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Abstract. Epithelial ovarian cancer (EOC) is the most lethal 
cancer among female genital tumours. Standard therapies, 
including postoperative chemotherapy, exhibit high propor‑
tions of recurrence and resistance. Novel therapeutic strategies 
are combined with chemotherapy. Emerging studies have 
demonstrated that nigericin, an H+, K+ and Pb2+ ionophore, 
exhibits promising anticancer activity in various types of 
malignancy, such as colorectal and epithelial ovarian cancer. 
Our previous study suggested that nigericin could regulate 
EOC cell proliferation, migration and invasion, and may be a 
novel chemotherapy candidate for EOC. However, to the best of 
our knowledge, the effects of combined therapy with cisplatin, 
and the associated underlying mechanisms, are not yet fully 
understood. The present study aimed to clarify the effects 
of combined chemical therapy with nigericin and cisplatin 
on EOC cells and to reveal its mechanism. Wound healing, 
Transwell, cell viability and colony formation assays were used 
to measure the migration, invasion and proliferation of EOC 
cells. Western blotting was used to detect protein expression. A 
slug overexpression lentivirus was used to create a slug overex‑
pression model in SK‑OV‑3 cells. Small interfering RNA was 
used to knock down slug expression. Nigericin combined with 
cisplatin enhanced the inhibitory effects of cisplatin on the 

migration and colony formation of EOC cells. Nigericin also 
enhanced the inhibitory effects of cisplatin on the expression 
levels of MMP7, as well as the inhibitory effects of cisplatin on 
the expression levels of β‑catenin and GSK‑3β, indicating that 
nigericin and cisplatin regulated in the Wnt/β‑catenin signal‑
ling pathway. When slug was knocked down, the effect of 
nigericin was weakened. Overexpression of slug could repress 
the inhibitory effect of nigericin on the Wnt/β‑catenin signal‑
ling pathway. Furthermore, nigericin inhibited slug expression 
by enhancing its modification through small ubiquitin‑like 
modifiers (SUMOs; referred to as SUMOylation). Overall, 
the present results demonstrated that nigericin combined with 
cisplatin might serve as a novel therapeutic strategy in patients 
with metastatic EOC because the combined therapy had higher 
effectiveness than single drug use. The underlying mechanism 
of combined therapy maybe the enhanced inhibitory effect of 
slug through its nigericin‑induced SUMOylation.

Introduction

Ovarian cancer (OC) is the 7th most diagnosed cancer among 
women worldwide and the 10th most common in China (1). 
Additionally, ~90% of all OCs are epithelial in terms of 
origin, that is, epithelial OC (EOC) (2). Since EOC is a 
chemo‑responsive tumour, which responds well to platinum, 
including cisplatin, the standard therapy for EOC remains 
surgery combined with chemotherapy(3,4). Platinum‑taxanes 
doublet is the standard treatment in EOC (4). However, the 
prognosis of patients with EOC remains poor (2,5,6). Firstly, 
almost 80% of patients develop tolerance to standard platinum 
therapy and will recur with a resistant disease (5). Secondly, 
the 5‑year overall survival rate has remained at only 30‑40% 
worldwide since 1995 (2). Furthermore, >70% of patients are 
diagnosed with advanced‑stage disease and would suffer from 
multiple metastases, migration and invasion of the tumour, 
which eventually lead to death (6).
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Although a meta‑analysis has provided evidence of 
the benefits of combination‑platinum over single‑agent 
platinum (7), platinum combinations inevitably lead to greater 
toxicity and similar antitumour molecular mechanisms, 
which are more likely to lead to the development of platinum 
resistance (8). Therefore, searching for novel chemical drugs 
with diverse antitumour molecular mechanisms that could be 
combined with platinum is an improved selection approach for 
EOC combination chemotherapy (9).

