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Abstract

Cisplatin resistance remains one of the major obstacles when treating epithelial ovarian cancer. Because oxaliplatin and
nedaplatin are effective against cisplatin-resistant ovarian cancer in clinical trials and signal transducer and activator of
transcription 3 (STAT3) is associated with cisplatin resistance, we investigated whether overcoming cisplatin resistance by
oxaliplatin and nedaplatin was associated with the STAT3 pathway in ovarian cancer. Alamar blue, clonogenic, and wound
healing assays, and Western blot analysis were used to compare the effects of platinum drugs in SKOV-3 cells. At an equitoxic
dose, oxaliplatin and nedaplatin exhibited similar inhibitory effects on colony-forming ability and greater inhibition on cell motility
than cisplatin in ovarian cancer. Early in the time course of drug administration, cisplatin increased the expression of pSTAT3
(Tyr705), STAT3a, VEGF, survivin, and Bcl-X,, while oxaliplatin and nedaplatin exhibited the opposite effects, and upregulated
pSTAT3 (Ser727) and STAT3p. The STAT3 pathway responded early to platinum drugs associated with cisplatin resistance in

epithelial ovarian cancer and provided a rationale for new therapeutic strategies to reverse cisplatin resistance.
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Introduction

Epithelial ovarian cancer accounts for approximately
90% of ovarian malignancies and is often discovered at an
advanced stage, with a 5-year survival rate of less than
20% (1). While administration of cisplatin remains the
current standard of care in chemotherapy for this
malignancy, 75% of the patients eventually relapse (2).
Cisplatin promotes development of drug resistance, thus
there is an urgent need to overcome cisplatin resistance
and identify its mechanisms.

Nedaplatin, a second-generation platinum drug, has a
higher water solubility than cisplatin and causes fewer
side effects (3). Oxaliplatin, a third-generation platinum
compound, displays wide antitumor activity against
cancers restricted to the peritoneal cavity and showed
partial cross-resistance to cisplatin in preclinical studies
(4). Both nedaplatin and oxaliplatin are effective in heavily
pretreated ovarian cancer patients who are nonrespon-
sive to cisplatin, with manageable toxicity (4-6). However,
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the mechanism underlying their reversal of cisplatin
resistance remains largely unknown. Exposure to
chemotherapeutic agents can induce alterations in signal-
ing cascades that mediate resistance (7). Among these,
signal transducer and activator of transcription 3 (STAT3)
overexpression has been reported positively associated
with cisplatin resistance (8).

STAT3 is activated in 94% of ovarian cancers and is
associated with more aggressive phenotypes (7-9). It also
correlates with recurrent tumors and poor prognosis
(7-10). Furthermore, STAT3 participates in various
processes key to malignant progression: promoting cell
proliferation, triggering tumor initiation, migration, inva-
sion, angiogenesis and metastasis, induction of epithelial-
mesenchymal transition (EMT), inhibition of apoptosis and
cell cycle dysregulation, and promoting multidrug resis-
tance to chemotherapy (8-13). STAT3 also plays an
important role in embryonic stem cells and the immune
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response (14,15) partially correlated with cancer progres-
sion. Targeting STAT3 may reverse the malignant
progression described above.

Since oxaliplatin and nedaplatin have been effective
against cisplatin-resistant ovarian cancer in clinical trials,
and targeting STAT3 may reverse drug resistance, we
investigated whether the effects of platinum agents on the
STAT3 pathway were associated with cisplatin resistance.
We observed that oxaliplatin and nedaplatin had various
effects on the STAT3 pathway that differed from that of
cisplatin early in the course of treatment, which may
contribute to elucidating their mechanisms of reversing
cisplatin resistance.

Material and Methods

Material

Platinum drugs were from Aosaikang Pharmaceutical
Co., Ltd. (Nanjing, China). Alamar blue was purchased
from Invitrogen (USA). RPMI 1640, FBS, antibiotics, and
trypsin were from Gibco (USA). Nitrocellulose membranes
were from Amersham (UK). Primary antibodies were
purchased from Santa Cruz Biotechnology (USA), except
for pSTAT3 and Tyr705, which were from CST (USA).
Secondary antibodies were from Dako (Denmark).
Electrochemiluminescence (ECL) assay reagents were
obtained from Pierce (USA). All other reagents and
compounds were of analytical grade.

