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Ovarian cancer is the leading cause of gynecologic cancer deaths among women. Although platinum-
based chemotherapy is the first-line treatment for human ovarian cancer, chemoresistance remains a
major obstacle to successful treatment, and there are currently no approved molecularly targeted thera-
pies. Recent evidence indicates that signal transducer and activator of transcription-3 (STAT3) is a deter-
minant of chemoresistance and is related to tumor recurrence in a large number of solid malignancies. In
this study, we demonstrated that high levels of pSTAT3 were associated with chemoresistance in human
ovarian cancer cells. Targeting STAT3 by siRNA technology markedly enhanced cisplatin-induced apopto-
sis in cisplatin-resistant ovarian cancer cells that expressed a high level of pSTAT3. Interleukin-6 (IL-6)
could induce STAT3 activation in cisplatin-sensitive ovarian cancer cells and led to protection against cis-
platin. The STAT3 siRNA treatment also blocked IL-6-induced STAT3 phosphorylation, resulting in the
attenuation of the anti-apoptotic activity of IL-6. We found that the combination of cisplatin and STAT3
siRNA resulted in the collapse of the mitochondrial membrane potential, attenuated the expression of
Bcl-xL and Bcl-2, and increased the release of cytochrome C and expression of Bax. Taken together, these
results suggest that the pharmacological inhibition of STAT3 may be a promising therapeutic strategy for
the management of chemoresistance in ovarian cancer.
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1. Background

Ovarian cancer is the fourth most lethal cancer among women
and the leading cause of gynecological cancer deaths worldwide.
Despite improvement in 5-year survival, long-term survival for ad-
vanced-stage ovarian cancer has not changed and is still no more
than 20-30% [1]. Patients usually respond to the initial therapy,
which includes surgical debulking and chemotherapy with plati-
num-based drugs and taxanes. Most survivors of ovarian cancer
eventually experience recurrent disease and develop resistance to
multiple types of chemotherapy. Progression of a multidrug-resis-
tant tumor ultimately leads to a significant morbidity and eventual
mortality. Indeed, drug resistance remains one of the most difficult
barriers to overcome in patients with ovarian cancer. Moreover,
there are currently no approved molecularly targeted therapies.

Signal transducer and activator of transcription-3 (STAT3) is one
member of a family of transcription factors that participate in
relaying signals from cytokines and growth factors. Upon
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activation by a wide variety of cell surface receptors, tyrosine-
phosphorylated STAT3 (pSTAT3) dimerizes and translocates to
the nucleus to modulate the expression of the target genes that
are involved in various physiologic functions, including cell devel-
opment, differentiation, proliferation and survival [2]. In normal
cells, the activation of the STAT3 protein is a reversible and tightly
controlled process that typically lasts for a limited duration [2],
and studies have shown that the constitutive activation or dysreg-
ulation of STAT3 is associated with a number of human tumors and
cancer cell lines [2]. Using gene expression profiling and compara-
tive genomic hybridization, Meinhold-Heerlein and colleagues [3]
demonstrated that high-grade ovarian cancers were characterized
by the expression of genes associated with STAT3-induced tran-
scription. Studies have also shown that pSTAT3 is correlated with
aggressive clinical behavior in ovarian carcinoma specimens [4,5].

Several upstream pathways have been identified in drug resis-
tance, including the interleukin (IL)-6, Src family kinase, and phos-
phatidylinositol-3-kinase (PI3K)/Akt pathways. The above
pathways have been shown to be elevated in ovarian cancer, lead-
ing to the activation of STAT3 [6-8]. Such studies have shown that
STAT3 prevents tumor cell cycle arrest and cell death through
multiple mechanisms that were previously linked to drug
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resistance. These mechanisms include the increased expression of
the oncogenes encoding cyclin D and c-Myc and the anti-apoptotic
proteins MCL-1 (myeloid cell leukemia-1), survivin, and Bcl-xL [9].

