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Antitumor properties of salinomycin on
cisplatin-resistant human ovarian cancer cells in vitro
and in vivo: Involvement of p38 MAPK activation
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Abstract. In order to search for alternative agents to overcome
chemoresistance during the treatment of ovarian cancer, this
study aimed to examine the anticancer effects and action
mechanism of salinomycin, a selective inhibitor of cancer
stem cells, on cisplatin-resistant human ovarian cancer cell
lines in vitro and in vivo. The concentration- (0.01-200 M)
and time-dependent (24-72 h) growth inhibitory effects of
salinomycin were observed in the ovarian cancer cell lines
0V2008, C13, A2780, A2780-cp, SKOV3 and OVCAR3, by
measuring cell viability using the resazurin reduction assay.
The IC, (24 h) range of salinomycin on the six cell lines was
found to be 1.7-7.4 uM. After cisplatin-resistant C13 cells were
treated with salinomycin, the percentage of apoptotic cells
determined by flow cytometry was significantly increased, in
a concentration- and time-dependent manner. However, no cell
cycle arrest was detected in the G1/GO, S and G2/M phases
in the salinomycin-treated and control cells. The Bio-Plex
phosphoprotein 5-plex assay (Akt, IkB-a, ERK1/2, JNK and
p38 MAPK) demonstrated a marked time- and concentra-
tion-dependent increase in the phosphorylation of p38 MAPK,
subsequent to salinomycin treatment. Moreover, salinomycin
significantly suppressed tumor growth in a tumor xenograft
model. These findings suggested that salinomycin efficiently
inhibits the cisplatin-resistant human ovarian cancer cell line
growth through the induction of apoptosis, potentially asso-
ciated with the p38 MAPK activation.
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Introduction

Ovarian cancer remains a leading cause of mortality from
gynecological malignancy, with >204,000 new cases and
125,000 deaths each year, accounting for 4% of all cancer
cases and 4.2% of all cancer deaths in women around the
world (1). The incidence of ovarian cancer increases with age
and >70% of the patients are diagnosed with late stage disease
after distant metastasis has occurred. The 5-year survival
rate for the patients diagnosed with late stage disease is
<20%, even with extensive surgery and chemotherapy (2,3).
Chemotherapy with the administration of cisplatin (cis-
diamminedichloroplatinum (II)) or cisplatin in combination
with taxanes is the current standard of care (4,5). Although
the majority of the ovarian tumors were initially sensitive to
chemotherapy (6,7), long-term administration of cisplatin has
been shown to result in the development of chemotherapeutic
drug resistance in the cancer cell population (8,9). Cisplatin
resistance is a major obstacle to the successful therapy of
recurrent ovarian tumors and responsible for poor long-term
overall survival (6,7). The suggested mechanisms for cispl-
atin resistance include the increase in intracellular thiols in
the redox pathway (10), defects in the apoptotic pathway and
the altered activation of signaling pathways, such as PI3K/
Akt (11), MAPK (12) or NF-kB (13). Investigators have
targeted these pathways in an attempt to circumvent cisplatin
resistance (13,14).

Salinomycin is a 751 Da monocarboxylic polyether anti-
biotic belonging to the group of ionophores that is produced
by Streptomyces albus (strain no. 80614) (15). It is commonly
used as a coccidiostat in poultry and other livestock and is
fed to ruminants to improve nutrient absorption and feed
efficiency (16). Recently, salinomycin has been reported
to selectively deplete human breast cancer stem cells from
tumorspheres and to inhibit mammary tumor growth and
metastasis in vivo (17).In another report, salinomycin has been
shown to induce apoptosis in human cancer cells, including
those showing wild-type p53 or p53 mutation and multi-drug
resistance due to the overexpression of Bcl-2, P-glycoprotein
or 26S proteasomes with deregulated proteolytic activity (18).
These results strongly suggested that salinomycin should
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be considered an anticancer compound. The mechanism
of the anticancer action of salinomycin has yet to be delin-
eated. Salinomycin has been shown to activate a particular
apoptotic pathway not accompanied by cell cycle arrest and
independent of tumor suppressor protein pS3, caspase activa-
tion, the CD95/CD95L system or the proteasome (18). More
recently, salinomycin has been reported to overcome ABC
transporter-mediated multidrug and apoptosis resistance (19)
and act as a potent inhibitor of multidrug resistance gp170
(20). Furthermore, salinomycin has been shown to inhibit the
activity of the Wnt signaling pathway, recently appointed as
an essential regulator of cancer stem cell (CSC) properties in
chronic lymphocytic leukemia cells (21).

