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Figure 1. /n vitro assays of HCC cells and normal hepatocytes treated with metformin. (A) Dose-dependent and time-dependent inhibition
of the growth of HCC cells and normal hepatocytes treated with metformin. *Statistically significant (p<<0.05). (B) Detection of apoptotic cells by

immunostaining of CASP3. Nuclear DAPI staining is shown in the insets. Scale bar= 100 um. (C) Quantification of the percentage of apoptotic cells.
*Statistically significant (p<<0.05).

doi:10.1371/journal.pone.0070010.g001

PLOS ONE | www.plosone.org 3 July 2013 | Volume 8 | lIssue 7 | 70010



Negative control Mock
1 10%1 0% P 10° - 1.4%
- |10 10* o
<o —
f & 103, 0103
1024 1024
01 0
0108 10% 10* 10° 01¢¢ 103 10* 108
—— Annexiny — —— Annexin V —
4108 0% 1057 - 1.4%
~ 11 104 ‘A
o - _
% @400 408
102 1021
0 1 0 9
Ry e T e ad ey T
01¢® 108 10* 108 010 108 10* 108
—— Annexin V ——> —— Annexin V —
w 4 J 4
38 105 0% 105 2.1%
> .
S 104
S
g 0.103
© 2
= 1074
S 03
pd e : =
010> 10® 10* 10°

0107 10% 10° 108

—— Annexin V ——> — Annexin V ——

Metformin Eliminates Tumor-Initiating HCC Cells

Metformin 5mM Metformin 10mM

105 4 105 4
10% 5 10% 4
T 808
10% 4 102
0 7 0 1
0102 10 10% 1085 010 108 10* 105
—— Annexin V — —— Annexin V —»
P 105 | 5;5% P 105 4
10 104+
5103 —0—‘103
102+ 102
0 4 0 4
01 10% 10° 108 01¢ 10° 10° 105
- Annexin V ——» —— Annexin V ~—
1 1054 1% 110%
104 - 104
G400 &qge
102 102
0 0

0107 10 10* 10°
— AnnexinV —

010 10° 10° 10
— Annexin V =3

Figure 2. Detection of apoptotic cells by staining with Annexin V and Pl using flow cytometry. The percentages of Annexin V-positive

cells are shown as the mean values for three independent analyses.
doi:10.1371/journal.pone.0070010.9g002

sorafenib (Fig. 7C). Co-treatment with metformin and sorafenib
produced results similar to the single administration of metformin
(Fig. 7C).

Re-analysis of Subcutaneous Tumors

Consistent with the pathological findings, flow cytometric
analysis of xenograft tumors clearly demonstrated that metformin
markedly reduced the number of tumor-initiating EpCAM™ cells,
whereas sorafenib did not (Fig. 8A). We conducted the non-
adherent sphere formation assay of EpCAM™ cells isolated from
subcutaneous tumors. Metformin treatment as well as co-
treatment with sorafenib markedly impaired primary sphere
formation and even more severely impaired secondary sphere
formation (Fig. 8B and 8C). In contrast, sorafenib treatment had
very little effect on the formation of primary and secondary
spheres (Fig. 8B and 8C). Taken together, metformin could be a
therapeutic agent for the elimination of tumor-initiating HCC
cells, at least in part by inhibiting their self-renewal capacity.

Discussion

A large number of studies have suggested that metformin has an
anti-cancer effect in various types of malignancies including breast
cancer and ovarian cancer, and even in HCC [14—-16]. However,
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its efficacy against tumor-initiating HCC cells remains to be
elucidated.

In this study, we first conducted cell growth assays in non-
purified Huhl and Huh?7 cells treated with metformin. Consistent
with previous reports, metformin treatment inhibited cell growth
and induced apoptosis in both cell lines in dose-dependent and
time-dependent manners. In addition, flow cytometric analysis
showed a decrease in the proportion of EpCAM* and CD133*
cells. These results prompted us to examine the direct action of
metformin against tumor-initiating HCC cells. Sphere formation
assays showed that metformin significantly suppressed the
formation of spheres generated from EpCAM™ TICs in a dose-
dependent manner. Subsequent analysis for secondary sphere
formation after replating showed similar results to those of primary
sphere assays. In addition, immunocytochemical analysis revealed
that metformin treatment reduced the number of EpCAM* and
AFP* cells in primary spheres. Taken together, it appears that
metformin impaired EpCAM" tumor-initiating HCC. cells and
simultaneously promoted the differentiation towards non-TICs.

Dependency on the mTOR pathway was shown to be higher in
leukemic stem cells (LSCs) than in normal hematopoietic stem cells
and the mTOR inhibitor rapamycin impaired the self-renewal of
LSCs in leukemic mouse models [18]. mTOR signaling also makes
a significant contribution to the maintenance of TICs in breast
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Figure 3. Flow cytometric profiles of HCC cells and normal hepatocytes treated with metformin (5 or 10 mM) for 72 hours. (A) The
percentages of EpCAM™ fractions are shown as the mean values for three independent analyses. (B) The percentages of CD133* fractions in Huh7 cells
are shown as the mean values for three independent analyses.
doi:10.1371/journal.pone.0070010.g003

cancer and prostate cancer [19,20]. The aberrant activation of
mTOR signaling was also observed in approximately 50% of
patients with HCC [21,22]. The mTOR inhibitor, everolimus,
which is currently undergoing clinical trials, exhibited an anti-

PLOS ONE | www.plosone.org

tumor effect in some cases of advanced HCC [23]. Taken
together, it appears that mTOR signaling plays an important role
in hepatocarcinogenesis and the progression of HCC.
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Figure 4. Non-adherent sphere formation assays of EpCAM" cells treated with metformin. (A) Western blot analysis of EpCAM expression
in sorted EpCAM" cells. Tubulin was used as a loading control. (B) Bright-field images of the non-adherent spheres of EpCAM* HCC cells at day 14 of
culture. Scale bar=100 um. (C) Number of large spheres generated from 1,000 EpCAM™ cells treated with metformin. *Statistically significant
(p<0.05). (D) Number of secondary spheres 14 days after replating. *Statistically significant (p<<0.05).