In the present study, we hypothesized that the STAT3 signaling
pathway was instrumental in human ovarian cancer chemoresis-
tance and that the targeted disruption of this pathway could
attenuate the inherent and induced chemoresistance of human
ovarian cancer cells. We used siRNA (small interfering RNA) to
downregulate STAT3 expression in human ovarian cancer cells,
and our results confirmed the critical role of STAT3 in the resis-
tance to cisplatin, which provided direct evidence that targeting
STAT3 signaling could reverse inherent and induced cisplatin
resistance.

2. Methods
2.1. Cell culture

The human ovarian cancer cell lines SKOV-3 and A2780 were
purchased from American Type Culture Collection (Rockville,
MD, USA), and OV2008 and C13K were gifts from Dr. Rakesh Goel
(Ottawa Regional Cancer Center, Ottawa, Canada). The cells were
cultured in RPMI 1640 (GIBCO, Grand Island, NY, USA) supple-
mented with 10% fetal bovine serum (HyClone, Logan, UT),
100 units/ml penicillin, and 100 pg/ml streptomycin at 37 °C in
a humidified atmosphere containing 5% CO,. Human umbilical
vein endothelial cells (HUVECs) were isolated as previously de-
scribed [10].

2.2. Cell transfection

Exponential-phase ovarian cancer cells were plated into 6-well
plates and allowed to adhere for 24 h. When the cell density
reached approximately 70%, the cells were transfected with
50 nM STAT3 siRNA using Lipofectamine™ 2000 (Life Technologies,
Rockville, MD, USA) following manufacturer’s instructions. siRNA
against human STAT3 (5-GGA GCA GCA CCU UCA GGA UTT-3)
was synthesized according to the published sequence [11], and
the non-targeting control siRNA (5-UAC CGA CUA AAG ACA UCA
AUU-3") was purified by high-performance liquid chromatography
(HPLC). The RNA oligonucleotides were obtained from Invitrogen
(Shanghai, PR China).

2.3. Real-time PCR

Total RNA was isolated from the cells and treated with DNase I
for 30 min at 37 °C, and RT-PCR was performed using the SYBR Pre-
mix Ex Taq Kit (TaKaRa Biotechnology Co., Ltd, Dalian, China).
STAT3 expression in the experimental and control groups was
analyzed using the 22T method [12]. The primers used for
real-time PCR are as follows: STAT3 - forward 5'-ACCTGCAGCAA-
TACCATTGAC-3' and reverse 5'-AAGGTGAGGGACTCAAACTGC-3'
and GAPDH - forward 5'-CCACTCCTCCACCTTTGAC-3’ and reverse
5-ACCCTGTTGCTGTAGCCA-3'.

2.4. Western blot analysis

A standard western blot analysis was performed using anti-
STAT3, anti-phospho-STAT3 (Tyr-705), anti-Bcl-2, anti-Bcl-xL,
anti-Bax (Cell Signaling Technology, Inc., Beverly, MA), anti-B-ac-
tin, and anti-cytochrome C (Santa Cruz Biotechnology, Santa
Cruz, CA) antibodies. The probe proteins were detected using
enhanced chemiluminescence (Pierce Biotechnology/Thermo Fish-
er Scientific, Rockford, IL).

2.5. Drug sensitivity assay

A 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) assay was used to analyze cell viability, as previously
described [13].

2.6. Apoptosis assay

Annexin V-FITC and PI staining (BD Biosciences Pharmingen,
San Diego, CA, USA) were used to determine apoptosis according
to our previously described methods [14].

2.7. Measurement of A¥Ym

Mitochondrial membrane depolarization was determined using
the fluorescent probe TMRE [15]. Briefly, cells (1 x 106/ml) were
incubated with TMRE (37 °C for 10 min) in the dark and analyzed
by flow cytometry. Additionally, A¥m was observed by fluores-
cence microscopy, as previously described [16].

2.8. Statistical analysis

All the values represent the means = SD of at least three inde-
pendent experiments. The significance of the differences between
the groups was assessed by Student’s t test; statistical significance
was defined as P < 0.05.