Cell lines and cultures

Human ovarian cancer SKOV-3 cells were from ATCC
and cultured in RPMI 1640 medium with 10% FBS, 100 1U/mL
penicillin, and 100 pg/mL streptomycin. Cells were cultured
at 37°C in a humidified 5% CO, atmosphere.

Proliferation assay

SKOV-3 cells were seeded at 1x10° cells/well on
96-well plates. Drugs were added at the indicated doses
(n=6 for each experiment) 24 h after inoculation. The
proliferation assay was performed 24, 48, and 72 h after
drug treatment using the Alamar blue assay following the
manufacturer’'s instructions. A microplate reader was
used to measure the absorbance at 570 and 600 nm.
Absorbance recordings were normalized to control cells
and graphed as relative cell density.

Clonogenic assay

At 24 h after exposure to 1 ug/mL cisplatin, 8 ug/mL
oxaliplatin, or 8 pg/mL nedaplatin, SKOV-3 cells were
seeded at 1000 cells/well on 6-well plates. Cells were
cultured additionally for 10 days until visible colonies
formed. The cells were fixed with methanol and stained
with 0.5% crystal violet in 2% ethanol for 10 min. The
plates were washed 4 times with tap water and air-dried.
Colonies comprising at least 50 cells were counted. The
plating efficiencies were calculated as the number of
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colonies divided by the number of control cells plated.

Wound healing assay

Upon reaching 90% confluence on 6-well plates, cells
were scraped across the cell monolayer using a sterile
200-uL pipette tip. After washing with PBS, cells were
exposed to 1 ug/mL cisplatin, 8 ug/mL oxaliplatin, or 8 pug/mL
nedaplatin for 24 h. Cells that migrated to the wounded
region were photographed at 0 h and again after 24 h. The
wound area was quantified by Image J and estimated using
the following equation: wound closure % =[1—(wound area
at Tywound area at Tg) x 100%], where T, is the elapsed
time after wounding and Ty is the time immediately after
wounding.

Western blot analysis

Cells (1x10° were seeded onto 6-well plates and
after treatment with 1 pug/mL cisplatin, 8 ug/mL oxaliplatin,
or 8 ug/mL nedaplatin at the indicated time, proteins were
extracted using RIPA buffer complemented with PMSF.
The total protein concentration was determined by a BCA
method. Equal amounts of total protein with 2 x SDS were
separated on 10% SDS-polyacrylamide electrophoresis
gels and transferred to nitrocellulose membranes by
semidry electrophoresis. The membranes were blocked
in 5% skim milk and incubated sequentially with the
primary antibodies pSTAT3 (Tyr705), 1:1000; cyclin D1,
1:100; vascular endothelial growth factor (VEGF), 1:100;
others, 1:200), followed by a secondary peroxidase-
conjugated antibody (1:4000 dilution), and visualized with
an ECL detection system. B-actin (1:500 dilution) was
used as the control protein. The results were quantified by
Imaged and were normalized to that of B-actin to obtain
relative intensity.

Statistical analysis

All statistical analyses were performed using GraphPad
Prism 5.0 (USA). Statistical significance was analyzed by
one-way ANOVA and the Dunnett post hoc test, with
values of P<<0.05 considered to be statistically significant.
Data are reported as means +SE. Each experiment was
repeated at least twice.

Results

Equitoxic effects of platinum drugs in ovarian cancer
cells

We first evaluated the cytotoxic effects of cisplatin,
oxaliplatin and nedaplatin in SKOV-3 cells, as their effects
in ovarian cancer have not yet been compared. While
cisplatin (1 ug/mL) inhibited cell proliferation by approxi-
mately 40-50% by 48 h, oxaliplatin (8 ug/mL) and
nedaplatin (8 ug/mL) demonstrated similar effects
(Figure 1). These equitoxic concentrations were used in
the subsequent experiments reported here in order to
exclude cytotoxic effects.
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Figure 1. Effect of platinum drugs on proliferation of SKOV-3
cells. SKOV-3 cells (1 x 10%) were seeded on 96-well plates in
growth medium. After 24 h of inoculation, cells were stimulated
with different concentrations of cisplatin (A), oxaliplatin (B), and
nedaplatin (C) for indicated times. Cell proliferation was
determined by Alamar blue assay (see Material and Methods).
Growth rate is reported as relative values (means + SE) to those
of control cells cultured in growth medium alone. *P<0.05,
compared to control (ANOVA).

