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Abstract. Pemetrexed (PEM) is currently recommended as one
of the standard anticancer drugs for malignant pleural meso-
thelioma (MPM). However, the mechanism of the sensitivity
of MPM to PEM remains unclear. We analyzed the antitumor
effects of PEM in six MPM cell lines by MTS assay. To iden-
tify genes associated with drug sensitivity, we conducted gene
expression profiling on the same set of cell lines using GeneChips
and pathway analysis. Three cell lines were sensitive to PEM. A
total fo 18 transcripts and 14 genes identified by GeneChips were
significantly correlated with sensitivity to PEM. Pathway analysis
revealed that osteopontin (SPP1/OPN) was an important target in
PEM sensitivity. Overexpression of SPP1/OPN was observed in
the sensitive cells by quantitative PCR and western blot analysis.
Introduction of SPP1/OPN by lentiviral vector significantly
enhanced the invasion activities of MPM cells. PEM treatment
with SPP1/OPN knockdown inhibited the PEM-induced cell
growth-inhibitory effect in PEM-sensitive cells. Expression of
SPP1/OPN and AKT phosphorylation significantly decreased
after PEM treatment of the PEM-sensitive cells. High immuno-
histochemical expression of SPP1/OPN was observed in two of
three MPM patients who had a partial response to PEM-based
chemotherapy. PEM has antitumor effects in MPM cells depen-
dent on SPP1/OPN overexpression resulting in AKT activation.
Our results suggest that SPP1 may be used as a single predictive
biomarker of the effectiveness of PEM treatment in MPM.

Introduction
Malignant pleural mesothelioma (MPM) is an aggressive

tumor that arises from serosal cells with poor prognosis.
The incidence of the disease is expected to steadily increase
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because of occupational asbestos exposure and be recognized
as a social problem in Japan (1). Over 100,000 MPM-related
deaths are predicted to occur in the next 40 years in Japan (2).

Pemetrexed (PEM) is a multitarget antifolate agent
and recently became a component of the standard therapy
for MPM. In a phase III study, chemotherapy of PEM and
cisplatin (CDDP) yielded the best effect for MPM in terms of
response rate (41%) and median survival time (12 months) (3).
However, the major concern of this treatment is short duration
of response. Development of resistance to drugs is a major
impediment to the success of PEM-based chemotherapy.
Elucidating the mechanism of the sensitivity of MPM to
PEM would be crucial in improving the therapeutic strategies
against MPM. Administration of PEM therapy to selected
patients based on a specific biomarker is one strategy that
could lead to improved MPM treatments.

In this study, we analyzed the antitumor effects of PEM in
MPM cell lines. Gene expression analysis on the same set of
cell lines was performed to identify the molecules associated
with the sensitivity of MPM to PEM treatment. We ultimately
identified osteopontin (SPP1/OPN) as a therapeutic biomarker
for PEM treatment.

Materials and methods

Cell culture. We used the following 6 MPM cell lines in this
study: NCI-H28, NCI-H2452 and ACC-MESO4 epithelial-type
cell lines, NCI-H2052 sarcomatoid-type cell line, ACC-MESO1
fibrous cell line, and MSTO-211H biphasic-type cell line.
NCI-H28, NCI-H2452, NCI-H2052 and MSTO-211H were
purchased from American Type Culture Collection (Manassas,
VA). ACC-MESOI1 and ACC-MESO4 were obtained from the
Riken Cell Bank (Tsukuba, Japan). MPM cells were maintained
in RPMI-1640 (Gibco-BRL, Carlsbad, CA) with 10% fetal
bovine serum.