3. Results

To examine the cisplatin antitumor activity in different ovarian
cancer cells, four human ovarian cancer cell lines (C13K, SKOV-3,
A2780, and OV2008) were exposed to different concentrations of
cisplatin (0-80 uM); a cell viability assay was performed after
48 h of treatment. No significant cell viability changes were found
in the C13K or SKOV-3 lines treated with 10 uM cisplatin, whereas
approximately 20% and 40% decreases, respectively, were observed
when these cells were treated with 40 uM cisplatin (Supplemen-
tary Fig. 1A). In contrast, cell viability decreased by approximately
40% and 90% in the OV2008 lines and by 30% and 85% in the A2780
lines when treated with 10 and 40 pM cisplatin, respectively (Sup-
plementary Fig. 1A).

We also observed that cisplatin (20 uM) treatment decreased
the viability of all the cells in a time-dependent manner. With
increasing time, the viability of OV2008 and A2780 was signifi-
cantly decreased when compared to C13K and SKOV-3 (Supple-
mentary Fig. 1B). These results demonstrated that the C13K and
SKOV-3 cells were more resistant to cisplatin than the OV2008
and A2780 cells.

Increased anti-apoptotic activity is one of the major mecha-
nisms of cisplatin resistance [17]. On the basis of the critical role
of STAT3 in cancer cell proliferation and survival [2], we compared
the expression profiles of endogenous STAT3 and pSTAT3 in cis-
platin-resistant ovarian cancer cells with those of cisplatin-sensi-
tive ovarian cancer cells and normal human umbilical vein
endothelial cells (HUVECs). A western blot analysis showed that
high levels of STAT3 were expressed in all of the ovarian cancer cell
lines, with no significant differences in the levels of total STAT3
protein. However, the level of pSTAT3 in the C13K and SKOV-3 cells
was notably higher than in the OV2008, A2780, and HUVEC lines
(Supplementary Fig. 1C).

Based on the above results, we hypothesized that the STAT3 sig-
naling pathway plays a vital role in the chemoresistance of ovarian
cancer cells and that the inhibition of this pathway would lower
the apoptotic threshold and increase chemotherapy sensitivity.
To test this hypothesis, we first performed STAT3-targeted
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Fig. 1. Real-time PCR and western blot analysis of STAT3 and pSTAT3 expression in ovarian cancer cells transfected with STAT3 siRNA. (A) Real-time PCR examination at the
indicated times of STAT3 in OV2008, C13K, SKOV-3, and A2780 cells transfected with STAT3 siRNA. The columns and error bars represent the means and SD. (B) Western blot
analysis of STAT3 and pSTAT3 in OV2008, C13K, SKOV-3, and A2780 cells transfected with STAT3 siRNA (siRNAS™T3) and a non-targeting control siRNA (siRNA°") after 72 h.
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Fig. 2. Silencing the STAT3 signaling pathway enhanced the sensitivity of cisplatin-resistant ovarian cancer cells to cisplatin. OV2008 (A), C13K (B), SKOV-3 (C), and A2780 (D)
cells were transfected with STAT3 siRNA for 24 h and then treated with different doses of cisplatin (0-80 1M) for 48 h. The rate of apoptosis was measured by FITC-annexin V
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Table 1
Effect of STAT3 siRNA on cisplatin-induced cytotoxicity in Ov2008, Caov-3, C13K,
SKOV-3, or A2780 cells.

1C50 (uM)
Cisplatin siRNA" + cisplatin siRNASTAT3 + ciplatin
0V2008 14+2 12+3 13+1
C13K 80+9 765 23+3
SKOV-3 585 56+3 182
A2780 19+3 202 172

silencing using siRNA, and our real-time PCR analysis showed sig-
nificant reductions in the levels of STAT3 mRNA expression in all
the ovarian cancer cells (Fig. 1A). Furthermore, our western blot
analysis showed that the STAT3 and pSTAT3 (try-705) proteins
were also efficiently inhibited (Fig. 1B). To minimize off-target ef-
fects of siRNA, we used three non-overlapping siRNAs targeting
STAT3 (Supplementary Fig. 2). These results indicated that STAT3
siRNA could effectively inhibit the expression of STAT3 and pSTAT3
in these ovarian cancer cells.