Platinum drug sensitivity of ovarian cancer cells

To further confirm the equitoxic dose, the sensitivity to
the drugs was determined by clonogenic assay using
SKOV-3 cells (Figure 2A). Consistent with the cell
cytotoxicity observations, we found that equitoxic doses
of these platinum drugs showed similar reductions in the
number of colonies (Figure 2B). The drug-treated cells
had less than 10% survival compared with untreated
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Figure 2. Effect of 1 ug/mL cisplatin, 8 ug/mL oxaliplatin, and
8 ug/mL nedaplatin on SKOV-3 cells in clonogenic assay. A,
Photographs in a representative experiment are shown. B, The
graph was calculated from the number of colonies formed on the
culture plate 10 days after treatment. Clonogenic survival was
expressed as surviving fractions for treatment with equitoxic dose
of platinum drugs. Data are reported as percentage of colonies
compared with untreated control (means+SE). *P<0.001,
compared to control (ANOVA).

control groups. We thus confirmed that equitoxic doses of
the drugs had equal potency as measured by this assay of
drug sensitivity.

Platinum drugs inhibit migration in ovarian cancer cells

To investigate the effects of platinum drugs on
migration of ovarian cancer cells, an in vifro wound
healing assay was performed (Figure 3A). As shown in
Figure 3B, oxaliplatin and nedaplatin inhibited SKOV-3
cell migration by less than 10%, and cisplatin suppressed
it only slightly. This suggests that oxaliplatin and
nedaplatin are more effective than cisplatin in inhibiting
ovarian cancer cell migration.

Effects of platinum chemotherapy on STAT3
signaling

We used SKOV-3 cells as a representative cell line to
determine the effects of platinum drugs on STAT3
signaling in ovarian cancer. SKOV-3 is a serous adeno-
carcinoma cell line representative of ~80% of all ovarian
cancers, and contains high levels of phosphorylated
STAT3 (16,17). Furthermore, SKOV-3 cells, originally
obtained from a patient with intrinsic resistance to
clinically achievable doses of cisplatin, show intrinsic
resistance to cisplatin treatment, which could contribute to
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Figure 3. Effect of 1 ug/mL cisplatin, 8 ug/mL oxaliplatin, and
8 ug/mL nedaplatin on migration of SKOV-3 cells. Cell mono-
layers were scraped by a sterile micropipette tip and the cells
were treated with equitoxic doses of platinum drugs for 24 h. A,
SKOV-3 cells migrated to the wounded region were photo-
graphed at 0 and 24 h. B, The wound area of the cultures was
quantified in three fields for each treatment. Data are reported as
means + SE. *P<0.01, compared to control (ANOVA).

identifying clinically relevant resistance mechanisms (7).
SKOV-3 cells were treated for 24 h with equitoxic doses
of platinum drugs that had approximately 90% viability to
examine their effects on STAT3 (Figure 1).
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Cisplatin led to a marked induction of pSTAT3
(Tyr705) that leveled off at 3 h (Figure 4D). With
oxaliplatin, pSTAT3 (Tyr705) decreased from 15 min to
1h and then increased to a peak at 3 h, and with
nedaplatin it decreased from 15 min to 3 h and then
increased to a peak at 6 h. Cisplatin treatment was
followed by a pSTAT3 (Ser727) peak at 6 h (Figure 4E).
However, oxaliplatin resulted in an induction at 15 min
and then a decrease in pSTAT3 (Ser727) (Figure 4E).
Similar results were obtained with nedaplatin treatment
(Figure 4E).

