells. (A) Quantitative reverse transcriptase–PCR analysis of MET in 20 MPM cell lines and one immortalized
mesothelial cell line, MeT-5A, with a primer set covering exon 7 to 8. RNAs were extracted from cell lines cultured in the media supplemented with 10% FCS.
Relative expression of MeT-5A was arbitrarily set as 1.0. Data represent mean ± SD. (B) Western blot analysis of MET, AKT and ERK and their phosphorylated
forms in MPM cell lines. Expression of b-actin was used as the control. Total cell lysates were extracted from cell lines cultured for 24 h under serum-starved
conditions. Four cell lines (NCI-H28, Y-MESO-27, Y-MESO-29 and Y-MESO-30) expressed strong, five cell lines (NCI-H290, NCI-H2373, Y-MESO-8D, Y-
MESO-12 and Y-MESO-26B) moderate and four cell lines (NCI-H2452, MSTO-211H, ACC-MESO-1 and Y-MESO-25) weak phospho-MET. All 13 cell lines
and ACC-MESO-4 expressed MET at a clearly higher level than MeT-5A. (C) Immunohistochemical analysis of MET (left) and phospho-MET (right) in four
primary MPM specimens. MET was strongly positive in KD1066 and KD1050, moderately in KD1053 and negative in KD1048. Phospho-MET was strongly
positive in KD1066, moderately in KD1050, weakly in KD1053 and negative in KD1048. The names of cell lines established from each primary specimen were
indicated in parentheses. (D) Correlation of MET and phospho-MET expression in 35 MM specimens, including 23 pleural and 6 peritoneal mesotheliomas.
Intensity of staining was scored as strong (3þ), moderate (2þ), weak (1þ) or negative (0), respectively.
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consistent with the western blot analysis data with anti-phospho-MET
antibody. We detected that several RTKs (EGFR, ErbB2 and ErbB3)
were frequently coactivated with MET (Figure 3). Noticeably, EGFR,
with or without other family members (ErbB2, ErbB3 or ErbB4), was
phosphorylated in all MPM cell lines tested (Table I). Since frequent
mutation of EGFR has been detected in lung adenocarcinomas from
Asian non-smokers, we sequenced exons 18–21 of EGFR in 20 MPM
cell lines, but did not find any mutation (data not shown).

Several cell lines also exhibited phosphorylation of other RTKs,
such as platelet-derived growth factor receptor (PDGFR)-b or vascu-
lar endothelial growth factor receptor. Totally, the average number of
phosphorylated RTKs in each MPM cell line was 6.5 among 42
(Table I). Interestingly, the patterns of most activated RTKs between
the serum-starved condition and the usual cell culture condition sup-
plemented with 10% FCS were similar, suggesting that activation of
RTKs expressed on MPM cells was serum-independent (supplemen-
tary Figure 5 is available at Carcinogenesis Online). In contrast, the

normal mesothelial-derived cell line, MeT-5A, exhibited only devel-
opmental tyrosine kinase and weak EGFR activation (Figure 3).

Simultaneous treatment with MET and EGFR inhibitors induced more
inhibitory effect on MPM cell proliferation and invasion in vitro

As described above, we detected frequent phosphorylation of EGFR
family members, especially EGFR, as well as MET. To determine
whether a sole EGFR inhibitor also induces growth inhibition of
MPM cells, we tested PD153035, an EGFR inhibitor, using 11 MPM
and MeT-5A cell lines. Three cell lines (ACC-MESO-4, Y-MESO-12
and Y-MESO-22) showed moderate growth suppression by PD153035,
whereas the eight other cell lines and MeT-5A exhibited weak suppres-
sion (supplementary Figure 6 is available at Carcinogenesis Online).