We next examined whether blocking the STAT3 signaling path-
way could enhance the sensitivity of ovarian cancer cells to cis-
platin. The cells were first treated with STAT3 siRNA and, after a
24-h transfection period, with different doses of cisplatin for
48 h. We then analyzed the effect of STAT3 siRNA on cisplatin-in-
duced apoptosis and found that the combination of cisplatin with
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STAT3 siRNA resulted in significantly greater cell death compared
with cisplatin or STAT3 siRNA alone in C13K and SKOV-3 cells
(Fig. 2). To investigate if a small molecule STAT3 inhibitor would
increases cisplatin sensitivity, we chose 10 uM of Stattic to treat
A2780 and C13K cells for 48 h. The results demonstrated cisplatin
induced more apoptosis in Stattic-treated C13K cells than in con-
trol cells (Supplementary Fig. 3). Next, we assessed the changes
in cisplatin sensitivity. STAT3 siRNA treatment combined with cis-
platin in C13K and SKOV-3 cells resulted in ICsq values (23 + 3 uM
and 18 + 2 uM, respectively) that were significantly lower than the
ICs0 values for cisplatin alone (80+9 pM and 58 5 pM, respec-
tively, P<0.05) (Table 1). However, this sensitivity to cisplatin
was not observed in the OV2008 and A2780 cells (Fig. 2, Table 1).
These data suggested that the enhanced response to cisplatin was
associated with pSTAT3 depletion in the ovarian cancer cells.
Interleukin-6 (IL-6), which is secreted by a variety of cells,
including the tumor cells, participates in cancer cell proliferation
and differentiation [18]. IL-6 was found to be elevated in the serum
and peritoneal fluid collected from patients with ovarian cancer
[19,20]. Furthermore, high levels of IL-6 in body fluids were
previously associated with a poor prognosis and resistance to
chemotherapy [21]. Studies have proven that IL-6 activates STAT3
and regulates the behavior of cancer cells through autocrine and
paracrine pathways [22]. To evaluate the role of the IL-6/STAT3
signaling pathway in ovarian cancer cell chemoresistance, we first
explored whether IL-6 could induce STAT3 phosphorylation in cells
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Fig. 3. STAT3 siRNA reversed the IL-6-induced resistance to cisplatin in ovarian cancer cells. (A) Western blot analysis of STAT3 and pSTAT3 in cisplatin-sensitive OV2008 and
A2780 cells treated with different concentrations of IL-6 (0-50 ng/ml) for 1 h. (B) OV2008 and A2780 cells were pretreated with various concentrations of IL-6 (0-50 ng/ml)
for 1 h. After the pretreatment, the cells were treated with 20 uM cisplatin for 24 h, and a cell apoptosis assay was performed. The graphs represent typical cell apoptosis
results. The columns and error bars represent the means and SD. (C) Western blot analysis of STAT3 and pSTAT3 in OV2008 and A2780 cells pretreated with STAT3 siRNA for
6 h, followed by incubation with IL-6 (50 ng/ml) for 48 h. (D) OV2008 and A2780 cells were pretreated with IL-6 at 50 ng/ml for 1 h and then transfected with STAT3 siRNA
(50 nM) for 48 h, followed by incubation with cisplatin (20 pM) for 24 h. At the end of the treatment period, cell apoptosis was examined. The columns and error bars

represent the means and SD. Cis, cisplatin.
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Fig. 4. STAT3 siRNA promoted cisplatin-induced mitochondrial-related apoptosis in ovarian cancer cells. OV2008 (A) and C13K (B) cells were transfected with STAT3 siRNA
for 24 h, followed by incubation with 20 uM cisplatin for 24 h. After the cisplatin treatment, the loss of the mitochondrial membrane potential was measured using TMRE
staining. Scale = 20 pm. (C) Western blot analysis of Bcl-2 and Bcl-xL in OV2008, C13K, SKOV-3, and A2780 cells. (D) Western blot analysis of cytoplasmic cytochrome C, Bax,
Bcl-xL, and Bcl-2 in C13K cells treated with STAT3 siRNA for 24 h, followed by incubation with 20 uM cisplatin for 24 h.