Nigericin is an H+, K+ and Pb2+ ionophore derived from 
Streptomyces hygroscopicus (10,11). It is widely used as an 
antibiotic agent in chickens (12). Nigericin has exhibited 
potent anticancer activities in several types of cancer (12,13), 
as well as in resistant cancer stem cells (14,15). Nigericin 
sensitizes cancer cells and exhibits a synergistic effect with 
other anticancer drugs, thereby leading to improved efficacy 
of these drugs (16). This enhanced efficacy is mostly associ‑
ated with nigericin's ability to reduce internal pH in an acidic 
tumour microenvironment (10,13). Our previous study demon‑
strated that nigericin could inhibit epithelial‑mesenchymal 
transition (EMT) during cell invasion and metastasis via the 
canonical Wnt/β‑catenin signalling pathway (17), and may be 
a chemotherapy option combined with platinum for patients 
with EOC.

However, whether chemotherapy that combines nigericin 
and platinum has better therapeutic effects than single chem‑
ical drug therapy and the molecular mechanism of nigericin 
triggered by the combination chemotherapy remain unclear. 
Therefore, the present study aimed to explore the aforemen‑
tioned questions in human EOC cells.

Materials and methods

Cell lines and cell culture. Human SK‑OV‑3 and A2780 EOC 
cell lines were used in the present study. SK‑OV‑3 cells were 
obtained from The Cell Bank of Type Culture Collection 
of The Chinese Academy of Sciences, and A2780 cells 
were purchased from American Type Culture Collection. 
SK‑OV‑3 cells were cultured in McCoy's 5A medium (Thermo 
Fisher Scientific, Inc.), while A2780 cells were cultured in 
RPMI‑1640 medium (Thermo Fisher Scientific, Inc.). Both 
media were supplemented with 10% FBS (Thermo Fisher 
Scientific, Inc.), 100 U/ml penicillin and 100 U/ml strepto‑
mycin (Sigma‑Aldrich; Merck KGaA). Both cell lines were 
cultured at 37˚C in a humidified atmosphere with 5% CO2. The 
cells were routinely grown until they reached 80% confluence 
and then subcultured or plated for experiments.

Drugs and antibodies. Nigericin and cisplatin were obtained 
from Sigma‑Aldrich; Merck KGaA. Nigericin (25 mM stock) 
was dissolved in DMSO. Cisplatin (1 mM stock) was dissolved 
in normal saline (0.9% NaCl). Both stock solutions were stored 
as aliquots at ‑20˚C. DMSO served as a vehicle control. The 
following primary antibodies were used at the dilution recom‑
mended by the manufacturer (1:1,000) and purchased from Cell 
Signaling Technology, Inc.: Rabbit anti‑Axin‑2 (cat. no. 2151), 
rabbit anti‑MMP7 (cat. no. 71031), rabbit anti‑vimentin 
(cat. no. 5741), rabbit anti‑tubulin (cat. no. 2148), rabbit 
anti‑β‑catenin (cat. no. 25362), rabbit anti‑slug (cat. no. 9585), 
rabbit anti‑E‑cadherin (cat. no. 3195) and rabbit anti‑small 

ubiquitin‑like modifier 1 (SUMO1; cat. no. 4930). Mouse 
anti‑GSK3β (cat. no. sc‑377213) was used at a 1:200 dilution, 
and purchased from Santa Cruz Biotechnology, Inc. Goat 
anti‑mouse IgG (HRP) (ZB‑2305) and Goad anti‑rabbit IgG 
(HRP) (ZB‑2301) were used at a dilution of 1:2,500, and were 
purchased from ZSGB‑BIO, Inc. (http://www.zsbio.com/). 

Wound healing assay. SK‑OV‑3 cells were plated into 6‑well 
plates and allowed to reach confluence at 90%. Subsequently, 
a 200‑µl pipette tip was used to scratch constant‑diameter 
wounds in the confluent monolayers. Cells were rinsed twice 
with PBS and incubated with serum‑free medium for 24 h 
at 37˚C to weaken the interference effects of cell prolif‑
eration. Cells in different wells were treated with different 
concentrations of drugs (nigericin or cisplatin) in the medium 
(5 and 20 µmol/ml), shown in each figure. The wounds were 
imaged at 0 and 24 h after scratching under an inverted micro‑
scope (NIB‑100F; Ningbo Yongxin OPTICS CO., LTD.). 