The present study aimed to determine the biological anti-
cancer activity of salinomycin towards the cisplatin-resistant
human ovarian cancer cell line and its tumor xenograft model,
as well as to derive mechanistic insights into the action of
salinomycin. The results showed that salinomycin inhibited
cell-growth and induced apoptosis in a cisplatin-resistant
human ovarian cancer cell line in vitro and suppressed tumor
growth in vivo. The salinomycin-induced apoptosis in the
cisplatin-resistant ovarian cancer cell line may correlate with
an increase in the activation of p38 MAPK.

Materials and methods

Cell lines and culture. The ovarian cancer cell lines used
in this study were OV2008, C13, A2780, A2780-cp (A/CP),
SKOV3 (p53-negative) and OVCAR3 (p53-mutant). Two pairs
of cisplatin-sensitive and cisplatin-resistant ovarian cancer
cell lines (OV2008 and C13, A2780 and A/CP, respectively)
were kindly provided by Dr Gaetano Marverti (University
of Modena and Reggio Emilia, Italy). The cell lines were
routinely grown in a humidified atmosphere at 5% CO, and
37°C, and then incubated with RPMI-1640 standard medium
supplemented with 10% fetal bovine serum (FBS), anti-
biotics (100 IU/ml penicillin and 100 pg/ml streptomycin)
and L-glutamine (2 mM). Exponentially growing cells were
used in the study. These reagents were provided by Invitrogen
(Carlsbad, CA, USA).

Growth inhibition assay. The growth inhibitory effects of sali-
nomycin or cisplatin on the six ovarian cancer cell lines were
determined by measuring cell viability using the resazurin
reduction assay. Briefly, cells were seeded in 100-u]1 media
on 96-well microtitre plates at a density of 5,000 cells/well.
Subsequent to overnight incubation, the cells were exposed
to a range of different concentrations of salinomycin (S4526;
Sigma-Aldrich, St. Louis, MO, USA) or cisplatin (Ebewe
0.5 mg/ml, Ebewe Pharma Schweiz AG, Cham, Switzerland)
and grown at 37°C under a 5% CO, atmosphere for 24-72 h.
Resazurin [(5 ul) of 0.02% (w/v)] (Sigma-Aldrich, R7017) in
phosphate-buffered saline (PBS) was then added to each well
and incubation was continued for an additional 2 h. At the
end, fluorescence was read using a Spectramax Gemini XS
microplate reader (Aexc=544 nm, Aem=590 nm).

Cell apoptosis detection. Cell apoptosis was detected using
the Annexin V-fluorescein isothiocyanate (FITC)/propidium
iodide (PI) apoptosis assay kit (BD Pharmingen, San Diego,
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CA, USA) in combination with flow cytometry (CyAn ADP;
Dako, Carpinteria, CA, USA). Subsequent to pre-treatment
with salinomycin for 12, 24 and 36 h, as well as solvent control
[0.1 % dimethyl sulfoxide (DMSO)], respectively, the cells
were collected by quick trypsinization to minimize potentially
high Annexin V background levels in adherent cells. The cells
were then washed twice with cold PBS and re-suspended in
binding buffer at a concentration of 1x10° cells/ml. The cells
(100 pl) were stained with 5 ul Annexin V/FITC and 5 ul
PI and were incubated in the dark at room temperature for
15 min. Subsequent to the addition of 400 ul binding buffer,
the cells were analyzed by flow cytometry. Cells negative for
both Annexin V and PI were viable, Annexin V*/PI" cells were
in early apoptosis, while Annexin V*/PI* cells were necrotic
or in late apoptosis. The percentages of apoptotic cells were
analyzed by the FlowJo software (Tree Star, Ashland, OR,
USA).