with lower endogenous levels of pSTAT3. The cisplatin-sensitive
0V2008 and A2780 cells were treated with different concentra-
tions of IL-6 (0-50 ng/ml), and the results showed that IL-6 acti-
vated STAT3 in a dose-dependent manner but did not alter the
expression of total STAT3 (Fig. 3A). Next, the OV2008 and A2780
cells were pretreated with IL-6 (0-50 ng/ml) for 1 h, followed by
20 UM cisplatin treatment; the apoptosis analysis revealed that
pretreatment with IL-6 rescued the cells from the apoptosis caused

by cisplatin. Furthermore, pretreatment with 50 ng/ml IL-6 re-
duced cisplatin-induced (20 pM) apoptosis by approximately 3-
fold and 4-fold, respectively, in the A2780 and OV2008 cells
(Fig. 3B). These results indicated that exogenous IL-6 could induce
STAT3 phosphorylation in ovarian cancer cells and increase the
resistance to cisplatin treatment. Lastly, to investigate whether
the knockdown of STAT3 could counteract the effects of IL-6 in
ovarian cancer cell chemoresistance, OV2008 and A2780 cells were



Z. Han et al./Biochemical and Biophysical Research Communications 435 (2013) 188-194 193

pretreated with IL-6 at 50 ng/ml for 1 h and then transfected with
STAT3 siRNA (50 nM) for 48 h, followed by incubation with cis-
platin (20 uM) for 24 h. Fig. 3C and D demonstrates that the STAT3
siRNA markedly blocked the activation of STAT3 and reversed the
IL-6-induced resistance to cisplatin.

Recent studies have shown that mitochondria play a critical role
in the chemoresistance process of cancer cells [23,24]. To further
examine the role of STAT3 in the mitochondria-related apoptosis
of cisplatin-resistant ovarian cancer cells, OV2008 and C13K cells
were treated with cisplatin, STAT3 siRNA, or both, and the mito-
chondrial transmembrane potential (AWm) was assessed using
TMRE staining. The results showed that cisplatin or cisplatin com-
bined with STAT3 siRNA significantly lowered the fluorescence
intensity of the cells, but there was no significant difference be-
tween the two groups for the OV2008 cells (Fig. 4A). In the C13K
cells, STAT3 siRNA alone significantly lowered the fluorescence
intensity, and treatment with both STAT3 siRNA and cisplatin dra-
matically reduced the fluorescence intensity (Fig. 4B). We next
examined the levels of four important factors in mitochondria-re-
lated apoptosis: Bcl-2, Bcl-xL, Bax, and cytoplasmic cytochrome C.
As shown in Fig. 4C, the levels of the Bcl-2 and Bcl-xL proteins in
the C13K and SKOV-3 cells were higher than in the OV2008 and
A2780 cells. In the C13K cells, the levels of cytoplasmic cytochrome
C and Bax were higher in the STAT3 siRNA and STAT3 siRNA com-
bined with cisplatin groups than in the control and cisplatin
groups, but the levels of Bcl-2 and Bcl-xL were significantly de-
creased in the former two groups (Fig. 4D).

4. Discussion

Ovarian cancer sustains a poor prognosis among female gyneco-
logical malignancies. The standard treatment is cytoreductive sur-
gery, followed by adjuvant chemotherapy and re-treatment with
platinum-based chemotherapy at the time of relapse. This treat-
ment course has shown beneficial effects in a high percentage of
cases, but de novo and acquired resistance has restricted the suc-
cess of this potent chemotherapeutic agent. Thus, the development
of a more effective chemotherapy treatment through the identifi-
cation of genes involved in modulating both the intrinsic and ac-
quired mechanisms of drug resistance would be instrumental in
the ability to fight this disease.

The development of chemoresistance is associated with many
events. Although several studies have been performed to identify
the gene signatures associated with the resistance to chemother-
apy [25,26], no consistent profile has emerged. STAT3 mediates
the expression of a variety of genes in response to cell stimuli
and, thus, plays a key role in many cellular processes, including cell
growth and apoptosis. As a consequence of anti-apoptotic and pro-
liferative lesions, we propose that this oncogenic pathway is also
involved in intrinsic and acquired drug resistance; indeed,
STAT3-expressing tumors are resistant to chemotherapeutic
agents.