Transwell assay. Boyden chambers with 8‑µm pore filters 
were used. SK‑OV‑3 and A2780 cells treated with DMSO or 
combined drugs at different concentrations in McCoy's 5A 
medium and RMPI‑1640 medium, respectively, without FBS, 
were plated in the upper chambers, which were pre‑coated 
with 25% Matrigel in medium at 37˚C for 4 h. The lower 
chambers were filled with culture medium supplemented 
with 10% FBS. After incubation for 24 h at 37˚C, cells were 
fixed in 4% paraformaldehyde for 20 min at room tempera‑
ture, then non‑migrating cells in the upper chamber were 
completely removed using a cotton swab. Cells that migrated 
to the lower surface of the membrane were stained with 0.5% 
crystal violet for 3 min at room temperature. These cells were 
using an inverted microscope and quantified by counting the 
number of stained nuclei in five random fields using ImageJ 
(1.42; National Institutes of Health). Each assay was repeated 
twice.

Cell viability assay. The viability of EOC cells treated with 
nigericin in combination with cisplatin was analysed using 
a Cell Counting Kit‑8 (CCK‑8; cat. no. CK04; Dojindo 
Molecular Technologies, Inc.) according to the manufacturer's 
protocol. Briefly, SK‑OV‑3 and A2780 cells were plated into a 
96% well plate at a density of 4,000 cells/well in a final volume 
of 100 µl medium and cultured under normal conditions for 
24 h. Subsequently, nigericin (5 µM) and cisplatin (5 µM or 
20 µM) were added to each well of the plates using DMSO 
as a vehicle control. Subsequently, 10 µl CCK‑8 reagent was 
added to each well post‑incubation for 48 h, and the cells were 
incubated and shielded from light for 1 h at 37˚C. Cell viability 
was calculated by measuring the absorbance at 450 nm using 
a microplate reader (Bio‑Rad Laboratories, Inc.). Growth inhi‑
bition was calculated as a percentage of the vehicle control. 
Experiments were performed three times and the data are 
presented as the mean ± SD of five wells per treatment.

Colony formation assay. SK‑OV‑3 and A2780 cells were 
plated into a 6% well plate at a density of 1,000 cells/well 
and grown under normal conditions for 12 h. Then, cells were 
treated with nigericin and cisplatin at 5 or 20 µM, as shown 
in each figure. Following incubation under normal conditions 
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for 14 days, the cells were fixed with 4% paraformaldehyde 
for 20 min at room temperature, and then stained with 0.5% 
crystal violet (Beyotime Institute of Biotechnology) for 30 min 
at room temperature. Subsequently, the number of cell colonies 
was counted under an inverted microscope. 

Luciferase reporter assay. The TOPflash/FOPflash reporter 
assay was used for monitoring the activity of the Wnt/β‑catenin 
signalling pathway in SK‑OV‑3 and A2780 cells. The pTOPflash 
vector (cat. no. D2501) and pFOPflash vector (cat. no. D2503) 
were purchased from Beyotime Biotechnology and constructed 
based on pGL6‑TA, according to the product specifications. 
The pTOPflash vector contains a firefly luciferase gene under 
the control of two T cell factor (TCF) response elements with 
three repeats located upstream of minimal TA viral promoter. 
The negative control pFOPflash vector contains a firefly 
luciferase gene under the control of two mutant TCF response 
elements with three repeats located upstream of minimal TA 
viral promoter. SK‑OV‑3 and A2780 cells (5x104 cells/well) 
were seeded into 48‑well plates and incubated overnight before 
transfection. The cells were co‑transfected with reporter 
plasmid (200 ng pTOPflash or pFOPflash) and control vector 
(20 ng pRL‑TK, cat. no. D2760, Beyotime Biotechnology) 
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher 
Scientific, Inc.). At 4 h post‑transfection, the culture medium 
was changed for complete medium and treated with nigericin 
and/or cisplatin at 5 or 20 µM . The SK‑OV‑3 or A2780 cells 
were cultured for 48 h in complete medium. Afterwards, the 
luciferase activity was measured using the Dual‑Luciferase® 

Reporter Assay System (Promega Corporation) according to 
the manufacturer's protocol, and normalized for transfection 
efficiency using the corresponding Renilla luciferase activity. 
Reporter activity was calculated as a ratio of TOPflash to 
FOPflash. The experiment was performed in triplicate.