Cell cycle distribution analysis. To evaluate cell cycle profile,
cells (~1x109), pre-treated with salinomycin for 12 and 24 h
(0.1% DMSO as the solvent control), were harvested, washed
twice with PBS, then fixed and stored in ice-cold 70% (v/v)
ethanol at -20°C. Prior to analysis, the samples were washed
again with PBS, and then incubated in PI/RNAse staining
buffer (BD Pharmingen) at room temperature in the dark for
at least 15 min. Subsequent to filtration with a view to remove
cellular debris, the single-cell suspensions were analyzed using
a flow cytometer. The cell cycle parameters were analyzed
using the FlowJo software.

Phosphoprotein assay. A panel of phosphoproteins was
measured in duplicate, using a bead-based multiplex assay
(Bio-Plex Phosphoprotein Detection, Bio-Rad Laboratories,
Hercules, CA, USA), according to the manufacturer's instruc-
tions (22,23). Briefly, the cells were treated with salinomycin
or with the solvent control (0.1% DMSO) for the indicated
time interval and then the cell lysates were collected with
the Bio-Plex Cell Lysis kit. The protein concentration was
measured with a detergent compatible (DC) protein assay
(Bio-Rad Laboratories) and adjusted to 600 pg/ml. Coupled
beads (50 ul), recognizing phosphorylated Akt, IxB-a,
ERK1/2, JNK and p38 MAPK, respectively, were added to
the 96-well filter plate, and were then washed twice. The
same volume of the cell lysates was added and incubated
with the beads for 15-18 h (overnight). Then, 25 ul of biotin-
labelled detection antibodies were added after washing and
then incubated for 30 min. Streptavidin-PE (50 pl) was added
subsequent to washing then incubated in the dark for 10 min.
After rinsing, 125 pl of re-suspension buffer was added, and
the phosphoproteins were analyzed by a Bio-Plex 200 system
and the Bio-Plex Manager software (Bio-Rad Laboratories).
In this assay, the lysates of the phosphotase-treated Hela
cells, TNF-a-treated HeLa cells, UV-treated HEK293 cells
and EGF-treated HEK293 cells, provided by the Bio-Plex
phosphoprotein assay, were used as the background and the
positive control of phospho-IkB-a (Ser32/Ser36), phospho-
p38 MAPK (Thr180/Tyr182), phospho-JNK (Thr183/Tyr185),
phospho-Akt (Serd73), as well as phospho-ERK1/2 (Thr202/
Tyr204, Thr185/Tyr187). This experiment was repeated in
duplicate.
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Figure 1. Effect of salinomycin on cell viability in human ovarian cancer cell lines is shown. Cells were exposed to salinomycin at concentrations (0.01-200 M)
for 24,48 and 72 h and cell viability was measured by resazurin reduction assay. Results are expressed as the means + SD of quadruplicates from one of three

independent experiments.

Ovarian cancer tumor xenografts in mice. Female mice
of NOD/SCID were bred in-house in the Animal Center
(Tierversuchsstation) of the Department of Biomedicine of
the University Hospital of Basel, and were used at 6 weeks
of age. The procedures were approved by the Cantonal
Veterinary Office (Kantonales Veterindramt) and performed
in accordance with the regulations concerning animal experi-
ments. For the in vivo salinomycin treatment study, cultured
ovarian cancer cells (2x10° cells/mouse in 0.1 ml saline) were
subcutaneously injected into the back of NOD/SCID mice.
The following day, mice were randomized into two groups
(n=5/group). The treatment was initiated 24 h subsequent to
injection. The two experimental groups were administered
salinomycin (5 mg/kg) (17) and 5% ethanol (vehicle), respec-
tively, through intraperitoneal injection every other day for
three weeks. The size of the tumor was measured every two
days using a digital vernier caliper. The tumor volume was

estimated using the formula: volume= (a x b x 71/6, where a
and b are major and minor axes of the tumor.