doi:10.1371/journal.pone.0070010.g004

In the present study, metformin treatment apparently
inhibited the mTOR pathway by phosphorylating AMPK in
EpCAM"™ Huh7 cells. Considering that mTOR inhibitors
suppressed the growth of Huh7 cells not only in culture but
also in xenograft models [24,25], it is assumed that metformin
exerted its anti-TIC effect by affecting the AMPK/mTOR
pathway. In contrast, metformin did not alter the activity of the
mTOR pathway in EpGAM™ Huhl cells despite inducing the
phosphorylation of AMPK. One possible explanation for this is
that mutations in the components of the mTOR pathway,
which have been identified in many cancers and cancer cell
lines, mask the effect of metformin in EpCAM" Huhl cells [26].
Another possibility is that the mTOR pathway is not the major
target of metformin and anti-tumor activity is exerted indepen-
dent of the pathway. Several reports support this notion. For
example, metformin was shown to cause cell cycle arrest by

PLOS ONE | www.plosone.org

downregulating the expression of cyclin D1 and/or upregulating
that of cyclin-dependent kinase inhibitors such as p21©P!
without inhibiting the mTOR pathway [27,28]. A previous
report also attributed the anti-tumor activity of metformin to
NF-kB inhibition in breast GSCs [29]. In addition, a recent
study revealed a novel mechanism whereby metformin blocked
glucagon-dependent glucose output from hepatocytes by reduc-
ing cyclic AMP and protein kinase A levels [30]. In the present
study, metformin treatment suppressed the expression of cyclin
D1 in EpCAM® HCGC cells, but not in EpCAM™ normal
hepatcytes. Conversely, metformin increased p21 expression in
EpCAM" normal hepatcytes, but not in EpCAM" HCC cells.
Further analyses on the mechanisms of the anti-TIC activity of
metformin are required.

Sorafenib is the sole molecular target drug clinically approved
to treat advanced HCC. However, phase III trials have shown

July 2013 | Volume 8 | Issue 7 | 70010
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Figure 5. Inmunostaining of EpCAM" cell-derived spheres. (A) Hematoxylin and eosin staining and immunocytochemical analysis of EpCAM
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doi:10.1371/journal.pone.0070010.g005

that sorafenib prolonged median overall survival of patients with
advanced HCC by no more than 3 months [31,32]. In our
xenograft transplantation assay, treatment with metformin and
sorafenib similarly suppressed the growth of subcutaneous
tumors and co-treatment appeared to be more -effective.
Interestingly, both flow cytometric analysis and immunohisto-
chemical analysis of xenograft tumors revealed that metformin
significantly reduced the number of tumor-initiating EpCAM*
cells, whereas sorafenib treatment had minimal effects on TICs.
Taking these results into consideration, it is possible that the
combined use of metformin and sorafenib exhibited stronger
anti-tumor effect than sorafenib treatment alone in HCC.

In summary, metformin reduced the number and tumorige-
nicity of tumor-initiating HCC cells; however the involvement
of the AMPK/mTOR pathway in its anti-tumor activity
remains ambiguous. Because metformin suppressed cell growth
and decreased the number of EpCAM' normal hepatocytes,
further analysis might be necessary to determine whether
metformin affects the function of normal hepatic stem/
progenitor cells [33]. It is of importance to examine whether
metformin might be of use for the elimination of TICs in HCC
in clinical trials.

PLOS ONE | www.plosone.org

Materials and Methods

Ethics Statement

All experiments using mice were performed in accordance with
our institutional guidelines for the use of laboratory animals and
approved by the Review Board for Animal Experiments of Chiba
University (approval ID: 22-187).

Mice and Reagents

NOD/SCID mice (Sankyo Laboratory Co. Ltd., Tsukuba,
Japan) were bred and maintained in accordance with our
institutional guidelines for the use of laboratory animals (approval
ID: 22-187). Metformin (I,1-dimethylbiguanide hydrochloride)
and sorafenib tosylate were purchased from Sigma-Aldrich (St.
Louis, MO) and LKT laboratories (Saint Paul, MN), respectively.

Cell Culture and Sphere Formation Assay

The HCC cell lines, Huhl and Huh7, were obtained from the
Health Science Research Resources Bank (HSRRB, Osaka,
Japan). Normal human hepatocytes were obtained from ACBRI
(Kirkland, WA, USA). Cells were cultured in Dulbecco’s modified
Eagle’s medium (Invitrogen Life Technologies, Carlsbad, CA)
containing 10% fetal calf serum and 1% penicillin/streptomycin

July 2013 | Volume 8 | Issue 7 | 70010
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Figure 6. Cell growth inhibition, induction of apoptosis, and inhibition of the mTOR pathway after metformin treatment in HCC
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(loading control) antibodies. The arrow indicates the cleaved forms of PARP. (B) EpCAM™ cells were subjected to Western blotting using anti-
phospho-AMPK, phospho-p70S6K, phospho-mTOR, and tubulin (loading control) antibodies.

doi:10.1371/journal.pone.0070010.9g006

(Invitrogen). One thousand cells were plated onto ultra-low
attachment six-well plates (Corning, Corning, NY) for the sphere
formation assay. The number of spheres (>100 pm in diameter)
was counted on day 14 of culture. A single cell suspension derived
from original spheres was obtained for the secondary sphere
formation using a Neurocult chemical dissociation kit (StemCell
Technologies, Vancouver, BC, Canada). Paraffin-embedded
sections of spheres were subjected to hematoxylin & eosin (H&E)
staining and immunostaining with anti-EpCAM (Cell Signaling
Technology, Danvers, MA) and anti-AFP (Dako Cytomation,
Carpinteria, CA) antibodies for the pathological analysis.

Growth Curves

The proliferation of HCC cells treated with metformin was
examined using trypan blue staining after 48 and 96 hours of
culture.

PLOS ONE | www.plosone.org

Detection of Apoptotic Cells

To detect apoptosis, cells were stained with an anti-CASP3
antibody (Chemicon, Temecula, CA), followed by Alexa-555-
conjugated goat anti-rabbit IgG (Molecular Probes). Apoptotic
cells were also evaluated by staining with Annexin V-allophyco-
cyanin (APC) (BD Biosciences, San Jose, CA) and PI using
FACSCanto (BD Biosciences).

Cell Sorting and Analysis

Single-cell suspensions were stained with an APC-conjugated
anti-EpCAM  antibody (Biolegend, San Diego, CA) or APC-
conjugated anti-CD133/1 antibody (Miltenyi Biotec, Auburn,
CA). After incubation, 1 pg/ml of PI was added to eliminate dead
cells. Flow cytometric cell sorting and analysis were performed
using FACSAria or FACSCanto (BD Biosciences).