Clinical samples. We evaluated tumor specimens from MPM
patients who had been treated with combination therapy of
PEM with platinum agents including CDDP and carboplatin
(CBDCA) from 2007 to 2011 at Nippon Medical School Hospital.
Tumor specimens were available from 6 patients. Three patients
were judged as having partial response (PR) to the PEM-based
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Table I. IC, values in 6 MPM cell lines responding to treatments with PEM, GEM and CDDP by MTS assay.
Cell line H28 211H H2052 H2452 MESO1 MESO4
Pathological type  Epithelial type ~ Biphasic type =~ Sarcoma type  Epithelial type Fibrous type  Epithelial type
PEM IC;, (uM) 0.07+0.02 0.07+£0.01 0.57+0.34 >100 >100 >100
CDDP IC,, (#M) 894+12.4 79.5+17.8 57.9+6.8 >100 >100 45.5+9.5
GEM IC;, (uM) 6.0+1.4 539453 32402 30.7£19.0 56.2+12.5 3.8+14

PEM, pemetrexed; CDDP, cisplatin; GEM, gemcitabine.

chemotherapy while the other 3 patients were judged as having
stable disease according to the Response Evaluation Criteria
in Solid Tumors (RECIST). Written informed consent was
obtained from all patients and the specimens of the patients
were inspected according to the Declaration of Helsinki.

Growth inhibition assay. Growth inhibition was assessed by
the MTS assay to examine the effect of PEM on MPM cell
lines, as previously described (4). The ICy, value was calculated
by SigmaPlotl2 (Hulinks Inc., Tokyo, Japan). Experiments
were performed independently 3 times.

RNA isolation and cDNA array and microarray data analysis.
Total RNA was isolated from MPM cell lines with the use
of TRIzol® reagent (Invitrogen, Carlsbad, CA), as previously
described (5,6). High-density oligonucleotide array analysis
was carried out using Affymetrix HG-U133A (22,282 probe
sets) GeneChips, as previously described (7).

Quantitative real-time polymerase chain reaction analysis.
Gene expression was examined by quantitative real-time PCR
(QRT-PCR) analysis using a TagMan Human Gene Expression
Assay (Applied Biosystems, Foster City, CA). GAPDH served
as an endogenous control. Gene expression data (mean + SD
from triplicate samples) are shown as ACT.

Western blot analysis. Cells were lysed in buffer containing
50 mM Tris-HCI, pH 7.6, 150 mM NacCl, 0.1% sodium
dodecyl sulfate, 1% Nonidet P-40, and 0.5% sodium deoxy-
cholate. Western blot analysis was performed as previously
described (6). TS and DHFR antibodies were kindly provided
from Taiho Pharmaceutical Inc. (Tokyo, Japan). Antibodies
detecting phosphorylated-AKT (p-AKT, Ser473), AKT and
B-actin were purchased from Cell Signaling Technology
(Beverly, MA).

Oligonucleotide transfection. Small interference RNAs
(siRNAs) targeting SPP1 were purchased from Dharmacon
Research Inc. (Lafayette, CO) and the homologous nega-
tive controls were obtained from Invitrogen. SPP1 siRNAs
were transfected using Lipofectamine 2000 reagent 24 h
after seeding, according to the manufacturer's instructions
(Life Technologies, Carlsbad, CA). Transfections of siRNA
complexes were added to cells at a final concentration of 50 nM.

Lentiviral-mediated SPPI-overexpressing cells. The coding
sequence of human SPP1 or enhanced green fluorescent

protein was inserted in expression plasmid vector pEZ-Lv151
(GeneCopoeia, Rockville, MD). Among several SPP1 isoforms,
we chose the construct expressing SPP1-A (reference sequence
M83248.1). These plasmids were cotransfected into 293Ta cells
with the Lenti-Pac HIV Packaging Mix (GeneCopoeia). H2452
and MESOIL cells were transduced with serial dilutions of
lentiviral supernatant in the presence of polybrene and selected
by geniticine. After antibiotic selection for 3 weeks, stable
SPP1-overexpressing cells were obtained.

Invasion assay. The ability of cells overexpressing SPP1 to
invade through a Transwell was measured using cytoselect
96-well cell invasion assay according to the manufacturer's
protocol (Cell Biolabs, Inc., San Diego, CA).

Statistical analysis. Data analysis for the correlation coef-
ficients that revealed a correlation between the drug activity
patterns and the gene expression patterns was principally
done by a modified National Cancer Institute program (8). We
used pathway analysis to provide a viewpoint of the biological
function of genes within the proposed classifier (Stratagene,
La Jolla, CA), as previously described (4).