Statistical analysis. The data were expressed as the mean
values + standard deviation. The growth-inhibitory curve
was analyzed using the GraphPad Prism 5.01 software. The
Student's t-test was carried out to compare the groups. P<0.05
was considered to indicate a statistically significant difference.

Results

Growth-inhibitory effect of salinomycin in ovarian cancer cell
lines. The growth-inhibitory effect of salinomycin on OV2008,
C13, A2780, A/CP,SKOV3 and OVCARS3 cell lines is shown in
Fig. 1. The effect of incubation time and concentration on the
viability of the ovarian cancer cell lines by salinomycin was
studied. The cells were exposed for 24, 48 or 72 h to salino-



1374

ZHANG et al: ANTICANCER EFFECTS OF SALINOMYCIN ON CISPLATIN-RESISTANT OVARIAN CANCER CELLS

Table 1. ICy, of cisplatin or salinomycin on ovarian cancer cell lines.

Cisplatin Salinomycin

Cell lines 24 h 48 h 72 h 24 h 48 h 72 h
0OV2008

IC5y (uM) 8.08 249 0.60 744 4.78 320

95% CI 6.15-10.63 2.09-2.97 0.52-0.68 6.80-8.14 4.12-5.55 2.90-3.53
C13

IC5y (uM) 77.10 24.29 9.69 442 3.10 1.86

95% CI 65.95-90.13 21.85-27.01 8.19-11.46 3.62-5.39 2.67-3.59 1.67-2.06
A2780

IC, (M) 6.48 1.60 1.03 1.70 043 0.27

95% CI 5.34-7.86 1.30-1.96 0.53-2.00 1.40-2.07 0.39-0.48 0.21-0.33
A/CP

IC5y (uM) 26.09 335 1.84 5.56 1.02 0.51

95% CI 23.53-28.91 2.75-4.09 1.32-2.55 4.75-6.51 091-1.13 0.44-0.58
SKOV3

IC5y (uM) 54.55 11.39 2.09 7.08 4.17 2.83

95% CI 38.97-76.35 7.17-18.10 1.69-2.59 5.33-9.40 347-501 2.14-3.76
OVCAR3

IC5, (M) 13.23 2.12 0.63 5.56 2.50 1.87

95% CI 10.90-16.06 1.83-2.46 0.55-0.72 4.30-7.18 2.09-2.98 1.32-2.67
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Figure 2. Effect of salinomycin on cell apoptosis in C13 cells is shown. After
cells were treated with 10 or 20 zM salinomycin as well as solvent control
(0.1% DMSO) treatment for 12, 24 and 36 h, respectively, the percentage of
apoptotic subpopulations was determined by flow cytometry, based on the
mean values obtained from three independent experiments. Results are shown
as the means + SD. Statistically significant differences compared to the con-
trol time point ("P<0.05 and “P<0.01, respectively). Statistically significant
difference compared to the 0 h control time point (*P<0.05 and **P<0.01,
respectively).

mycin at a (0.01-200 xM) concentration range, and cell viability
was measured by the resazurin reduction assay. In the six cell
lines studied, the inhibition ratio of cell viability showed a
concentration- and time-dependence pattern. The ICs, value of

salinomycin or cisplatin on the six ovarian cancer cell lines is
shown in Table I. This finding demonstrated that salinomycin
was slightly more potent in A2780 compared to the rest of the
cell lines and was almost equipotent in the remaining five cell
lines, including cisplatin-resistant ovarian cancer cells, such as
C13, A/CP and SKOV3. The ICs, (24 h) range of salinomycin
on the six ovarian cancer cell lines was 1.7-7.4 yM. In addi-
tion, salinomycin was more potent in C13 cells, approximately
9-fold resistant to cisplatin, compared to its parent OV2008
cells (cisplatin-sensitive cells). Thus, the C13 cisplatin-resistant
human epithelial ovarian cancer cell line attracted more atten-
tion and was used in most parts of the study.