July 2013 | Volume 8 | Issue 7 | €70010
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doi:10.1371/journal.pone.0070010.9g007

Western Blotting

Sorted HCC cells were subjected to Western blot analysis using
anti-EpCAM (Abcam, Canbridge, UK) and anti-tubulin (Onco-
gene Science, Cambridge, MA) antibodies. Metformin-treated
cells were also subjected to Western blotting using anti-PARP (Cell

PLOS ONE | www.plosone.org

Signaling Technology), anti-PCNA (Santa Cruz Biotechnologies,
Santa Cruz, CA), anti-cyclin D1 (BD Biosciences), anti-p21 (Cell
Signaling Technology), anti-phospho-AMPK (Cell Signaling
Technology), anti-phospho-mTOR  (Ser2448, Cell Signaling
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(p<0.05).
doi:10.1371/journal.pone.0070010.g008

Technology), anti-phospho-p70 S6 Kinase (Thr389, Cell Signaling
Technology), and anti-tubulin antibodies.

Xenograft Transplantation Using NOD/SCID Mice

In the metformin and/or sorafenib treatment model, a total of
2x10° Huh?7 cells were transplanted into the subcutaneous space
of the backs of NOD/SCID mice. Metformin (250 mg/Kg, by
intraperitoneal injection) and sorafenib (10 mg/Kg, by gavage)
were administered daily. Tumor formation and growth were

PLOS ONE | www.plosone.org
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observed weekly. To analyze subcutaneous tumors, small pieces of
tumors were put in DMEM containing 5 mg/ml collagenase type
IT (Roche) and digested. The cell suspension was centrifuged on
Ficoll (IBL, Gunma, Japan) to remove dead cells and debris.
Harvested cells were subjected to flow cytometric analyses and
sphere formation assays. Subcutaneous tumors were also subjected
to H&E staining and immunohistochemical staining with an anti-
EpCAM antibody (Cell Signaling Technology), anti-CASP3
antibody (Chemicon), and anti-Ki67 antibody (DAKO, Carpin-
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teria, CA). These experiments were performed in accordance with
the institutional guidelines for the use of laboratory animals.

Statistical Analysis

Data are presented as the mean * SEM. Significant differences

between 2 groups were analyzed using the Mann-Whitney U test.
P values less than 0.05 were considered significant.
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Abstract

We examlned anti-tumor effects of zoledronic acid (ZOL), one of the blsphosphonates agents cllmcally used for preventmg
loss of bone mass, on human mesothelioma cells bearing the wild-type p53 gene. ZOL-treated cells showed activation of

caspase-3/7, -8 and -9, and increased sub-G1 phase fractions. A combinatory use of ZOL and cisplatin (CDDP), one of the
first-line anti-cancer agents for mesothelioma, synergistically or additively produced the cytotoxicity on mesothelioma cells.
Moreover, the combination achieved greater anti-tumor effects on mesothelioma developed in the pleural cavity than
administration of either ZOL or CDDP alone: ZOL-treated cells as well as CDDP-treated cells induced p53 phosphorylation at
Ser 15, a marker of p53 activation, and up-regulated p53 protein expression levels. Down-regulation of p53 levels with
siRNA however did not influence the ZOL-mediated cytotoxicity but negated the combinatory effects by ZOL and CDDP. In
addition, ZOL treatments augmented cytotoxicity of adenoviruses expressing the p53 gene on mesothelioma. These data
demonstrated that ZOL-mediated augmentation of p53, which was not linked with ZOL-induced cytotoxicity, played a role
in the combinatory effects w&th a p53 up- regulatmg agent and suggests a possible clinical use of ZOL to mesothelioma with
anti- cancer agents : :
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Introduction

The majority of mesothelioma development is tightly linked
with occupational asbestos exposure and the patient numbers are
increasing worldwide [1,2]. Approximately 70-80% of mesothe-
lioma cells have the wild-type p53 gene but show a homologous
deletion at the INK4A/ARF locus containing the p/ 4" and the
pI16%%* genes, which consequently leads to decreased p53
functions despite the wild-type genotype [3-5]. Prognosis of the
mesothelioma patients is dim in most of the cases [1,2,6].
Extrapleural pneumonectomy is applicable only for the patients
in an early clinical stage and mesothelioma is essentially resistant
to radiation. Chemotherapy is therefore the primary treatment but
produced limited anti-tumor effects. A combination of cisplatin
(CDDP) and pemetrexed is currently the first-line regimen but an
average survival period with the agents is about 12 months [7].
The clinical outcome even with the updated combinatory
chemotherapy is thus unsatisfactory and a possible second-line

PLOS ONE | www.plosone.org

agent has not yet been known. A novel therapeutics is thereby
required and restoration of decreased p53 functions is one of the
strategies.

Bisphosphonates (BPs) are synthetic analogues of pyrophosphate
and have a strong affinity for mineralized bone matrix [8]. BPs
inhibit bone absorption through interfering osteoclasts’ actions,
and are currently used as a therapeutic agent for osteoporosis,
malignancy-linked hypercalcemia and similar bone diseases.
Recent reports demonstrated that BPs also achieved cytotoxicity
on tumor cells through apoptosis induction and produced anti-
tumor effects in vitro [9]. The BPs-mediated effects i vivo were
evidenced with osseous tumors or with bone metastasis of non-
osseous tumors [10]. Moreover, a number of studies also
demonstrated the anti-tumor effects # wziwo with non-osseous
tumors despite BPs being readily excreted from body and
accumulated in bone tissues [11,12]. The mechanism of BPs-
mediated cytotoxicity is dependent on BPs structures [8,9]. The
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first generation of BPs is converted into non-hydrolyzable farnesyl pyrophosphate synthetase and deplete isoprenoid pools,
cytotoxic ATP analogues which decrease mitochondrial mem- which subsequently results in decreased prenylation of small
brane potentials. Both the second and the third generations inhibit guanine-nucleotide-binding regulatory proteins (small G proteins).
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Figure 1. ZOL-induced cytotoxicity to mesothelioma. (A) Cells were treated with different concentrations of ZOL for 3 days and the cell
viabilities were measured with the WST assay. Means of triplicated samples and the SD bars are shown. (B) Flow cytometrical analyses of cell cycle
progression in ZOL-treated MSTO-211H cells. (C) Western blot analyses of unpreylated Rap1A expressions in cells treated with ZOL. Actin was used as
a loading control. (D) Caspase activations in MSTO-211H cells that were treated with ZOL for 3 days were assayed with respective luminescence-based
kits. The activities of untreated cells were expressed as 100%. Means of triplicated samples and the SE bars are shown. * P<0.01.
doi:10.1371/journal.pone.0060297.g001
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The unprenylated form does not bind to cell membrane and the
decreased membrane-bound fraction reduces functions of small G
proteins since membrane binding is required for the biological
activities including cell survival. It remains however uncharacter-
ized as to the precise mechanisms of cytotoxicity induced by down-
regulated functions of small G proteins.