STAT3a increased to a peak at 1 h and then
decreased (Figure 4F), while STAT3p decreased to a
minimum at 3 h and then increased from 3 to 24 h (Figure
4G) after cisplatin treatment. Following oxaliplatin treat-
ment, STAT3a decreased from 15 min to 3 h, followed by
an increase at 6 h, and then a decrease at 24 h (Figure
4F), whereas STAT3p increased by about 20% in this
experiment from 15 min to 1 h, followed by a reduction
(Figure 4G). However, nedaplatin inhibited STAT3a at
15 min and then slightly increased (Figure 4F), while it
increased STAT3f as early as 15 min followed by a
decrease (Figure 4G).

The data showed substantial decreases in both total
STAT3 and phosphorylated STAT3 at 24 h, suggesting
that platinum drugs block the STAT3 pathway. However,
oxaliplatin and nedaplatin had different effects on STAT3
signaling than cisplatin during the early time course.

Effects of platinum chemotherapy on STAT3 target
proteins

To investigate the downstream consequences of
STATS3 inhibition, Western blotting was performed to
determine the protein levels of VEGF, cyclin D1, survivin,
and Bcl-X, following indicated times of exposure to
platinum drugs at an equitoxic dose. There was a clear
induction in VEGF at 1 h post-cisplatin treatment, and a
slight increase at 1 h post-oxaliplatin treatment, whereas
nedaplatin slightly increased VEGF at 6 h (Figure 5D).
Figure 5E shows that cyclin D1 levels were reduced at
15 min and then slightly increased after cisplatin treat-
ment. With oxaliplatin, cyclin D1 levels decreased at first
and then slightly increased at 3 h. Nedaplatin showed a
similar trend, except that it increased after 6 h. We also
observed significant elevation of survivin in cisplatin-
treated cells from 15 min to 1 h, followed by a temporary
decrease, and finally an induction at 24 h (Figure 5F).
Oxaliplatin induced survivin at 15 min, and then
responses similar to those observed for cisplatin were
seen. However, nedaplatin decreased survivin at 15 min
and then slightly increased it. Cisplatin induced a small
increase in Bcl-X_ at 15 min, which then decreased
(Figure 5G). Both oxaliplatin and nedaplatin at first
decreased Bcl-X_ expression, but then increased it to a
peak at 1 h with oxaliplatin and 6 h with nedaplatin.
Although these platinum agents had similar effects on
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Figure 4. Effect of platinum drugs on STAT3 and phosphorylation of STAT3. SKOV-3 cells were treated with equitoxic doses of 1 ug/
mL cisplatin (A), 8 pg/mL oxaliplatin (B), and 8 pg/mL nedaplatin (C) for indicated times. Phosphorylated and total STAT3 was
analyzed by immunoblot. -actin was used as a loading control. The density of the bands was quantitated, and the ratio of antibodies to
B-actin is shown. The relative density was divided by the control. A, B, C, Immunoblot images of STAT3 and phosphorylation of STAT3
in platinum-treated SKOV-3 cells. D, E, F, G, Quantitative results of STAT3 and phosphorylation of STAT3 bands are shown. Data are
reported as percent of control (means + SE). *P<0.05, compared to control (ANOVA).

STAT3 targeted proteins at 24 h, their early effects
differed. The overall results indicated that the STAT3
pathway correlated with the inhibition of growth of SKOV-3
cells by these three platinum drugs.

Discussion
Although STAT3-targeted therapies could potentiate

the effect of cisplatin (8,12), some researchers found that
pretreatment of platinum-resistant cells with AG490

Braz J Med Biol Res 46(8) 2013

(a specific STAT3 inhibitor) resulted in no significant
increase in sensitivity to cisplatin (18). The different
effects of targeting STAT3 may be caused by the varying
threshold activation of STAT3 depending on the endo-
genous level of phosphorylated STAT3 of different cancer
cell types (13). Thus, we first investigated effects on
STAT3 of platinum drugs in ovarian cancer to confirm
whether they could affect STAT3 signaling. Activation of
STATS3, an adverse prognostic factor, is associated with
cisplatin resistance in epithelial malignancies (1,7,8),
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Figure 5. Effect of platinum drugs on downstream signaling of STAT3. SKOV-3 cells were treated with equitoxic doses of 1 ug/mL
cisplatin (A), 8 ng/mL oxaliplatin (B), 8 ug/mL nedaplatin (C) for indicated times and analyzed by immunoblot for the indicated
antibodies. B-actin was used as an internal control. A, B, C, Immunoblot images of VEGF, cyclin D1, survivin, and Bcl-X, in platinum-
treated SKOV-3 cells. D, E, F, G, Quantitative results of VEGF, cyclin D1, survivin, and Bcl-X; bands are shown. The density of the
bands was quantitated, and normalized to B-actin as a loading control. The relative density is reported as percent of control
(means £ SE). *P<0.05, compared to control (ANOVA).