Effect of salinomycin on tumor cell apoptosis and the cell
cycle. Salinomycin-treated C13 cells were analyzed by flow
cytometry to distinguish between early or late cell apoptosis,
subsequent to simultaneous staining with Annexin V and PIL.
Compared to the control, salinomycin treatment significantly
increased the percentages of apoptotic cells in C13, demon-
strating a concentration- and time-dependent pattern (Fig. 2).
In the control culture, 4.25+0.46% cells were in the early,
whereas 9.31+0.12% cells were in the late apoptotic stage.
Subsequent to treatment of cells with 20 yM salinomycin
for 12 h, the percentages of apoptotic cells in an early phase
increased to 16.2+0.68%, while that of the late phase increased
to 13.7+1.17%. By contrast, when cells were treated with sali-
nomycin for 24 and 36 h, 25.0+0.70 and 22.1+1.91% of them
were in early, and 23.3+1.08 and 27.6+1.13% in late apoptosis.
These results clearly indicated that salinomycin evoked apop-
tosis in C13 cells.
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Figure 3. Effect of salinomycin on cell cycle distribution in C13 cells is shown. Cells were treated with 10 or 20 uM salinomycin for (A) 12 and (B) 24 h,
and with 0.1% DMSO as the solvent control. The percentages of each cell cycle were evaluated by flow cytometry, based on the mean values obtained from
three independent experiments. Results are expressed as the means + SD. Statistically significant difference compared to the control ('P<0.05 and “P<0.01,
respectively).

A B C

L0000 L1050 3000
I S
% 50007 = ov00s E 1000 3 ovioos é 3800 = 0V2008
z 23 o Z e V20 z e — 4
g g e
z & £
Z Z 7 2004
E < =
E 2 E
=] = 5
= =) = 1M+
= = =
= E-] =
= o= o=
-] - -

-
comtrol 1 5 10 20
Concentration (pM)

D s E F .

= control
1004 3 10 M salinomycin

= 0V2008

NMedian fluorescence intensity

Median uorescence intensity
Median fluorescence intensity

504
] 12 ] 36
Concentration (pM) Concentration (pM) Time (h)
G 1o
= control
100 BZA 10uM salinomycin

W
=
1

Median fluorescence intensity

Time (h)

Figure 4. Effect of salinomycin on phosphoproteins levels in OV2008 and C13 cells is shown. The phosphoproteins in OV2008 and C13 cells were assessed by
the Bio-Plex assay at 24 h subsequent to salinomycin treatment at varying doses (1-20 #M, 0.1% DMSO as the solvent control). After two washes in ice-cold
cell wash buffer, monolayer cells were lysed. The fluorescence intensity of phosphoproteins in cells was counted by the Bio-Plex Suspension Array system:
(A) phospho-Akt; (B) phospho-IkB-a; (C) phospho-ERK1/2; (D) phospho-JNK and (E) phospho-p38 MAPK. The time-dependent phospho-p38 MAPK levels
in (F) OV2008 and (G) C13 were analyzed by the Bio-Plex assay at the indicated intervals, after 10 M salinomycin treatment (0.1% DMSO as the solvent
control). The dotted line shows the signal intensity of phosphotase-treated HeLa cells as the background control, while the dashed line shows the signal
intensity of the positive control. Results are expressed as the means + SD.