In the present study, we examined cytotoxic activities of
zoledronic acid (ZOL), one of the third generation of BPs, on
human mesothelioma cells and investigated a possible combina-
tory use of CDDP with ZOL. We found that ZOL induced up-
regulation of p53 expression and the phosphorylation, but down-
regulated p53 expression had little effects on the ZOL-induced
cytotoxicity. Nevertheless, the ZOL-mediated p53 activation
contributed to combinatory effects with CDDP.

Materials and Methods

Cells and mice

Human mesothelioma MSTO-211H cells were purchased from
American Type Culture Collection (Manassas, VA, USA) and
EHMES-10 cells were kindly provided by Dr. Hamada (Ehime
Univ., Ehime, Japan) [13]. Expressions of pl4**F and p16™F**
were negative and the p53 status was wild-type in both cells.
BALB/c nu/nu mice (6-week-old females) were purchased from
Japan SLC (Hamamatsu, Japan).

Adenoviruses (Ad) preparation

Replication-incompetent type 5 Ad expressing the wild-type p55
gene (Ad-p53) or the f-galactosidase gene (Ad-LacZ), in which the
cytomegalovirus promoter activated transcription of the transgene,
were prepared with an Adeno-X expression vector system (Takara,
Shiga, Japan). The amounts of Ad were expressed as viral particles

(vp).

Cell viability test

Cell viabilities were assessed with a WST reagent (Dojindo,
Kumamoto, Japan) by detecting the amounts of formazan
produced with absorbance at 450 nm (WST assay). The relative
viability was calculated based on the absorbance without any
treatments. Half maximal inhibitory concentration (ICs) and
combination index (CI) values at the fraction affected (Fa) which
showed relative suppression levels of cell viability were calculated
with CalcuSyn software (Biosoft, Cambridge, UK). Fa=1 and
Fa=0 indicate 0% and 100% viability assayed with the WST

Table 1. Cell cycle distribution of ZOL-treated cells.

Zoledronate and Cisplatin for Mesothelioma via p53

assay, respectively, and CI<Il, CI=1 and CI>1 indicate
synergistic, additive and antagonistic actions, respectively.

Cell cycle

Cells were fixed with 100% ethanol, treated with RNase A
(50 pg/ml) for 15 min, and stained with propidium iodide (PI)
(50 pg/ml).- The fluorescence intensity was analyzed with
FACSCQCalibur and CellQuest software (BD Biosciences, San Jose,
CA, USA).

Caspase activity

Cells treated with ZOL (Novartis Pharmaceuticals, Tokyo,
Japan) were tested for the activity of caspase-3/7, -8 or -9 with
respective Caspase-Glo kits (Promega, Madison, WI, USA). The
relative activity level was calculated based on luminescence
intensity of cells without any treatments.

Western blot analysis

Cell lysate was subjected to sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis and then transferred to a nitrocellulose
membrane, which was further hybridized with antibody (Ab)
against p53 (Thermo Fisher Scientific, Fremont, CA, USA),
phosphorylated p53 at serine (Ser) residue 15 (Cell Signaling,
Danvers, MA, USA), unprenylated RaplA (Santa Cruz Biotech-
nology, Santa Cruz, CA, USA) or actin (Sigma-Aldrich, St Louis,
MO, USA) as a control, followed by an appropriate second Ab.
The membranes were developed with the ECL system (GE
Healthcare, Buckinghamshire, UK).

RNA interference

Cells were transfected with small interfering RNA (siRNA)
duplex targeting p53 or with non-coding siRNA as a control
(Invitrogen, Carlsbad, CA, USA) for 24 h using Lipofectamine
RNAIMAX according to the manufacturer’s protocol (Invitrogen).

Animal experiments

MSTO-211H cells were injected into the pleural cavity of
BALB/c nu/nu mice. ZOL (25 pg) or the same amount of
phosphate-buffered saline (PBS) was administrated intrapleurally
on day 3, and CDDP (Bristol-Myers Squibb, New York, USA)
(100 pg) or the same amount of PBS was injected intraperitoneally
on day 5. In this animal model, tumors became visible on day 9.
The mice were sacrificed on day 24 and the tumor weights were

Cell cycle distribution (% * SE)

¢ 24 h

1.00£0.08

O] 72h 6.83+0.15

50 uM 72 h

79.14£0.32

54.83+0.46 19.34+0.17 25.18+0.37

82.23+0.29 2.87*0.16 8.68+0.07

15.65%0.13 4.73+0.06 1.22x01

doi:10.1371/journal.pone.0060297.t001
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MSTO-211H cells were treated with or without ZOL (at 10 or 50 uM) for 24-72 h. Cell cycle was analyzed with flow cytometry.
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measured. The animal experiments were approved by the animal
experiment and welfare committee at Chiba University and were
performed according to the guideline on animal experiments.