Transient knockdown. Transient gene/protein expression 
knockdown in SK‑OV‑3 cells was established by transfection 
with 50 nM non‑specific [negative control small interfering 
(siRNA): GCA AGC TGA CCC TGA AGT T] or specific 
siRNA molecules targeting slug (slug‑siRNA‑1: 5'‑CAA ACG 
ACT TTG CAA CTC C‑3'; slug‑siRNA‑2: 5'‑CCT CTT GGC 
ATA CTC CTC T‑3'), which were purchased from Generay 
biotech Co. Ltd. Cells were transfected with siRNAs using 
Lipofectamine® RNAiMAX Reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.) as recommended by the manufacturer. 
Cells were analysed after 48 h at 37˚C. The cells were then 
harvested for RT‑qPCR and western blot analysis.

Lentivirus‑mediated overexpression. Slug‑overexpressing 
SK‑OV‑3 and A2780 EOC cell lines were established via 
lentivirus transfection. A lentiviral vector encoding slug 
(LV‑slug) and a negative control vector (LV‑vector) were 
purchased from OBiO Technology (Shanghai) Corp., Ltd., 
and carried an enhanced green fluorescent protein reporter 
gene, EGFP. The lentiviral vector used for overexpression 
was named pSLenti‑CMV‑EGFP‑3xFLAG‑PGK‑Puro‑
WPRE according to the manufacturer's introduction. For 
slug exogenous overexpression, lentivirus containing LV‑slug 
or the LV‑vector were transfected into SK‑OV‑3 and A2780 
cells using Polybrene (5.0 µg/ml) from OBiO Technology 

according to the manufacturer's protocol. Briefly, cells were 
seeded into a 6‑well plate (1x105 cells/well) for adherence. 
Then, the cells were transfected with lentivirus vectors 
(LV‑slug or LV‑vector) at a multiplicity of infection of 30, 
in the presence of 5 µg/ml Polybrene at 37˚C. After 72 h of 
transduction, medium containing puromycin (0.2 mg/ml) 
was added to select stably transduced cells, and stable cell 
lines were screened for 3 weeks. Slug upregulation efficiency 
was assessed by western blotting.

Western blotting. Cells were washed with 1X PBS three times, 
and the total cell proteins were extracted using RIPA lysis 
buffer (Beyotime Institute of Biotechnology) with freshly 
added proteinase inhibitor cocktail and phosphatase inhibitor 
(Sigma‑Aldrich; Merck KGaA) on ice for 15 min and centri‑
fuged at 12,700 x g for 20 min at 4˚C. BCA (Sigma‑Aldrich; 
Merck KGaA) was used to determine the concentration of 
total protein of EOC cells. For western blot analysis, lysates 
(20 µg/lane) were subjected to 12% SDS‑PAGE, and then the 
fractionated proteins were transferred to a PVDF membrane 
(ISEQ00010/IPVH00010; Millipore). The membrane was 
blocked in 1X TBS with 0.5% Tween‑20 (TBST) with 5% 
non‑fat milk for 1 h at room temperature and then incu‑
bated with primary antibodies against axin 2, vimentin, 
tubulin, β‑catenin, slug, E‑cadherin, SUMO and GSK3β, 
overnight at 4˚C. Next day, the membrane was washed with 
1X TBST three times and incubated with the appropriate 
HRP‑conjugated secondary antibodies for 1 h at room temper‑
ature. Positive immunoreactive proteins were detected using 
the Novex™ ECL Chemiluminescent Substrate Reagent Kit 
(Thermo Fisher Scientific, Inc.) to visualize signals and bands. 
The tubulin band served as a reference control.