Immunohistochemistry and scoring. SPP1/OPN protein
expression was evaluated by immunohistochemistry (IHC)
using an anti-human osteopontin mouse monoclonal anti-
body (Immuno-Biological Laboratories, Gunma, Japan).
Immunohistochemical scoring was performed using the
Histoscore (H-score) (9,10). The expression of SPP1/OPN
was estimated as the percentage of tumor cells with cyto-
plasmic immunoreactivity. Positive staining areas in the entire
tissue section and the average intensity of the positive tumor
cells were defined as follows. If more than 25% of the cells
were stained, the specimen was considered to be positive
for SPP1/OPN expression. The results of IHC were judged
independently by two investigators (R.N. and F.Z) who were
unaware of the clinical data, and consensus was reached for
any discordant cases.

Results

Effect of PEM treatment on cell growth of MPM cells. We
examined the antitumor activities of PEM against 6 MPM cell
lines (Table I). The recommended serum level of PEM has been
recognized as under 1 uM in clinical trials of PEM. According
to the sensitivity to PEM, these cell lines were classified as
sensitive (IC,, of <1 uM) or resistant (IC, of > yM). The H28
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Figure 1. Genes that are differentially expressed between PEM-sensitive and resistant cells. (A) Protein expression of TS and DHFR was determined by western
blot analyses. (B) Gene transcripts (n=18) and genes (n=14) were differentially expressed between three PEM-sensitive cell lines and three PEM-resistant cell
lines. Fold change >1.5, p-value <0.05. (C) Twelve genes (red circle) associated with PEM responses were established by pathway analyses.
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Figure 1. Continued. (D) SPP1/OPN gene expression level was significantly higher in the PEM-sensitive cell lines than in the resistant cell lines by quantitative
RT-PCR (qRT-PCR) analysis ('p<0.05) (upper). Protein expression of osteopontin (OPN) was determined by western blot analyses (lower). (E) SPP1/OPN expres-
sion in two PEM-sensitive cell lines was significantly reduced in the presence of PEM (1 #M) at 24 h. Data are expressed as the mean + SD from 3 independent
experiments. “p<0.01 when compared with the respective control cells (paired t-test).

and 211H cell lines had an ICs, of <0.1 yM (highly-sensitive).
The H2052 cell line had an IC,, of 0.1 to 1 uM (intermediate-
sensitive). The PEM-resistant group included H2452, MESO1
and MESO4 cells. In clinical trial data, PEM was shown to
be effective in MPM patients with epithelial histological
type. However, in this in vitro study, PEM had antitumor
effects against MPM independent of the histological type. We
confirmed that the sensitivity to PEM was independent of the
sensitivities to CDDP and gemcitabine (GEM) (Table I).

PEM is a multi-target antifolate agent active on three
enzymes involved in the synthesis of thymidine and
purine nucleotides: thymidilate synthetase (TS), dihydro-
folate reductase (DHFR), and glycinamide ribonucleotide
formyl-transferase (GARFT) (11). We first examined the
expression levels of TS and DHFR in the 6 MPM cell lines by
western blot analysis. GARFT antibody was not commercially
available. TS expression was absent in 211H cells (Fig. 1A). As
for DHFR, only H2052 cells showed a weak band. Therefore,
we assume that multiple mechanisms are involved in the sensi-
tivity of MPM to PEM.

SPPI/OPN as a marker of the sensitivity of MPM to PEM. We
performed gene expression profiling of the same set of 6 MPM
cell lines by GeneChip analysis. A total of 18 transcripts and 14
genes were significantly correlated with the sensitivity to PEM
(fold change >1.5, p<0.05) (Fig. 1B). Twelve genes associated
with chemosensitivity to PEM, were identified based on the
biological functions of the altered/associated genes by pathway
analysis (Fig. 1C) (4,7). Pathway analysis revealed that SPPI,
which is also called osteopontin (OPN), was an important
protein associated with the sensitivity of MPM cells to PEM.
We validated the upregulated SPP1/OPN gene expression and
the downregulated expression of 9 genes in the 3 PEM-sensitive
cell lines using commercially available qRT-PCR analysis
(Fig. 1D). SPP1/OPN gene expression level in the PEM-sensitive

cells was significantly higher than that in the PEM-resistant
cells (Fig. 1D). Western blot analyses also showed that OPN
protein expression was increased in the PEM-sensitive cell
lines (Fig. 1D). We further evaluated the correlation between
SPP1/OPN expression and PEM response in MPM cells. In 2
of the 3 PEM-sensitive cell lines with high SPP1/OPN, treat-
ment with 1 uM PEM significantly reduced the SPP1/OPN level
(Fig. 1E). In the three resistant cell lines with low SPP1/OPN,
PEM treatment did not affect SPP1/OPN expression (Fig. 1E).
These results suggest that the SPP1/OPN gene is a candidate
gene as a predictive marker of PEM sensitivity.