The effect of different concentrations of salinomycin  significantly higher percentages of the cell population in the
(10 and 20 M) on the cell cycle phases was investigated in  sub-Gl phase in salinomycin-treated C13 cells in a concen-
C13 cells cultured over different times (12 and 24 h) by DNA  tration-dependent manner, whereas the percentages of cells
content analysis, in a flow cytometer. The results showed in other phases (G1/GO, S and G2/M phases) were almost
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Salinomycin

Figure 5. Antitumor activity of salinomycin on NOD/SCID mice bearing human C13 cells is shown. (A) Tumor-growth curves of the mice treated with sali-
nomycin (5 mg/kg) and vehicle control (5% ethanol). (B) Final volume of tumors in salinomycin- and vehicle-treated animals on day 21, subsequent to tumor
injection. Data are shown as the means + SD of tumor volumes (n=5). Statistically significant difference compared to the vehicle control (“P<0.01). (C) One
of the vehicle control group mice (up) and one of the salinomycin-treated group mice (down). Tumor size in salinomycin-treated mouse (down) was notably
reduced compared to the tumor in the vehicle-treated mouse (up). Black bar, 1 cm.

reduced, when compared to the control (Fig. 3). These effects
were similar at 12 and 24 h (Fig. 3). The marked accumulation
of cells in sub-G1 phase was another marker for apoptosis,
further confirming the results of the Annexin V/PI assay.
Additionally, there was no cell cycle arrest in the G1/GO, S
and G2/M phases in salinomycin-treated and control cells,
suggesting that salinomycin inhibited the proliferation of C13
cells not accompanied by cell cycle arrest.

Effect of salinomycin on phosphoproteins levels in OV2008
and CI3 cells. To investigate the effect of salinomycin on
the phosphoproteins levels in the ovarian cancer cell lines,
OV2008 and C13, the regulation of phosphorylation by sali-
nomycin in five proteins was examined using the Bio-Plex
phosphoprotein assay. The results showed higher Akt and
IkB-a phosphorylation basal levels in untreated C13 compared
to untreated OV2008 cells (~1.7- and ~1.6-fold, respectively)
(Fig. 4A and B). An increase in the phosphorylation of Akt in
response to salinomycin was observed in OV2008 (~2.2-fold)
and C13 cells (~1.3-fold) (Fig. 4A). ERK was phosphorylated in
0OV2008 (~2-fold) and C13 cells (~1.4-fold) subsequent to the
addition of salinomycin, although the level was independent
of salinomycin dose and treatment time (Fig. 4C). There was
no clear alteration of the phosphorylation of IkxB-a (Fig. 4B)
and JNK (Fig. 4D) after salinomycin treatment in either type
of cell lines. However, a marked concentration-dependent
increase was observed in the p38 MAPK phosphorylation in
the two cell lines, subsequent to salinomycin exposure for
24 h (Fig. 4E). p38 MAPK phosphorylation was also enhanced
by salinomycin (10 uM) after 12, 24 and 36 h of incubation
with OV2008 (Fig. 4F) or C13 cells (Fig. 4G), showing a
time-dependent pattern. These findings suggested that the
salinomycin-induced growth-inhibitory effect and apoptosis
in both cell lines is likely to be mediated through the alteration
of p38 MAPK phosphorylation.

Evaluation of antitumor activity of salinomycin in vivo.
Based on the in vitro results, showing significant cytotoxicity
of salinomycin to human ovarian cancer cell lines, the in vivo
antitumor efficacy of salinomycin was further evaluated in
a cisplatin-resistant human ovarian tumor (C13) xenograft

grown in the back of mice. The mice were treated with sali-
nomycin and the change in the tumor volume after the first
injection was monitored for 21 days (Fig. 5A). Compared
with the vehicle-treated controls, a significant reduction in
the tumor volume was observed in the salinomycin-treated
mice (Fig. 5C). At the emd of the test, the tumor volume of
salinomycin-treated groups and the controls, in the C13 tumor
model, was 84.2+30.8 and 252.5+63.4 mm?®, respectively
(P<0.01; Fig. 5B).