while cisplatin resistance positively correlates with colony-  the STAT3 pathway at 24 h and on colony-forming ability

forming ability (11). However, we observed that equitoxic  in SKOV-3 cells, which is consistent with the findings that
doses of platinum drugs had similar inhibitory effects on  the ability to inhibit STAT3 signaling positively correlates

www.bjournal.com.br Braz J Med Biol Res 46(8) 2013



656

with the cytotoxic effects of chemotherapy agents (19).

Because initial exposure to a chemotherapy drug may
induce low, but clinically significant transient resistance,
some early events might contribute to the onset of
acquired chemoresistance in ovarian cancer (20). The
rapid acquisition of resistance may represent physiologi-
cal adaptation at the multicellular level, which could
render normal and cancerous epithelial cells less vulner-
able to drug-induced apoptosis (20-22). Thus, a relatively
larger percentage of viable tumor cells would remain after
chemotherapy (23) and the surviving tumor cells repro-
grammed by drugs might induce profound drug-resistance
effects. It has been reported that changes in relevant
drug-resistance-associated gene expression promote
reduction of the initial effectiveness of chemotherapy
drugs in ovarian cancer (20). The induction of genes
related to DNA replication and repair in cisplatin-treated
ovarian cancer are associated with immediate compen-
satory responses to treatment (20). STAT3 correlates with
cisplatin resistance and DNA repair by preventing
telomere shortening (24). Therefore, we concluded that
the early response of STAT3 induced by platinum agents
might be correlated with cisplatin resistance in ovarian
cancer. To confirm our hypothesis, we investigated early
responses of the STAT3 pathway to platinum drugs and
found that cisplatin induced pSTAT3 (Tyr705), STAT3q,
VEGF, survivin, and Bcl-X_ for short periods, which
promotes ovarian cancer progression, while oxaliplatin
and nedaplatin temporarily induced pSTAT3 (Ser727) and
STAT3B, which may inhibit STAT3 activity and reverse
cisplatin resistance.

We demonstrated that the inhibitory effects of equitoxic
platinum drugs on migration of SKOV-3 cells are different
(Figure 2). Ovarian cancers metastasize through shedding
cells into the peritoneal cavity (13), which associate with
migration. Moreover, tyrosine phosphorylated STAT3 may
be located at the leading edge of migrating cells, thus
promoting migration (9). Therefore, we concluded that
induction of pSTAT3 (Tyr705) cisplatin in the early time
course could contribute to the migration of ovarian cancer
cells, which is probably not associated with its toxicity.

Phosphorylation at tyrosine 705 resulting in dimeriza-
tion, activation, and translocation of STAT3 is mainly
associated with the oncogenic status of STAT3 (12).
However, STAT3 serine phosphorylation in response to
DNA damage may inhibit the tyrosine phosphorylation of
STAT3 (12,25,26). Given our findings, we speculated that
oxaliplatin and nedaplatin may inactivate STAT3 through
upregulation of pSTAT3 (Ser727), concurrent with down-
regulation of pSTAT3 (Tyr705) in ovarian cancer cells at
an early time, which may be correlated with reversal of
cisplatin resistance.