SPPI/OPN enhances invasion activity in MPM cells. To eval-
uate the biological function of SPP1/OPN in MPM cells, we
developed a lentiviral vector for the expression of SPP1/OPN in
the PEM-resistant cell lines that had low SPP1/OPN expression.
We established stable SPP1-overexpressing cells (H2452-SPP1
and MESOI-SPPI1). qRT-PCR analysis and western blot
analysis showed remarkable overexpression of SPP1 in 3 SPP1
overexpressed cells (Fig. 2A). Introduction of SPP1 signifi-
cantly enhanced the invasion activities of H2452 and MESOI1
cells in the invasion assay (Fig. 2B). Next, we inhibited SPP1
expression using specific siRNAs in three PEM-sensitive cell
lines with overexpressed SPP1/OPN (Fig. 2C). Inhibition of
SPP1 using si-SPP1-A significantly suppressed the invasion
activities of 211H cells in the invasion assay (Fig. 2C). These
results suggest that SPP1/OPN enhanced the cell invasiveness
of MPM cells.

Effect of SPP1/OPN expression on PEM sensitivity via
AKT signaling pathway. A recent report demonstrated that
SPP1/OPN provided MPM cells with multidrug resistance via
upregulation of the AKT signaling pathway (12). We found
that SPP1 overexpression by lentivirus induced the elevation
of AKT phosphorylation (p-AKT) in MESO1-SPP1 cells
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Figure 2. Effect of SPP1/OPN expression on invasion activity. (A) SPP1 expression levels in MESOI cells with lentiviral-mediated production of SPP1
(MESOI-SPP1). The SPP1 expression levels in three MESO1-SPP1 cell lines were significantly higher than those in the control MESOL cells by qRT-PCR
analysis (upper) and western blot analyses (lower). (B) In vitro invasion assay of H2452-SPP1 cells and MESOI1-SPP1 cells. Invasion activities of H2452-SPP1
cells and MESOI1-SPP1 cells were significantly increased compared with those in H2452 and MESOI] cells, as measured by invasion assay. (C) SPP1 inhibition
by si-SPP1 in H28 cells. Expression of SPP1 was significantly reduced by multiple si-SPP1 up to 72 h in H28 cells (upper). In vitro invasion assay of three PEM-
sensitive cell lines after the transfection of siSPP1-A for 24 h (lower). Inhibition of SPP1 significantly suppressed the invasion activities of 211H cells (upper).
Data are expressed as the mean = SD from 3 independent experiments. “p<0.05 when compared with the respective control cells (paired t-test).

(Fig. 3A). On the other hand, inhibition of SPP1 in H28 cells
with high SPPI1 could reduce p-AKT and AKT expression
(Fig. 3B). The levels of AKT and p-AKT did not change
in MESOI cells with a low level of SPP1 by SPP1 siRNA
(Fig. 3B). We further evaluated the correlation between AKT
activation and PEM response in MPM cells. After PEM
treatment of PEM-sensitive H28 cells, the p-AKT level signif-
icantly decreased (Fig. 3C). In contrast, PEM treatment did
not change the p-AKT and AKT levels in the PEM-resistant

MESOI cells with low SPP1 (Fig. 3C). To further evaluate
the significance of SPP1/OPN and AKT activation in the
PEM-induced cell growth inhibitory effect, activation of
phosphoinositide 3-kinase (PI3K)/AKT signaling pathway
was examined in these MPM cells. We analyzed the effect of a
well-known potent and selective PI3K inhibitor, wortmannin,
on cell growth activity in MPM cells. The p-AKT level in
H28 and MESOI cells significantly decreased after incuba-
tion with wortmannin (1-10 M) (Fig. 3D). We cotreated H28
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in the three cell lines. Each result is expressed as cell viability compared with
that in the untreated sample (100%).