Immunoprecipitation (IP) assay. In the IP assay, SK‑OV‑3 
cells were cultured in 10‑cm dishes and incubated with 
nigericin or cisplatin (as shown in figures) for 48 h at 4˚C. 
Then, the cells were lysed with IP‑buffer [Tris‑Cl(pH 7.5) 
50 mmol/l, NaCl 150 mmol/l, NP‑40 1%, EDTA 5 mmol/l, 
PMSF 1 mmol/l, protease inhibitor (aprotinin 2 µg/ml, 
leupeptin 2 µg/ml, and pepstatin 7 µg/ml)] on ice for 30 min, 
and centrifuged at 12,700 x g for 10 min at 4˚C. Then, the 
supernatant was transferred to new tubes immediately, and 
50% protein G agarose was added with ratio of 100 µl for a 
1 ml sample. The samples were shaken on horizontal shaker 
for 10 min at 4˚C, to eliminate non‑specific binding proteins. 
Next, add 1 µg anti‑slug antibody (cat. no. 9585; Cell Signaling 
Technology, Inc.) and 50% protein G agarose (with ratio of 
100 µl for a 1 ml sample solution) were added, and incubated 
on a horizontal shaker overnight at 4˚C, centrifuged at 3,000 g 
for 10 min at 4˚C, and the supernatants were discarded. The 
agarose was then collected and washed twice with IP buffer, 
then collected by centrifugation (3,000 x g for 10 min at 4˚C), 
and detected by western blotting using anti‑SUMO antibodies 
(cat. no. 4930; CST). 

Statistical analysis.. Statistical analyses were performed using 
a statistical software package (SPSS 19.0; IBM Corp.). Data are 
presented as the mean ± standard deviation. Statistical signifi‑
cances were determined by one‑way ANOVA with Tukey's 
post hoc test for multiple comparisons. Unpaired Student's 
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t‑test was used to determine the statistical significance for two 
independent groups (cells treated with combined nigericin 
and cisplatin vs. cells treated with cisplatin only). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Nigericin combined with cisplatin enhances the inhibitory 
effect of cisplatin on the migration of EOC cells. To explore 
the effects of nigericin on promoting the inhibitory effect of 
cisplatin on the migration of EOC cells, nigericin combined 
with cisplatin was used to treat EOC cells, and wound healing 
and Transwell assays were performed. The results revealed 
that the inhibitory effect on the migration of EOC cells after 
the addition of nigericin was more significant compared with 
that of only cisplatin (5 µM nigericin and 5 µM cisplatin 
vs. 5 µM cisplatin; 5 µM nigericin and 20 µM cisplatin vs. 
20 µM cisplatin; Fig. 1A‑C). Moreover, the promoting effect of 
nigericin on the inhibition of proliferation caused by cisplatin 
was significant compared with cisplatin treatment alone 
(Fig. 1D and E). These data suggested that nigericin might 
interact with/affect the migration pathway.

Nigericin combined with cisplatin enhances the inhibitory 
effect of cisplatin on the colony formation of EOC cells. The 
present study also used a colony formation assay to examine 
the long‑term effects of nigericin combined with cisplatin 
on the proliferation of EOC cells. The results demonstrated 
that nigericin and cisplatin could inhibit colony formation. 
However, the combination of nigericin and cisplatin exhib‑
ited more significant inhibitory effects than cisplatin only 
on colony formation in SK‑OV‑3 and A2780 cells (Fig. 2). 
Overall, the combination of nigericin and cisplatin caused 
a significant reduction in migration and colony formation 
compared with the single cisplatin drug used in EOC cells. 
These data suggested that the combination of nigericin and 
cisplatin might inhibit the migration and proliferation of EOC 
cells effectively.

Nigericin combined with cisplatin regulates MMP expres‑
sion and inhibits the Wnt/β‑catenin signalling pathway in 
EOC cells. MMPs are usually overexpressed in EOC cells 
and considered to be associated with metastasis (18). To deter‑
mine whether nigericin combined cisplatin influenced MMP 
expression in EOC cells, the present study examined MMP7 
expression in SK‑OV‑3 and A2780 cells using western blot‑
ting. Furthermore, E‑cadherin and vimentin are markers of 
epithelial cells and mesenchymal cells, which serve important 
roles in the EMT, and EMT is essential for metastasis of EOC 
cells. A pervious study has demonstrated that nigericin could 
increase the expression levels of E‑cadherin and decrease 
vimentin expression in EOC cells with a dose‑response 
relationship via the Wnt/β‑catenin signalling pathway (12). 
The present study examined the combined effect of nigericin 
and cisplatin on the Wnt/β‑catenin signalling pathway. The 
results demonstrated that 5 µM nigericin enhanced the inhib‑
itory effect of cisplatin (5 and 20 µM) on MMP7 and Axin‑2 
expression (Fig. 3A and B). Nigericin (5 µM) also enhanced 
the inhibitory effect of cisplatin (5 and 20 µM) on β‑catenin 
and GSK‑3β expression, thereby indicating the involvement 