These data suggested that because most MPM cells harbor activa-
tion of multiple RTKs simultaneously, inhibition of single RTK may
be insufficient to suppress MPM cell proliferation, strongly indicating
the need for dual or multiple RTK inhibition. Since MET and EGFR

Fig. 2. Inhibition of MET with shRNA-mediated knockdown or a small inhibitory molecule in MPM cell lines. (A) Western blot analysis of NCI-H290, NCI-
H2373 and Y-MESO-29 after shRNA-lentivirus transduction. Whole-cell lysates were extracted from each cell line without transduction or after transduction with
control virus targeting Luciferase (Sh-Luc) or virus targeting MET (Sh-MET). Cell lines were finally cultured in the media supplemented with 5% FCS and
antibodies used were the same as in Figure 1B. Note that signals of pAKT and pERK1/2 in H290 and H2373 stronger than the ones in Figure 1B were due to longer
exposure of the films. The signals were also enhanced by the addition of FCS in the media. (B) Cell proliferation assay of three MPM cell lines after shRNA-
lentivirus transduction. Cells were transduced with Sh-Luc or Sh-MET viruses or uninfected. Cell proliferation assay was performed 96 h later, and absorbance
values were normalized to the non-infected control, which was arbitrarily set as 100%. (C) Cell proliferation assay of 13 MPM cell lines and MeT-5A cell line with
MET-specific inhibitor, SU11274. Cells were grown in the presence of increasing concentrations of SU11274. After 72 h treatment, cell viability was determined
by cell proliferation assay and expressed as a ratio of cell proliferation in comparison with each control cell treated with 1% dimethyl sulfoxide.
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were the most commonly phosphorylated in MPM cells, we tested
whether simultaneous treatment by MET and EGFR inhibitors indu-
ces a greater inhibitory effect on MPM cell proliferation. We tested
two MPM cell lines, NCI-H2373 and NCI-H290, both of which
showed phosphorylation of MET and EGFR (Figures 3 and 4B). In
combination with these inhibitors, NCI-H2373 cells showed more
significant growth suppression compared with each inhibitor alone
(Figure 4A). We also tested PDGFR and fibroblast growth factor re-
ceptor inhibitors (AG1295 and SU5402, respectively) alone or in
combination. Cell proliferation of NCI-H2373 was suppressed addi-
tively in the combination of PDGFR and EGFR inhibitors, but not
with MET and PDGFR inhibitors (Figure 4A). Phospho-RTK analysis
revealed that combination of EGFR and MET inhibitors also reduced
the tyrosine phosphorylation of ErbB2 and ErbB3 in addition to MET
and EGFR, but not AXL or PDGFR-b in the NCI-H2373 cells (Figure
4B). Western blot analysis showed that AKT phosphorylation was
also significantly reduced by simultaneous treatment with EGFR
and MET inhibitors (Figure 4C).

NCI-H290 exhibited phosphorylation of six RTKs, including
EGFR and MET (Figure 3 and Table I). Single inhibition of EGFR
or MET partially reduced the cell growth and AKT activation (Figure
5A and B). In contrast, the combination of the two inhibitors com-
pletely abrogated phosphorylation of AKT and induced significant
inhibition of cell proliferation (Figure 5A and B). Fluorescence-
activated cell sorting analysis also showed treatment-induced cell
apoptosis and G1–S arrest of the cell cycle (Figure 5C). We also tested
five other cell lines (MSTO-211H, Y-MESO-8D, Y-MESO-12,
Y-MESO-25 and Y-MESO-30) with combined treatment by EGFR
and MET inhibitors and by each treatment alone. Combined treatment
with both inhibitors more effectively suppressed growth of all cell
lines than with either one (data not shown).

We also studied whether simultaneous inhibition of RTKs affected
cell migration and invasion in vitro. Using Boyden chamber assays,
we detected that combined treatment by EGFR and MET inhibitors

suppressed cell migration and invasion of three MPM cells (supple-
mentary Figure 7 is available at Carcinogenesis Online).

MPM cell proliferation dependent on PI3-K/AKT pathway

Finally, we performed cell proliferation assay using mitogen-activated
protein kinase/ERK kinase inhibitor, PD98059, and PI3-K inhibitor,
LY294002, to determine on which downstream signaling cascades of
RTKs MPM cells were dependent for cell proliferation. LY294002
treatment induced significant inhibition of cell proliferation in all five
MPM cell lines tested (supplementary Figure 8A is available at
Carcinogenesis Online). However, PD98059 treatment showed moder-
ate in NCI-H290 and H2373, weak in Y-MESO-30 and no suppression
in the other cell lines regardless of effective inhibition of phospho-ERK
(supplementary Figure 8A and B is available at Carcinogenesis Online).
These results suggested that MPM cell proliferation and/or survival
was more dependent on the PI3-K/AKT-signaling cascade than the
mitogen-activated protein kinase/ERK kinase-signaling cascade.