cells with wortmannin and siSPP1 or PEM, and then evaluated
cell growth activity. Combination treatment of wortmannin
with PEM or siSPP1 significantly reduced cell numbers
in H28 cells with SPP1/OPN overexpression (Fig. 3E). In
contrast, wortmannin could reduce cell growth in MESOI1
cells; however, a synergic effect of wortmannin and siSPP1
in MESOI with low SPP1/OPN expression was not observed
(Fig. 3E). These results suggest that SPP1/OPN through AKT
activation contributes to PEM sensitivity in PEM-sensitive
cell lines with overexpressed SPP1/OPN (Fig. 3F). In the
resistant cells, constitutive PI3K/AKT activation might be
dominantly involved in the resistance to PEM (Fig. 3F).
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Figure 4. Immunohistochemical staining of SPP1/OPN in MPM tissues.
(A) High level of SPP1/OPN in MPM (patient 2). (B) Low level of SPP1/OPN
in MPM (patient 4). Upper row bars, 100 #m; and lower row bars, 10 ym.

We further investigated the effect of SPP1/OPN on the sensi-
tivity of MPM to PEM. PEM treatment after suppression of SPP1/
OPN by siSPP1 transfection diminished the growth-inhibitory
effect of PEM in three PEM-sensitive MPM cell lines (Fig. 3G).
The ICs, values of PEM with si-SPP1 treatment of H28, 211H
and H2052 cells were 0.48,>100 xM and >100 uM, respectively,
whereas the ICs, values of PEM in these 3 cells without si-SPP1
treatment were 0.007,0.01 and 9.3 uM, respectively (Fig. 3G). In
addition, the growth-inhibitory effect of PEM on H2452-SPP1
and MESOI-SPP1 cells was assessed by MTS assay. The drug
sensitivities were unaffected in stable SPP1-overexpressing
H2452 and MESO-1 cells (data not shown). These results indi-
cate that SPP1/OPN expression contributes to the sensitivity of
MPM cells to PEM. Therefore, SPP1/OPN could be used as a
marker of the sensitivity of MPM cells to PEM.

Expression level of SPPI/OPN in MPM specimens. In order to
evaluate the clinical application of SPP1/OPN as a predictive
marker, we examined the expression level of SPP1/OPN in
tumor sections by IHC and evaluated the relationship between
the expression of SPP1/OPN and the tumor response to PEM
treatment with platinum agents. Two of three MPM patients
judged as having a PR to chemotherapy were positive for
SPP1/OPN (Fig. 4A, Table II). In contrast, no positive staining
was observed in MPM patients judged as having stable
disease (SD) (Fig. 4B, Table II).
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Table II. Characteristics of MPM patients treated with PEM and results of OPN staining.
Age Pathological No. of OPN

Sample (years) Gender type Regimen courses RECIST staining
1 71 Female Epithelial type CDDP+PEM 4 PR Positive
2 62 Male Epithelial type CDDP+PEM 6 PR Positive
3 77 Male Sarcoma type CBDCA+PEM 4 PR Negative
4 56 Male Epithelial type CDDP+PEM 3 SD Negative
5 75 Male Sarcoma type CBDCA+PEM 2 SD Negative
6 67 Male Epithelial type CBDCA+PEM 4 SD Negative

PR, partial response; SD, stable disease.

Discussion

PEM is a multi-target antifolate agent active on three enzymes
involved in the synthesis of TS, DHFR and GARFT (11).
Among them, TS is well known as a predictive marker for
the sensitivity to antifolate drugs including PEM. High TS
expression was significantly associated with resistance to PEM
in NSCLC cells (13). In addition, a previous phase II study
suggested the potential association between low TS expression
and response to PEM therapy in MPM (14). However, no rela-
tionship between low TS expression and sensitivity to PEM was
found among the MPM cell lines in the present study. In fact,
2 cell lines, H28 and H2052, had high TS expression among the
3 PEM-sensitive MPM cell lines investigated in this study. A
recent report demonstrated that PEM sensitivity was frequently
associated with qualitative and/or quantitative alterations in
influx and/or efflux transporters of antifolates as well as in
folate-dependent enzyme (15). In MPM, multiple mechanisms
including TS expression are implicated in the response to PEM.