of nigericin and cisplatin in the Wnt/β‑catenin signal‑
ling pathway by inhibiting its activation (Fig. 3C and D). 
Furthermore, when combined with cisplatin, nigericin could 
increase the expression levels of E‑cadherin and decrease the 
expression levels of vimentin in EOC cells (Fig. 3C and D). 
Furthermore, luciferase reporter assays revealed that activa‑
tion of the Wnt/β‑catenin pathway was markedly reduced 
by treatment with combined nigericin (5 µM) and cisplatin 
(5 and 20 µM) compared with cisplatin alone (5 and 20 µM) 
in both SK‑OV‑3 and A2780 cells (Fig. 3E).

Nigericin combined with cisplatin enhances the inhibition 
of the Wnt/β‑catenin signalling pathway by inhibiting slug 
expression. Slug is a transcription factor, which is increased 
by the activation of the Wnt/β‑catenin signalling pathway (19). 
To determine whether slug was regulated by the combined 
effects of nigericin and cisplatin on the Wnt/β‑catenin 
signalling pathway, the present study firstly examined slug 
expression following the treatment of SK‑OV‑3 cells with 
nigericin and cisplatin by western blotting. The results 
revealed that nigericin combined with cisplatin inhibited slug 
expression (Fig. 4A). Subsequently, the expression levels of 
slug in SK‑OV‑3 cells treated with nigericin or cisplatin alone 
were detected, respectively. The results revealed that slug 
expression was decreased following treatment with nigericin 
in a concentration‑dependent manner, while slug protein 
expression was slightly altered by cisplatin (Fig. 4B and C). 
Furthermore, when siRNA was used to suppress slug expres‑
sion and the Wnt signalling pathway (Fig. 4D), the inhibitory 
effect was not as effective as that of treatment with 5 µM 
nigericin shown in Fig. 2C. The inhibitory effect on the Wnt 
signalling pathway was more obvious when 5 µM nigericin 
was added (Fig. 4E).

Subsequently, SK‑OV‑3‑slug cells with stable overexpres‑
sion of slug were generated (Fig. 5A) to rescue the phenotype 
induced by the combined therapy. The extent of the decreased 
expression of vimentin, GSK‑3β and β‑catenin, and the 
increase in E‑cadherin was less in the SK‑OV‑3‑slug cells, 
compared with SK‑OV‑3‑vector cells with the same nigericin 
and cisplatin treatment. It is suggested that the inhibition of 
the combined effect on the Wnt/β‑catenin pathway could be 
reduced by the overexpression of slug (Fig. 5B). Furthermore, 
the inhibitory effect on the migration and colony formation 
was also decreased (Fig. 5C and D). A2780 cells with stable 
overexpression of slug were also generated (Fig. S1A). Similar 
results were observed in migration and colony formation 
assays following slug overexpression (Fig. S1B and C). These 
results suggested a pivotal role of slug in the combined therapy 
of nigericin and cisplatin suppressing EMT. They also implied 
the important role served by nigericin in the suppression of 
EMT in the combined therapy in EOC cells.

Nigericin inhibits slug expression by enhancing its SUMOylation. 
Considering that nigericin could enhance the knockdown effect 
of siRNA on slug, nigericin may regulate slug expression 
in a post‑transcriptional manner. Subsequently, the present 
study investigated whether nigericin degraded slug through 
SUMOylation in SK‑OV‑3 cells. The results demonstrated that 
nigericin, but not cisplatin, promoted the SUMOylation of slug 
(Fig. 6A) in a time‑dependent manner (Fig. 6B).
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Discussion