Discussion

In the present study, we demonstrated that multiple RTKs, especially the
MET and EGFR family, were simultaneously activated in most MPMs,
and dual inhibition of MET and EGFR was more effective for suppres-
sion of MPM cell proliferation and/or survival than single inhibition,
with cell migration and invasion potentials also more suppressed in vitro.

Molecular target therapy has been developed to specifically inhibit
consistently activated oncogene products, including RTKs. One of the
most successful cases is treatment with EGFR TKI for non-small cell
lung cancer with an EGFR mutation (9–11). In MPM, high EGFR
expression was reported in several studies, and EGFR inhibitors, ge-
fitinib and erlotinib, were applied in phase II studies for patients with
MPM (12,22). However, these studies showed no significant tumor
response. The lack of EGFR mutation in MPM may be one of the
reasons for the unresponsiveness (23).

Fig. 3. Coactivation of multiple RTKs with MET in mesothelioma cell lines. Total cell lysate from each mesothelioma cell line that was cultured under serum-
starved conditions for 24 h was subjected to phospho-RTK array. Positive duplicated spots for individual RTK were numbered and indicated below the array. Two
dots at each corner indicate positive controls and eight dots at the lower right indicate negative controls (see oval dotted line in MeT-5A).
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Fig. 5. Inhibition of cell viability of NCI-H290 cell line with multiple RTK inhibitors. (A) Western blot analysis. RTK inhibitor treatment was performed for 24 h
with PD153035 (final concentration 5 lM), SU11274 (final concentration 5 lM) or combination of both in 5% serum-containing medium and then whole-cell
lysates of NCI-H290 were analyzed. (B) Cell proliferation assay. Cell viabilities of NCI-H290 cells were determined 72 h after single or combination treatment by
RTK inhibitors. The cell viability with 1% dimethyl sulfoxide was arbitrarily set as 100%. (C) Cell cycle analysis after treatment with RTK inhibitors. NCI-H290
cells at the G0/G1 phase of the cell cycle (left) and at the sub-G1 fraction (right) were significantly increased by treatment with RTK inhibitors in combination
comparing with dimethyl sulfoxide control or single RTK inhibitor. Abbreviations of E, M and F for RTK inhibitors are the same in the Figure 4 legend.

Fig. 4. Reduction of cell viability and AKT phosphorylation in NCI-H2373 cells with treatment by multiple RTK inhibitors. (A) Cell proliferation assay. NCI-
H2373 cells with a single or combination treatment by RTK inhibitors or 1% dimethyl sulfoxide (DMSO) as negative control. Abbreviations of E, M, F and P stand
for PD153035 (EGFR inhibitor), SU11274 (MET inhibitor), SU5402 (fibroblast growth factor receptor inhibitor) and AG1295 (PDGFR inhibitor), respectively.
Final concentration of each inhibitor in the medium with 5% FCS was 5 lM. Cell viability with 1% dimethyl sulfoxide was arbitrarily set as 100%. (B) Phospho-
RTK array analysis. Strong phosphorylation of EGFR, ErbB2, ErbB3, AXL and MET and weak phosphorylation of PDGFR-b in NCI-H2373 cells were detected
with 1% dimethyl sulfoxide (DMSO) treatment. Phosphorylation of EGFR, ErbB2, ErbB3 and MET (duplicated spots 1, 2, 3 and 14) was markedly reduced in the
presence of PD153035 and SU11274. Phosphorylation of AXL and PDGFRb (duplicated spots 11 and 17) did not show any significant change after treatment. (C)
Western blot analysis of NCI-H2373 cells after treatment with RTK inhibitors.
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To develop new therapeutic strategies, it is necessary to understand
detailed mechanisms of intrinsic resistance against TKIs that would be
expected to be effective based on frequent activation of their corre-
sponding RTKs. There are several possible mechanisms for resistance,
which include TKI-resistant mutation of RTK, compensation by the
activation of other RTKs and alterations of downstream molecules,
especially a mutation of the Ras-family gene or the PI3-K catalytic
subunit gene, PIK3CA, and loss of PTEN (19,24). One of the reasons
we first focused on analyzing the MET gene was that a subset of MPMs
was reported to harbor a point mutation, which suggested that MET
would be a good candidate RTK for target therapy of MPM (17).
Among 43 MPMs and 7 cell lines, Jagadeeswaran et al. (17) found
point mutations of MET in four MPM specimens and two cell lines
(NCI-H513 and NCI-H2596). Meanwhile, Mukohara et al. (18) found
none in 10 cell lines. Among 20 cell lines we examined in the present
study, five cell lines (NCI-H28, NCI-H2052, NICI-H2373, NCI-H2452
and MSTO-211H) were reported to be negative for mutation. Thus, 15
cell lines were newly investigated for MET mutation in the present
study, 14 Japanese MM cell lines and NCI-H290. Taken together, pos-
sible rationales for our failure to detect MET mutation in the present
study may be that MET mutation, if any, is a relatively infrequent event
in MPM or that there is an ethnic difference in mutation rates of the
MET gene. In addition, gene amplification of MET was reported in
several cancers, including lung and colorectal cancers (25,26). Al-
though we performed array-based comparative genomic hybridization
analyses with 2304 bacterial artificial chromosome and P-1 derived
artificial chromosome clones (27) and with 244K oligo probes (data
not shown), clear gene amplification of the MET locus was not detected
in 14 MPM cell lines that we established, suggesting that elevation of
MET mRNA did not result from gene amplification.