Results

ZOL-induced cytotoxicity and caspase activation

We examined a possible cytotoxic action of ZOL on mesothe-
lioma cells with the WST assay and found that both mesothelioma
cells, MSTO-211H and EHMES-10, were susceptible to ZOL
with a dose-dependent manner (Fig. 1A). Cell cycle analyses
showed that ZOL increased sub-G1 phase fractions in MSTO-
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)
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211H cells (Fig. 1B, Table 1), indicating that ZOL induced cell
death. We also tested ZOL-induced unprenylation of Rap 1A, one
of small G proteins, and confirmed that ZOL inhibited the
prenylation in both cells (Fig. 1C). We investigated a possible
activation of caspase-3/7, -9 and -8 by testing the cleaving activity
of a specific substrate (Fig. 1D). ZOL treatments at 1 uM did not
induce activation of respective caspases but those at 10 pM
activated the caspases in MSTO-211H cells. These data collec-
tively indicated that ZOL treatments activated cell death processes
through the caspase cleavages in mesothelioma cells.
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Figure 2. Combinatory effects of ZOL and CDDP. (A) Cells were treated with different doses of ZOL and CDDP at a constant concentration ratio
(ZOL:CDDP = 3:2 at each concentration in MSTO-211H and 4:3 in EHMES-10 cells) for 3 days and the cell viabilities were measured with the WST assay.
Means of triplicated samples and the SD bars are shown. (B) Cl values based on the cell viabilities as shown in (A) were calculated at different Fa
points with CalcuSyn software. The SE bars are also indicated. (C) Sub-G1 phase populations of Pl-stained MSTO-211H cells that were treated with
ZOL (15 uM) and/or CDDP (4 uM) for 24 h were calculated with flow cytometry. Means of triplicated samples and the SE bars are shown. * P<0.01.

doi:10.1371/journal.pone.0060297.g002
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Combinatory cytotoxic effects of ZOL and CDDP

We investigated combinatory effects of ZOL and CDDP in
MSTO-211H and EHMES-10 cells. We calculated respective
1C50 values of each agent to know an optimal test rang and then
examined cytotoxicity at various doses of both agents with a
constant concentration ratio according to the CalcuSyn software
instruction. Combination of ZOL and CDDP achieved cytotox-
icity greater than each agent (Fig. 2A) and statistical analyses
showed that CI values at Fa points below 0.8 in MSTO-211H cells
were less than 1 and those between 0.15 and 0.8 Fa points in
EHMES-10 cells were close to but under 1 (Fig. 2B). These CI
values demonstrated that both ZOL and CDDP achieved
cytotoxicity synergistically in MSTO-211H cells, and additively,
or possibly slightly synergistically, in EHMES-10 cells. Cell cycle
analyses indicated that sub-G1 phase populations in ZOL- plus
CDDP-treated MSTO-211H cells were greater than those in
ZOL- or CDDP- treated cells (Fig. 2C), suggesting that the
enhanced cytotoxic activities by the combination of ZOL and
CDDP were attributable to increased apoptotic cell death.

Combinatory effects of ZOL and CDDP in vivo

We investigated anti-tumor effects of ZOL in combination with
CDDP in an orthotopic animal model (Fig. 3). Nude mice injected
with MSTO-211H cells in the pleural cavity received ZOL
intrapleurally and/or CDDP intraperitoneally. All the tumors
were found in the pleural cavity without any detectable
extrapleural metastatic foci. ZOL or CDDP administration
inhibited the tumor growth compared with PBS-injected group.
A combinatory administration of ZOL and CDDP further
decreased tumor weights, demonstrating that the combination
produced greater therapeutic effects than the case treated with a
single agent. We did not notice body weight loss in the
combinatory group, indicating that the combination was not toxic
to the tested animals.

ZOL induced p53 activation

We examined whether p53 activation was involved in the ZOL-
mediated cytotoxicity since the p53 pathways play a key role in
apoptosis induction. Firstly, we tested possible p53 activation in
wild-type p53 mesothelioma with CDDP (Fig. 4A). CDDP-treated
MSTO-211H and EHMES-10 cells induced phosphorylation of
p53 at the Ser 15 residue, a hallmark of p53 activation, and up-
regulated p53 protein levels. We then examined influence of ZOL
on p53 expressions and found that ZOL treatments phosphory-
lated p53 at Ser 15 and augmented p53 protein levels in both cells
(Fig. 4B). These data showed that ZOL induced p33 activation
and subsequently raised a possibility that the ZOL-mediated
cytotoxicity was caused by p53 activation. We also investigated the
combinatory effects of CODP and ZOL on the p53 phosphory-
lation at Ser 15 (Fig. 4C). The phosphorylation level in cells
treated with both agents was greater than that in cells treated with
either CDDP or ZOL, suggesting that both agents cooperatively
activated the p53 pathways.

Down-regulated p53 action on cytotoxicity and on
combination effect

We further investigated a possible involvement of p53 activation
in the ZOL-mediated cytotoxicity by down-regulating p53
expression with siRNA. The p53-siRNA treatment markedly
decreased p53 expression and the phosphorylation level (Fig. 4D).
The down-regulated p53 however minimally affected the ZOL-
induced cytotoxicity in MSTO-211H cells, at least in lower
concentrations, and rather slightly enhanced the cytotoxicity in
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Figure 3. Combinatory effects with ZOL and CDDP in an
orthotopic animal model. MSTO-211H cells (1 % 10%) were inoculated
into the pleural cavity of BALB/c nu/nu mice (n=6) {day 1), and then
ZOL (25 ug, day 3) was administrated into the pleural cavity and/or
CDDP (100 pg, day 5) into the peritoneal cavity (CDDP). PBS was used as
a control. Tumor weights were measured on day 24. The SE bars are
also shown. * P<0.05, ** P<0.01.
doi:10.1371/journal.pone.0060297.g003

EHMES-10 cells (Fig. 4E). Control siRNA treatments unexpect-
edly increased the cytotoxicity in MSTO-211H cells at high ZOL
concentrations. These data suggested that the ZOL-mediated
cytotoxicity was independent of p53 activation. We also analyzed
cell cycle changes in ZOL-treated MSTO-211H cells after they
were transfected with p53-siRNA (Fig. 4F, Table 2). Cell cycle
distributions showed that p53-siRNA treatments marginally
influenced the ZOL-mediated increase of sub-G1 phase popula-
tions. The decreased level of sub-G1 phase fractions due to the
p53-siRNA treatment was disproportionately lower than that of
the p53 protein expression after transfection with siRNA. In
contract, the p53-siRNA treatment increased S and G2/M phase
and decreased G0/G1 phase fractions, showing that down-
regulated p53 promoted cell cycle progression. These data
demonstrated that decreased p53 levels influenced the cell cycle
but little affected the ZOL-mediated cytotoxicity, and confirmed
that the ZOL-induced p53 activation was irrelevant to the ZOL-
mediated cytotoxicity. Control-siRNA treated cells increased sub-
G1 phase fractions, which accorded with the WST results. It could
be due to non-specific cytotoxicity of control siRNA in MSTO-
211H cells but the mechanism underling is currently unknown.