Although platinum is still the first‑line therapy for post‑oper‑
ative chemotherapy (8), it is a major obstacle in the effective 
treatment of EOC that patients usually relapse with a tumour 

that is resistant to chemotherapy with cisplatin or carbo‑
platin (20,21). Therefore, exploring appropriate drugs that 
could be combined with platinum for post‑operative chemo‑
therapy instead of the single platinum used in dealing with 
EOC is urgent (9). A previous study has demonstrated that 

Figure 1. Combination of nigericin with cisplatin enhances the inhibitory effect of cisplatin on the migration of epithelial ovarian cancer cells. (A) Cell migra‑
tion of SK‑OV‑3 was determined using a wound healing assay. Magnification, x100. (B) Migration of SK‑OV‑3 cells was determined using a Transwell assay. 
Magnification, x200. Scale bar, 25 µm. Data are presented as the mean ± SD (n=3). (C) Migration of A2780 cells was determined using a Transwell assay. 
Magnification, x100. Scale bar, 50 µm. Data are presented as the mean ± SD (n=3). Viability of (D) SK‑OV‑3 and (E) A2780 cells was evaluated using a Cell 
Counting Kit‑8 assay, respectively. Data are presented as the mean ± SD (n=3). *P<0.05 and **P<0.01. 
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nigericin can inhibit the EMT process during cell invasion and 
metastasis (17), indicating that nigericin might be an effec‑
tive chemotherapeutic drug in patients with metastatic EOC. 
However, to the best of our knowledge, the potential inhibitory 
effect of nigericin combined with cisplatin on EOC cells has 
not been studied comprehensively.

In the present study, the combined use of nigericin and 
cisplatin exhibited enhanced effects in the inhibition of the 
migration and colony formation of EOC cells. This was mainly 
due to the inhibitory effect of nigericin on the Wnt/β‑catenin 
signalling pathway. In addition, combination treatment exhib‑
ited more significant inhibitory effects on the Wnt/β‑catenin 
signalling pathway compared with single drug treatment. In 
terms of the molecular mechanism, nigericin inhibited slug 
expression by promoting slug SUMOylation, which suppressed 
the activation of the Wnt/β‑catenin signalling pathway. In the 
rescue experiment, slug overexpression reduced the inhibitory 
effect of nigericin on the Wnt/β‑catenin signalling pathway, 
as well as the inhibition of migration and colony formation of 
EOC cells. Therefore, combination treatment with two drugs 
could have an improved effect in EOC therapy.

However, drugs with the same molecular mechanism are 
not recommended (4). A meta‑analysis that used individual 

patient data from random control tests compared single‑agent 
platinum with a platinum‑combination in sensitive recurrent 
EOC (7,8,22‑25). The results revealed that combination‑plat‑
inum chemotherapy may improve the overall survival and 
progression‑free survival; however, platinum combinations 
inevitably cause greater toxicity in some patients with cancer. 
Furthermore, combination‑platinum chemotherapy is only 
performed for platinum‑sensitive EOC, which is more likely to 
develop platinum resistance (8). The combination of different 
mechanism drugs could inhibit tumour progress via more than 
one pathway, which could be an improved strategy for drug 
development. The present results suggested that slug might 
be the potential molecular target of nigericin, and was also 
involved in the combined effect of nigericin and cisplatin in 
EOC cells. Moreover, the mechanism of cisplatin is generating 
unrepairable DNA lesions, which may be different from that 
of nigericin. 

Slug is an EMT‑related gene that triggers the initial phases 
of the EMT process (26‑28) via transcriptional reprogram‑
ming (29‑31). As a major molecular mechanism of epithelial 
cancer development, EMT has been considered the footstone for 
metastasis and invasion during the oncogenic process (32‑34). 
The present study not only demonstrated that nigericin could 