Discussion

Recent findings suggest that salinomycin kills human breast
cancer stem-like cells (17), induces apoptosis and overcomes
multiple mechanisms of resistance to apoptosis in human
cancer cells, mainly human haematological tumor cells (18).
The aim of the present study was to examine the effects of
salinomycin on human ovarian cancer cell lines, including
cisplatin-resistant cell lines. As shown in Fig. 1, salinomycin
demonstrated a strong growth-inhibitory effect on ovarian
cancer cell lines in a concentration- and time-dependent
manner. Six ovarian cancer cell lines were selected for this
study including cisplatin-resistant cell lines, such as C13,
A/CP and SKOV3, which are advanced and refractory ovarian
cancer cells. Salinomycin proved to be almost equipotent
in these cisplatin-resistant cells, exhibiting more growth-
inhibitory activity towards cisplatin-resistant C13, compared
to cisplatin-sensitive OV2008 cells (Table I). These results are
consistent with a previous study on breast cancer cell line,
suggesting that drug-resistant cells remain sensitive to salino-
mycin treatment (17).

Apoptosis (programmed cell death), is an important
homeostatic mechanism balancing cell division and cell death,
while maintaining the appropriate cell number in the body
(24). Therefore, searching for agents that trigger the apoptosis
of tumor cells has become an attractive strategy in anticancer
medication research (25). In the present investigation, subse-
quent to salinomycin treatment, flow cytometry results, from
both the Annexin V/PI assay (Fig. 2) and sub-G1 populations
in cell cycle analysis (Fig. 3), showed a concentration- and
time-dependent increase in the percentage of apoptotic C13 cell
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subpopulations. Consistent with a previous report on various
human cancer cells, such as leukemia cells (18,19), these results
demonstrated that salinomycin triggered apoptosis in C13 cells.

Cell cycle control is highly involved in the regula-
tion of tumor cell proliferation. Several anticancer and
DNA-damaging agents arrest the cell cycle in the GO/G1, S
or G2/M phase and then induce apoptotic cell death (26,27).
The results of the present study demonstrated that no cell
cycle arrest was observed in the G1/GO, S and G2/M phases in
salinomycin-treated C13 or control cells (Fig. 3), confirming
previous findings demonstrating that salinomycin activates a
particular apoptotic pathway not accompanied by cell cycle
arrest (18).

To better understand the signaling pathways involved in
salinomycin-induced growth-inhibitory effects and apoptosis
in cisplatin-resistant ovarian cancer cells, the activity of Akt,
IkB-a, ERK1/2, JNK and p38 MAPK in cisplatin-resistant
C13 cells was investigated, compared to cisplatin-sensitive
OV2008 cells. To address this issue, multiple phosphoproteins
were determined by the Bio-Plex assays with Luminex tech-
nology. A recent report showed that the results achieved using
Bio-Plex phosphoprotein array analyses significantly corre-
lated (P<0.001) with those obtained with numerized western
blot analyses (23). Furthermore, Bland-Altman analyses
clearly demonstrated that Bio-Plex phosphoprotein array may
be used instead of western blot analysis providing a unique
method of analyzing the multiple phosphoprotein expression
in small specimens.