We also examined whether the combinatory effects of ZOL and
CDDP were modulated by p53 expression levels (Fig. 4G and H).
The p53-siRNA treatments nullified the synergistic or the additive
effects detected in MSTO-211H and EHMES-10 cells. The CI
values of the combination under the p53-siRNA treatments were
more than 1, which indicated rather antagonistic actions.
Activation of p53 was thus involved in the combinatory effects
of ZOL and CDDP although it was not related with the ZOL-
mediated cytotoxicity.

Combinatory effects of ZOL and Ad-p53

We examined whether up-regulated p53 levels by ZOL
increased p53-mediated cytotoxicity. Transduction of MSTO-
211H cells with Ad-p53 but not Ad-LacZ increased p53
expressions and induced the phosphorylation at Ser 15 (Fig. 5A).
Moreover, Ad-p53 but not Ad-LacZ decreased the cell viability
with a dose-dependent manner (Fig. 5B), demonstrating that
induction of p53 produced cytotoxic effects in MSTO-211H cells.
We then examined combinatory effects of Ad-p53 and ZOL at a

March 2013 | Volume 8 | Issue 3 | e60297
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Figure 4. ZOL-induced up-regulation of p53 and knockdown of the p53 expressions with siRNA. (A, B) CDDP-treated (20 pM) and ZOL-
treated (48 h) cells were subjected to Western blot analysis and probed with antibodies as indicated. Actin was used as a loading control. (C) Cells
were treated with CDDP and/or ZOL for 48 h at the indicated concentrations and the expression levels of phosphorylated p53 were examined. (D)
Cells were transfected with p53-targeted siRNA (p53-siRNA) or non-targeted control siRNA (Control) for 24 h and then treated with ZOL (50 pM) for
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48 h. The lysate was subjected to Western blot analysis. (E) Cells were transfected with siRNA as indicted and were treated with ZOL for 3 days. The
cell viabilities were measured with the WST assay and means of triplicated samples with the SD bars are shown. (F) Flow cytometrical analyses of
MSTO-211H cells that were transfected with respective siRNA for 24 h and then treated with ZOL (50 uM) for 48 h. (G, H) Cells transfected with p53-
siRNA were treated with different doses of ZOL and CDDP as indicated for 3 days and the Cl values based on the cell viabilities were calculated at

different Fa points with CalcuSyn software.
doi:10.1371/journal.pone.0060297.g004

constant ratio between the agents (Fig. 5C). The combination
produced additive, or possibly slightly synergistic, effects at above
0.15 Fa points. (Fig. 5D) and suggested that up-regulation of p53
by ZOL enhanced Ad-p53-mediated cytotoxicity by further
activating the p53 pathways.

Discussion

In this study we demonstrated that ZOL alone and the
combination with CDDP produced anti-tumor effects on meso-
thelioma. ZOL up-regulated p53 expression but the ZOL-
mediated cytotoxicity was scarcely dependent on the p53
induction, suggesting that the cytotoxicity was due to inhibition
of small G proteins’ functions. Down-regulated p53 levels on the
other hand negated the synergistic actions by ZOL and CDDP,
indicating that the ZOL-induced p53 activation contributed to the
combinatory anti-tumor effects produced with CDDP.

The majority of mesothelioma cells has defect of p14**F, which
results in an increased level of Mdm2 that induces p53
degradation [14,15]. Augmentation of p53 is therefore a possible
therapeutic strategy for mesothelioma by restoring p53 functions
[16]. The present study indicated that ZOL phosphorylated p53
and up-regulated the expression levels, suggesting a crucial role of
p53 induction in the ZOL-mediated cytotoxicity. ZOL in fact
activated caspases and increased sub-G1 phase populations. The
knockdown experiments with p53-siRNA however demonstrated
that p53 activation itself did not contribute to the ZOL-mediated
cytotoxic actions. A possible involvement of the p533 pathways in
ZOL-mediated cytotoxicity may need further investigations but
the present data evidenced that the up-regulated p53 level in
ZOL-treated cells was irrelevant to the cytotoxicity as reported
previously [17,18]. The ZOL-induced cytotoxicity can be there-
fore attributable to inhibited prenylation of small G proteins [8—
10].

ZOL-induced activation of p53 nevertheless contributed to the
cytotoxicity by other agents of which the functions were linked
with p53 levels. CDDP is one of such agents and augmented p53
levels in target tumors facilitate CDDP-induced cell death [19,20].
In fact our previous study showed that Ad-p53-transduced
MSTO-211H cells produced synergistic cytotoxicity with CDDP,
and that the CI values were below 1 between 0.2 and 0.8 Fa points
[21]. The present study demonstrated that combination of ZOL

Table 2. Cell cycle distribution of p53-siRNA-treated cells.

Cell cycle distribution (% *= SE)

(+) 52.34+060 38.23*032 3.79+0.08 5.10%0.27

MSTO-211H cells were transfected with or without siRNA for 24 h, and then
treated with or without 50 uM ZOL for further 48 h. Cell cycle was analyzed
with flow cytometry.

doi:10.1371/journal.pone.0060297.t002
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and CDDP produced synergistic or additive anti-tumor effects on
mesothelioma with the wild-type p53 gene. The combination
increased sub-G1 phase populations and decreased tumor volumes
in an orthotopic animal model, but down-regulation of p53 with
the siRNA completely nullified the combinatory effects. These
data suggested that ZOL-induced p53 up-regulation favored
CDDP-mediated cytotoxicity through further augmenting the p53
pathways. Benassi ef al recently reported similar results with paired
cells, p53-mutated and the isogeneic p53-wild-type parent cells
from osteosarcoma, that combinatory effects of ZOL and CDDP
were p53-dependent [20]. The present study furthermore
analyzed the interactions between the two agents and demon-
strated synergistic or additive actions in the combination as well as
the in vivo efficacy. The interactions became antagonistic under the
p53-siRNA treatment, which suggested that loss of ZOL-induced
p53 up-regulation was rather inhibitory to CDDP-mediated
cytotoxicity. These data consequently suggest that the ZOL-
mediated up-regulated p53 pathways contributed to combinatory
effects with CDDP. ZOL-mediated inhibitory actions on small G
proteins’ prenylation were probably not influenced by cellular p53
levels because down-regulation of p53 did not affect the ZOL-
mediated cytotoxicity. The inhibited prenylation itself may
produce possible combinatory effects with CDDP but the p33-
siRNA treatment which produced antagonistic effects suggested
that mechanistic association between unprenylated small G
proteins and CDDP was unlikely.