Recent reports mainly focus on new agents that target
STAT3 tyrosyl phosphorylation instead of total STAT3,
and which inhibit tumor growth, promote apoptosis and
reverse cisplatin resistance in ovarian cancer cells
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(7,8,25,27). However, unphosphorylated STAT3 is also
important for oncogenesis and can affect gene expres-
sion, translocation to the nucleus, and binding to focal
adhesions, thus affecting many forms of STAT3 signaling
(7,9,19). Total STAT3 includes STAT3o and STAT3p.
STAT3p functions as a dominant negative when over-
expressed in cells (26). However, STAT3p lacks the
serine phosphorylation site within the carboxy-terminal
transcriptional activation domain (26). STAT3 serine
phosphorylation may enhance STAT3-mediated tran-
scription (12,25,26). It is possible that STAT3p and
pSTAT3 (Ser727) inhibit STAT3 transcription in different
ways. Temporary induction of STAT3p and pSTAT3
(Ser727) by oxaliplatin and nedaplatin might contribute
by inhibiting transcription of STAT3.

High-grade ovarian cancers are characterized by the
STAT3-induced gene expression associated with the
development of chemoresistance, including activation of
antiapoptotic proteins such as Bcl-X_. and survivin,
upregulating cell cycle regulators (cyclin D1/D2), inducing
angiogenic factors such as VEGF, repressing the tran-
scription of p53 and nitric oxide synthase, and down-
regulating negative regulators such as necdin (8,9,28).
The agents targeting STAT3 could also downregulate the
STAT3 target oncogenes that are mentioned above
(25,27,29-31). Since platinum drugs affect STAT3, we
determined their effects downstream of STAT3, which
may contribute to cisplatin resistance.

The activation of STAT3 induces a prolonged increase
in the angiogenic protein VEGF, which plays a key role in
embryonic angiogenesis, inducing invasiveness, tumor
growth and metastasis (32,33). The onset of angiogenesis
is believed to be an early event in tumorigenesis and
may facilitate tumor progression and metastasis.
Diindolylmethane enhances cisplatin’s ability to inhibit
both VEGF expression and VEGF secretion through
STAT3 (12). STAT3 may participate in the signal
transduction pathways activated by VEGF in the interac-
tion of ovarian carcinoma cells and progenitor cells (34).
We discovered that cisplatin induced VEGF at 1 h, which
was paralleled by effects on STAT3q, while oxaliplatin and
nedaplatin decreased it. Cisplatin might induce VEGF
through induction of STAT3a at an early stage, thus
promoting angiogenesis of ovarian cancer.

Cyclin D1 is one of the G1 cyclins, controlling the
proliferation of eukaryotic cells at the G1 to S transition.
The trend of increasing cyclin D1 after cisplatin treatment
was similar to induction of pSTAT3 (Tyr705), while
oxaliplatin and nedaplatin showed the opposite trend,
which supports previous studies that inhibition of STAT3
leads to obvious reduction in expression of cyclin D1 (35).
Cisplatin might induce cyclin D1 through induction of
pSTAT3 (Tyr705) at an early stage, and thus promote
ovarian cancer cell proliferation.

Survivin is expressed during the G2/M phase of the
cell cycle and inhibits the initiation of the intrinsic
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mitochondrial pathway of apoptosis (36), which is
associated with resistance to cisplatin-induced apoptosis
(37). In esophageal cancer, oxaliplatin-induced apoptosis
could be partially caused by the early downregulation of
survivin (38). However, our experiment showed that
platinum drugs induced survivin expression at 24 h, which
supports previous reports that cisplatin drastically upre-
gulated survivin in SKOV-3 cells (12). Targeting survival
pathways could partially overcome chemotherapy resis-
tance in resistant cells (39). Since it has been reported
that STAT3 signaling is not involved in upregulation of
survivin (36,38) and activation of pSTAT3 correlates with
proliferation but not with apoptosis (10), survivin might be
partially associated with cisplatin resistance and may be
affected mainly by upstream pathways other than the
STAT3 pathway.

Inhibition of Bcl-X_ by agents targeting STAT3
increases the activity of chemotherapeutic drugs and
contributes to the induction of apoptosis (8,35). Bcl-X,
which is regulated by both STAT3 (Tyr705) and (Ser727),
blocks cytochrome C release in response to apoptotic
stimuli, and correlates with chemoresistance in ovarian
cancer (8,35,36). However, effects of oxaliplatin on Bcl-X
depend on the cancer cell type (38). We found that Bcl-X
was increased by cisplatin during the early period, but was
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