Among the 20 MPM cell lines studied, 15 (75%) cell lines showed
elevated MET at the mRNA level and 14 (70%) at the protein level.
Four MM cell lines (NCI-H28, H2052, H2452 and MSTO-211H) have
also been reported to show elevated MET protein in a previous study
(17). Comparing our data with theirs, we found that the levels of MET
expression in all but the NCI-H28 cell line were almost within 2-fold
variation, which seemed to be similar results in-between. In addition,
the MET expression level of two short-termed primary cultures of
non-malignant mesothelial cells was about half that of MeT-5A,
which also supported the idea that the 2-fold elevation of MET (which
was considered to be high in this study) might be biologically signif-
icant for MPM cell proliferation in vitro.

Phospho-RTK array analysis showed that the EGFR family, EGFR,
ErbB2 or ErbB3, was frequently coactivated with MET, which sug-
gested that MET and EGFR family activation may compensate each
other for the persistent downstream signaling activation (28). It was
also interesting that several cell lines harbored coactivation of PDGFR-
b, vascular endothelial growth factor receptor, MSP-R and fibroblast
growth factor receptor 3 with EGFR or MET. In fact, overexpression of
PDGFR-b or MSP-R was also detected in these cell lines with western
blot analysis (data not shown). Overexpression of PDGFR-b was also
previously reported in MPM (29–31), and imatinib mesylate (Gleevec),
which inhibits both c-Kit and PDGFR-a/b, was applied for a phase II
trial for MPM patients (32,33). However, no obvious tumor response
was observed, which also suggested that a single RTK inhibitor was not
sufficient to inhibit MPM cell proliferation.

Regarding the downstream molecules of RTKs, Altomare et al. (24)
reported activation of AKT in 65% of MM specimens and loss of
PTEN in one of nine human mesothelioma cell lines. We also ob-
served two cell lines, ACC-MESO-1 and Y-MESO-25, which ex-
hibited homozygous deletion of PTEN, whereas no mutation of the
PIK3CA gene was detected in the other 19 MPM cell lines (34). Taken
together, genetic alterations of the downstream molecule gene also
seemed to be infrequent for PI3-K/AKT activation in MPM cells.

In conclusion, our results indicated that activation of multiple RTKs
is critical for cell proliferation and/or survival of MPM cells. Among
RTKs, MET and EGFR were thought to be the most significantly
involved in MPM proliferation and/or survival via PI3-K/AKT-
signaling cascade activation. Our results thus suggested that inhibition

of multiple RTKs may serve to develop a more effective target therapy
for patients with MPM in the future.
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