Transduction levels of Ad-p53 determined p53-dependent
cytotoxicity, and a combinatory use of ZOL and Ad-p53 produced
additive, and possibly slightly synergistic, cytotoxic effects. A
possible role of Ad-p53 in the combinatory effects through
inducing further unpreylation of small G proteins was probably
minimal since ZOL-mediated cytotoxicity was independent of p53
levels. Nevertheless, ZOL augmented endogenous p53 levels and
the up-regulation appeared to sensitized tumor cells to be
susceptible to a p53 up-regulating agent. ZOL can induce
unprenylation of non-small G proteins but it remains unchar-
acterized whether such unprenylated non-small G proteins can
produce cytotoxicity in ZOL-treated cells. Synergism between
CDDP and ZOL was greater than that between Ad-p53 and ZOL
probably because CDDP-mediated p53 up-regulation and over-
expression of p53 with Ad-p53 are not equal from the standpoint
of signal transduction systems. For example, CDDP-treated cells
can activate non-p53-mediated pathways and Ad-mediated
transduction activates type I interferons-mediated pathways.

The present data suggested a possible clinical application of
ZOL for mesothelioma in combination with CDDP or Ad-p53. In
fact, Ad-p53 has been used in clinical trials [22], and ZOL and
CDDP are commonly used for cancer patients [8,23]. We
demonstrated combinatory anti-tumor effects of ZOL and CDDP
on non-osseous tumors as reported on osseous tumors [20,24].
Therapeutic activities of ZOL on tumors nevertheless seem to be
less significant in non-osseous tissues than those in osseous tissues
[9,10] because ZOL is readily excreted from kidney and cannot be
maintained at a high concentration except in bone tissues [10,11].
Recent studies however showed that ZOL in combination with
imatinib and doxorubicin produced greater cytotoxicity than
monotherapy even against non-osseous tumors, Ber-Abl-positive
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Figure 5. Combinatory effects with ZOL and Ad-p53. (A) Cells were infected with Ad-p53 or Ad-LacZ {1x10° vp/cell) as a control and were
subjected to Western blot analysis. Actin was used as a loading control. (B) Cells were infected with Ad-p53 or Ad-LacZ and the cell viabilities were
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doi:10.1371/journal.pone.0060297.g005

leukemina [25] and breast cancer [26], respectively. These data
indicated that ZOL, even through a systemic administration route,
produced anti-tumor effects together with other cytotoxic agents.
Moreover, mesothelioma can be one of the suitable targets of ZOL
in clinical settings because the intrapleural administration is
speculated to keep a relative high concentration of ZOL at tumor
sites compared with an intravenous injection, although this
remains to be proven. The present study suggests that ZOL
administered intrapleurally and CDDP injected systemically may
produce a therapeutic benefit to mesothelioma patients. Our
preliminary study showed that intrapleural administration of
40 pg ZOL at a concentration of 0.4 mg/ml in mice, which was
equivalent to 7.8-9.8 mg in human [27] and was 10 times higher
drug concentration than the current clinical dose (4 mg in total
and 0.04 mg/ml at the concentration), did not cause any body
weight changes or other adverse reactions such as inflammatory
reactions (data not shown), showing a feasible intrapleural
injection of ZOL with safe.

We also showed that Ad-p53 suppressed the viability of
mesothelioma and produced combinatory anti-tumor effects with
ZOL. Intrapleural injections of Ad-p53 were in fact conducted
safely in patients with pleural effusions [28]. Previous studies
demonstrated that Ad-p53 activated the p53 pathways and
achieved combinatory anti-tumor effects with an anti-cancer
agent including CDDP [21,29,30]. The mechanism of ZOL-
mediated p53 induction remains unclear but the p53-inducible
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p21 is a downstream target of Ras and RhoA, the major molecules
of small G proteins [31]. Inhibited protein prenylation can cause
downstream activation of p53, and ZOL thereby is a candidate to
analyze a possible cross-talk between small G proteins and the p53
pathways. Previous studies also showed that combinatory cytotox-
icity of ZOL and an anti-cancer agent was linked with ZOL-
mediated inhibition of P-glycoprotein functions [24] and that a
combinatory use of doxorubicin and ZOL inhibited angiogenesis
[26]. These studies indicated possible p53-independent cytotoxic-
ity of ZOL that could synergize with other agents through multiple
mechanisms.

In conclusion, we demonstrated that ZOL produced cytotoxic
activities on mesothelioma and a combinatory use with CDDP or
Ad-p53 produced better therapeutic effects than monotherapy
with a single agent. ZOL-mediated p53 up-regulation was not
involved in the ZOL-induced cytotoxicity in EHMES-10 cells, and
in MSTO-211H cells at least at low concentrations at which
synergistic effects were observed with CDDP, but contributed to
combinatory anti-tumor effects of CDDP or Ad-p53. Based on the
current study we presume that an intrapleural injection of ZOL,
which is technically feasible, in combination with CDDP, the first-
line agent for mesothelioma, is a potential therapeutics for
mesothelioma.
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Introduction

Malignant mesothelioma, often linked with asbestos
exposure, evokes serious social concerns in many countries,
and the patient numbers in Western countries and newly
industrializing economies will progressively increase in the next
decades [1,2]. Mesothelioma spreads along the pleural cavity
and is often resistant to conventional treatments. Extrapleural
pneumonectomy is applicable to the cases only at the early
phase, but the recurrence is common despite the radical
operation procedures. The current therapeutic strategy for the
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majority of mesothelioma cases is primarily chemotherapy, and
a combinatory use of cisplatin (CDDP) and pemetrexed (PEM)
is the first-line regimen [3]. A median survival period with the
regimen is however relatively short, about 12 months, and
possible second-line anti-cancer agents have not yet been
demonstrated.

Mesothelioma has an unusual molecular lesion linked with
loss of tumor suppressor functions. The majority of
mesothelioma has a deletion in the INKAA/ARF locus which
encodes the p144"F and the p16/M< genes, but possesses the
wild-type p53 gene [4]. Deletion of p16™KA increases cyclin-
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dependent kinase 4/6 activities, which subsequently induces
pRb phosphorylation and cell cycle progression. In contrast,
deficiency of p14*"F  augments Mdm2 activities and
consequently down-regulates p53 expression, which may
render mesothelioma cells resistant to chemotherapeutic
agents. Enhanced expression of p53 in mesothelioma is
therefore a possible therapeutic strategy by inducing cell cycle
arrest and apoptosis [5].