Figure 2. Combination of nigericin with cisplatin enhances the inhibitory effect of cisplatin on the colony formation of epithelial ovarian cancer cells. 
Representative images of the colony formation assay for (A) SK‑OV‑3 and (B) A2780 cells after nigericin and cisplatin treatment. Data are presented as the 
mean ± SD of triplicate experiments. *P<0.05 and **P<0.01. 
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Figure 3. Nigericin combined with cisplatin regulates MMP expression and inhibits the Wnt/β‑catenin signalling pathway in epithelial ovarian cancer cells. 
Western blot analysis of (A) SK‑OV‑3 and (B) A2780 cells treated with different concentrations of cisplatin and nigericin for 12 h was performed to evaluate 
the protein expression levels of Axin‑2 and MMP7. Tubulin was used as a standard. Expression levels of Wnt/β‑catenin signalling pathway‑associated proteins, 
such as E‑cadherin, GSK‑β, β‑catenin and Vimentin, were assessed by western blotting in (C) SK‑OV‑3 and (D) A2780 cells. (E) Luciferase reporter assays 
demonstrated that the activation effect of the Wnt/β‑catenin pathway was markedly reduced by adding nigericin, compared with no nigericin in both SK‑OV‑3 
and A2780 cells. RLU, relative luciferase units. **P<0.01 and ***P<0.001. 

Figure 4. Nigericin enhances the inhibitory effect of cisplatin on slug expression in epithelial ovarian cancer cells. Slug expression in SK‑OV‑3 cells after treatment 
with (A) the combination of nigericin and cisplatin, (B) nigericin only and (C) cisplatin only. (D) Effects of siRNA‑induced slug knockdown on the expression 
levels of proteins associated with the Wnt signalling pathway. (E) Comparison of the effects of siRNA‑induced slug knockdown and its combination with nigericin 
(5 µM) treatment on the expression levels of proteins associated with the Wnt signalling pathway. N.C., negative control; siRNA, small interfering RNA. 
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Figure 6. Nigericin enhances the SUMOylation of slug. (A) SUMOylation of slug was increased following treatment with nigericin but not cisplatin in SK‑OV‑3 
cells. (B) Nigericin exhibited a time‑dependent effect on SUMOylation. IB, the antibody used to blot the membrane; IP, the antibody used to pull down in cell 
lysate; SUMO1, small ubiquitin‑like modifier 1. 

Figure 5. Overexpression of slug rescues the phenotype induced by the treatment with nigericin and cisplatin combined in SK‑OV‑3 cells. (A) Slug expression 
was determined by western blotting. Tubulin was used as a control. (B) Effect of slug on the Wnt/β‑catenin signal pathway in the presence of nigericin was 
examined by western blotting. Overexpression of slug rescued the inhibitory effect of nigericin and cisplatin on (C) migration and (D) colony formation. Scale 
bar, 25 µm. *P<0.01 vs. vector. 
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inhibit the EMT process by increasing E‑cadherin expression 
and reducing vimentin expression by inhibiting slug, which was 
consistent with previous studies (17,35), but also revealed the 
more significant synergistic effect in the combined treatment 
with cisplatin. Considering that slug is a transcription factor that 
can be regulated by the Wnt/β‑catenin signalling pathway (19), 
the present results suggested that crosstalk might occur between 
the Wnt signalling cascade and the DNA repair pathways. To 
the best of our knowledge, this report was the first to address 
the synergistic effect of the combined treatment with nigericin 
and cisplatin in cancer cells. Nigericin could also enhance 
the SUMOylation of slug, which might be the underlying 
mechanism of the synergistic effect. Aside from ubiquitination, 
SUMOylation mediated by SUMO1 or SUMO2/3 is another 
gene regulation pattern at the post‑translational level in the regu‑
lation of kinase activity, protein trafficking and stability (36,37). 
On the one hand, pathogens could use the characteristics of 
proteins to degrade important kinase or transcription factors by 
enhancing their SUMOylation, which may serve a key role in 
pathogen‑related oncogenic transformation (38). On the other 
hand, such characteristics could also be used to develop drugs 
to inhibit oncogene expression by enhancing SUMOylation. 
Although interesting results have been revealed, the potential 
crosstalk of the related pathways and the precise mechanism of 
the synergistic effect of combined nigericin and cisplatin treat‑
ment remain to be explored.

In conclusion, the present data revealed that nigericin 
combined with cisplatin might enhance the in vitro inhibitory 
effect of cisplatin on EOC metastasis by inhibiting slug expres‑
sion via the Wnt/β‑catenin signalling pathway. In the future, the 
underlying mechanisms of the synergistic and in vivo effects of 
the combined therapy need to be elucidated in detail.
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