The PI3-kinase/Akt pathway contributed to tumor forma-
tion by elevating the activity of the anti-apoptotic action of
Akt. Akt inhibited apoptosis through the phosphorylation of
Bad, GSK3 and caspase-9, as well as the activation of tran-
scriptional factors, such as Forkhead (FOXO1) and NF-«B (28).
Cisplatin resistance has been reported to be associated with
the altered activation of PI3K/Akt signaling pathways in an
ovarian cancer cell line (11). The suppression of Akt activation
was likely to lead to the activation of pro-apoptotic signaling
pathways (29,30). The present study showed that the basal levels
of phospho-Akt in untreated cisplatin-resistant C13 cells were
higher compared to cisplatin-sensitive OV2008 cells, while
salinomycin enhanced the phospho-Akt levels in both C13 and
OV2008 cells (Fig. 4A). However, the growth inhibitory effect
of salinomycin on C13 cells showed no significant difference,
compared to OV2008 cells. Moreover, IkB-a is a downstream
Akt substrate. Through the phosphorylation of IkB kinase, Akt
activates NF-«B, a transcription factor that has been involved
in cell survival (31,32). Data indicated that the NF-xB has
been linked with cell proliferation, invasion, angiogenesis,
metastasis, suppression of apoptosis and chemoresistance in
multiple tumors (33). In ovarian cancer cells, the increased
phosphorylation of IkB-a and the constitutive activation of
NF-kB have been shown to mediate cisplatin resistance, while
the inhibition of NF-«B activation sensitizes the ovarian cancer
cells to cisplatin (13). In the current study, the basal levels of
phospho-IkB-a in untreated cisplatin-resistant C13 cells were
higher compared to untreated cisplatin-sensitive OV2008 cells.
However, salinomycin did not induce IxB-a phosphorylation
(Fig. 4B). These results indicated that in cisplatin-resistant
C13 cells, salinomycin induces apoptosis through non-Akt/
IkB-a-dependent pathways. The exact mechanism of the
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salinomycin-enhanced phospho-Akt remains unknown and
requires additional investigation.

MAPKSs are essential components of the signaling trans-
duction mechanism, while being highly involved in cell
growth, differentiation and cell apoptosis (34). Recent studies
have suggested apoptotic stimuli to be transmitted to caspases
through the activation of MAPKs, such as p38 MAPK and
JNK (35). Therefore, whether MAPK activation is involved
in salinomycin-induced apoptosis in ovarian cancer cell lines
(OV2008 and C13) was examined. Data resulting from this
study showed that as opposed to JNK or ERK, p38 MAPK
is associated with the pro-apoptotic activity of salinomycin
(Fig. 4C-G). The p38 MAPK pathway is involved in cancer
cell apoptosis and is induced by several chemotherapeutic
drugs (36,37). The loss of the capacity to activate p38 MAPK
in response to cisplatin treatment was also reported to be
a potential mechanism of chemoresistance (38). Marked
time- and concentration-dependent increases were detected
in the phosphorylation of p38 MAPK subsequent to sali-
nomycin treatment in the two cell lines (Fig. 4E-G). This
result suggests that p38 MAPK activation contributes to the
pro-apoptotic effect of salinomycin in ovarian cancer cell
lines and that the activation of the p38 MAPK pathway is
likely to be involved in the salinomycin-induced apoptosis in
ovarian cancer cell lines. However, detailed downstream and
upstream signaling molecules of salinomycin-modulated p38
MAPK are unknown and require further investigation.

In the present study, the xenografts of human cispl-
atin-resistant ovarian cancer (C13) model showed very good
efficacy when treated with salinomycin (Fig. 5). Although,
the mechanism of cell death in the xenograft tumor model
has not yet been ascertained, salinomycin-induced cell
apoptosis is likely to account for part of the observed reduc-
tion in tumor growth rate and requires further investigation.
Additionally, more studies with salinomycin alone in different
characterized ovarian cancer cell lines or in combination with
other conventional medicatons in vitro and in vivo are still
necessary to enhance our understanding of this promising
antitumorigenic compound.

In summary, the present study demonstrated that sali-
nomycin inhibits the growth and induces apoptosis in the
cisplatin-resistant human ovarian cancer cell line C13 in vitro
and exhibits significant in vivo efficacy in the tumor (C13)
xenograft model. The pro-apoptotic effects of salinomycin are
not mediated through Akt-dependent pathways, rather possibly
associated with p38 MAPK activation. To address the pathway
involved additional investigations are required.
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