Interferons (IFNs) have anti-tumor effects by stimulating cell
death and enforcing host immune systems. Three classes of
IFNs have been identified, type |, Il and lll. Both type | and type
Il IFNs share similar biological activities including apoptosis
induction, whereas type |l IFN, IFN-y, is primarily immune-
stimulatory [6,7]. Type | IFNs, IFN-a and IFN-B, were well
studied for the biological activities, and IFN-a but not IFN-8 has
been mainly tested for the anti-tumor actions in combination
with anti-cancer agents in clinical settings. In contrast, type i
IFNs, IFN-As, have not been clinically tested for malignance
and the precise mechanisms of type IlI IFNs-mediated
apoptosis are not analyzed well [7,8]. As for mesothelioma,
type | IFNs have not been rigorously studied for the therapeutic
efficacy. There are only a few clinical studies on anti-tumor
actions of IFN-a in combination with anti-cancer agents for
mesothelioma [9~11], and combinatory effects of type | IFNs
and PEM have not been examined. Recently, adenoviruses
expressing the IFN-B gene were examined for the anti-tumor
effects on mesothelioma in an animal model, and were
clinically investigated for the safety and the therapeutic
feasibility in mesothelioma patients [12,13]. Nevertheless, anti-
tumor effects of recombinant type | [FNs in mesothelioma cells
have not well studies particularly in terms of combination with
the first-line chemotherapeutic agents. Moreover, differential
biological activities between IFN-a and -B on mesothelioma
remains uncharacterized.

A precise mechanism of IFN-mediated cell death also is
unclear but Takaoka et al. demonstrated that type | IFNs up-
regulated expression of the p53 gene, suggesting a possible
role of p53 in the type | IFN-mediated anti-tumor effects [14].
Nevertheless, type | IFNs produced apoptotic cell death even in
p53-mutated tumors [15], which suggests p53 independent
pathways in the IFNs-mediated cell death. In this study we
compared anti-tumor effects of type | and type Il IFNs with 5
kinds of p53-wild type mesothelioma cells, and investigated a
possible up-regulation of p53 and combinatory effects of IFN
with the first-line chemotherapeutic agents.

Materials and Methods

Cells

Human mesothelioma, NCI-H2452, NCI-H2052, NCI-H226,
NCI-H28 and MSTO-211H cells, and mesothelium-derived
Met-5A cells that were immortalized with the SV40 T antigen
[16] were obtained from ATCC (Manassas, VA, USA). Human
esophageal carcinoma T.Tn cells were from cell resource
center for biomedical research, Tohoku University, Japan. They
were cultured in RPMI-1640 medium supplemented with 10%
fetal calf serum. All the mesothelioma cells used were defective
of p14 and p16 expressions due to either loss of the
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transcription or deletion of the genomic DNA (Figure S1), and
sequencing data confirmed that they possessed the wild-type
p53 gene.

Reverse transcription-polymerase chain reaction (RT-
PCR)

First-strand cDNA was synthesized with Superscript i
reverse transcriptase (Invitrogen, Carlsbad, CA) and
amplification of equal amounts of the cDNA was performed
with the following primers and conditions: for the IFNAR-1
gene, 5-CTTTCAAGTTCAGTGGCTCCACGC-3' (sense) and
5-TCACAGGCGTGTTTCCAGACTG-3" (anti-sense), and 10
sec at 94 °C for denature/20 sec at 60 'C for annealing/32
cycles; for the IFNAR-2 gene, 5
GAAGGTGGTTAAGAACTGTGC-3' (sense) and 5-CCC
GCTGAATCCTTCTAGGACGG-3' (anti-sense), and 10 sec at
94 °C/20 sec at 56 °C/31 cycles; for the IL-28Ra gene, 5-
GGGAACCAAGGAGCTGCTATG-3 (sense) and 5'-
TGGCACTGAGGCAGTGGTGTT-3' (anti-sense), and 10 sec at
94 °"C/20 sec at 58 "C/31 cycles; for the IL-10RB gene, 5'-
TATTGGACCCCCTGGAAT-3’ (sense) and 5'-
GTAAACGCACCACAGCAA-3' (anti-sense), and 10 sec at 94
'C/20 sec at 50 °C/32 cycles; for the GAPDH gene, 5-
ACCACAGTCCATGCCATCAC-3 (sense) and 5'-
TCCACCACCCTGTTGCTGTA-3’ (anti-sense), and 15 sec at
94 °C/15 sec at 60 "C/25 cycles.

Cell proliferation and viability test in vitro

Cells (1x10%well) were seeded in 96-well plates and were
cultured with IFN-a2a (IFN-a), IFN-B1a (IFN-B) (PBL Interferon
Source, Piscataway, NJ, USA) or IFN-A1 (R&D Systems,
Minneapolis, MN, USA) at different doses. In a combinatory
treatment, cells were ftreated with various concentrations of
CDDP or PEM and with IFNs. Cell viabilities were assessed
with a WST kit (Dojindo, Kumamoto, Japan) which detected the
amounts of formazan produced from the WST-8 (2-(2-
methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazolium) reagent with the absorbance at
450 nm (WST assay). The relative viability was calculated
based on the absorbance without any treatments. Combinatory
effects were examined with CalcuSyn software (Biosoft,
Cambridge, UK). Combination index (Cl) values at respective
fractions affected (Fa), which showed relative suppression
levels of cell viability, were calculated based on the WST
assay. Cl<1, Cl=1 and CI>1 indicate synergistic, additive and
antagonistic actions, respectively. Viable cell numbers were
counted with the trypan blue dye exclusion test. The statistical
analysis was performed with one way analysis of variance
(ANOVA).

Cell cycle analysis and cell surface staining

For cell cycle analysis, cells were fixed in ice-cold 70%
ethanol, incubated with RNase (50 pg/ml) and stained with
propidium iodide (PI) (50 pg/mi). For cell surface staining, cells
were stained with fluorescein isothiocyanate (FITC)-conjugated
anti-HLA-A, B,C antibody or FITC-conjugated isotype-matched
control antibody (BD Biosciences, San Jose, CA, USA). The PI
staining profiles and the FIiTC fluorescence intensity were

August 2013 | Volume 8 | Issue 8 | e72709