The present study showed that OV2008 and A2780 cells trea-
ted with the first-line agents used in the clinical treatment of
ovarian cancer (cisplatin) suffered a concentration-dependent de-
crease in cell viability. The C13K and SKOV3 cells treated with cis-
platin also underwent a concentration-dependent decrease in cell
viability but to a much lesser degree, indicating resistance to cis-
platin-induced apoptosis. A western blot analysis indicated that
higher levels of pSTAT3 were present in the cisplatin-resistant
C13K and SKOV-3 cells than in the cisplatin-sensitive OV2008
and A2780 cells, whereas HUVECs did not contain obvious levels
of pSTAT3. However, there were no significant differences in the
levels of total STAT3 protein in any of these cells. These results
indicated that elevated pSTAT3 might be positively correlated

with resistance to cisplatin in ovarian cancer cells. Molecularly
targeted therapy provides a unique method for inhibiting the acti-
vation of specific proteins involved in cancer cell chemotherapy
resistance. To gain a deeper understanding of the role of STAT3
as a mediator of resistance to cisplatin resistance at the molecular
level, we evaluated the effect of blocking the activity of this pro-
tein in ovarian cancer cells with poor responses to cisplatin using
STAT3 siRNA. The results showed that STAT3 siRNA could effec-
tively knock down the STAT3 and pSTAT3 proteins, with the
sensitivity to cisplatin being significantly enhanced in the intrinsi-
cally cisplatin-resistant SKOV-3 and C13K cells. Our in vitro
analysis suggests that constitutively activated STAT3 is not only
a biomarker of cisplatin resistance but is also functionally linked
to a poor response to cisplatin.

Recent studies have shown that IL-6 and its soluble receptor
(sIL-6R) are significantly elevated in the peritoneal fluid and can-
cer tissue collected from patients with ovarian cancer, and ele-
vated levels of IL-6 and sIL-6R are closely associated with a poor
prognosis and multidrug resistance [27,28]. IL-6 could regulate
the biological behavior of cancer and normal cells by activating
STATS3 in autocrine and paracrine pathways [29]. It has been dem-
onstrated that cisplatin-sensitive ovarian cancer lines that do not
secrete IL-6, but express the IL-6 receptor, are sensitive to IL-6
[30]. Based on these results, we hypothesized that IL-6 would pro-
mote the survival of ovarian cancer cells via STAT3 upon drug
treatment. Our results showed that IL-6 activated STAT3 in a
dose-dependent manner in cisplatin-sensitive 0OV2008 and
A2780 cells. Interestingly, the exogenous addition of IL-6 pro-
tected the cancer cells from cisplatin-induced apoptosis. To ex-
plore whether the IL-6-promoted cell survival with cisplatin
treatment was caused by activated STAT3, we targeted STAT3
using siRNA and found that the STAT3 knockdown cells showed
higher level of apoptosis. The above data indicated that the block-
age of the STAT3 signaling pathway may reduce IL-6-induced
anti-apoptosis.

Abnormal mitochondrial functions have been closely correlated
to chemoresistance in ovarian cancer [31]. STAT3 plays an impor-
tant role in mitochondria and is involved in cell respiration, nutri-
ent metabolization, and apoptosis [32,33]. Here, we showed that
STAT3 siRNA depolarized the mitochondrial membrane potentials
in the cisplatin-resistant C13K cells. Furthermore, STAT3 siRNA
markedly reduced the mitochondrial membrane potential of the
C13K cells when used in combination with cisplatin. Our western
blot analysis showed that STAT3 siRNA increased the release of
cytochrome C in C13K cells and that the expression of Bax, which
is related to the apoptosis pathway of mitochondria, was increased,
whereas Bcl-2 and Bcl-xL expression decreased. These results indi-
cated that the inhibition of the STAT3 signaling pathway could
activate the mitochondrial apoptosis pathway in cisplatin-resistant
ovarian cancer cells, suggesting a mechanism to enhance the sen-
sitivity of cancer cells to cisplatin.

In conclusion, the STAT3 pathway can promote ovarian cancer
cell survival upon drug treatment. The blockage of this pathway
may be able to render those ovarian cancer cells with constitu-
tively or exogenously activated STAT3 more sensitive to chemo-
therapeutic agent-induced apoptosis, thus providing a potential
therapeutic strategy for the treatment of ovarian cancer.
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