SPP1/OPN is a glycoprotein and functions as both an
extracellular matrix (ECM) component and cytokine through
binding to its receptors, integrin and CD44 (16). SPP1/OPN
has been associated with human cancer progression, metas-
tasis and apoptosis (17). Overexpression of SPP1/OPN has
been observed in a variety of human malignant tumors,
including lung, breast, prostate, colon, ovarian and gastric
cancers (18-23). Previously it was reported that elevated
levels of SPP1/OPN in serum and pleural effusion have been
observed in MPM patients and SPP1/OPN was recognized as
a differential diagnostic biomarker (24,25). High SPP1/OPN
level was an independent negative predictor of survival in
MPM (26). These results suggested that SPP1/OPN is actually
involved in the pathogenesis of MPM and can be used as a
diagnostic and prognostic marker of MPM.

In this study, we demonstrated that SPP1/OPN could be used
as a predictive marker of the sensitivity of MPM to PEM. The
expression level of SPP1/OPN in PEM-sensitive cells was signif-
icantly higher than that in PEM-resistant cells. We confirmed
that high expression levels of SPP1/OPN were observed in 2 of
3 MPM patients who had a PR to PEM treatment with platinum
agents. Our study is the first to report that SPP1/OPN can be useful
as a predictive marker for the effectiveness of PEM therapy in
MPM. A recent report described that MPM cells overexpressing
SPP1/OPN were more resistant to various cytotoxic drugs than

the parent cells through the mechanism of enhanced hyaluronate
and CD44 (12). CD44-mediated resistance to apoptosis induced
by the cytotoxic drugs was dependent on activation of the AKT
pathway. In this study, overexpressed SPP1/OPN enhanced the
level of p-AKT in MPM cells. In PEM-sensitive MPM cells,
PEM treatment significantly reduced SPP1 expression, resulting
in a reduced level of p-AKT. These findings suggest that AKT
activation induced by SPP1/OPN is critical for the survival of
PEM-sensitive MPM cells. On the other hand, in PEM-resistant
MPM cells, constitutive AKT activation regulated by another
mechanism including PI3K signal may contribute to resistance
to PEM. Cell growth of these resistant cells is independent of
the SPP1/OPN-induced AKT signaling pathway. These results
suggest that PEM has antitumor effects in MPM cells dependent
on SPP1/OPN activation. Tajima et al (12) reported that MPM
cells that overexpressed OPN showed resistance to cytotoxic
agents including GEM, vinorelbin and etoposide. However,
these OPN-overexpressing cells did not show resistance to
CDDP. In our analyses, the 3 PEM-sensitive cell lines did not
show strong resistance to CDDP compared to the resistant cell
lines. Therefore, the combination therapy of PEM with CDDP
may have clinical benefit in MPM patients with overexpressed
SPP1/OPN. One limitation of our study was that the number of
patient samples was very small; however, these results confirmed
that the IHC expression level of SPP1/OPN could be predictive
of the response to PEM-based chemotherapy in MPM patients.

In addition to SPP1/OPN, we identified 17 gene transcripts
that were significantly correlated with sensitivity to PEM.
Three of the 17 gene transcripts were identified as tenascin
XA/tenascin XB (TNXA/TNXB) genes located inthe ECM and
their expression was significantly increased in PEM-resistant
cells. TNXB was previously identified as a gene that is more
highly expressed in malignant mesothelioma and a candidate
diagnostic marker of malignant mesothelioma (27). Although
the association between low level of SPP1/OPN and high
expression of TNXA/TNXB in PEM-resistant cells is unclear,
alteration of genes encoding ECM proteins, SPP1/OPN and
TNXA/TNXB, may be critical to the carcinogenesis of MPM
and sensitivity to PEM.

In conclusion, PEM has antitumor effects in MPM cells
dependent on SPP1/OPN overexpression resulting in AKT
activation. Our results suggest that SPP1/OPN may be used
as a single predictive biomarker of the effectiveness of PEM
treatment in MPM.
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