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Abstract. Epithelial ovarian cancer has the highest mortality 
rate of all malignant ovarian cancer types. Great progress 
has been made in the treatment of ovarian cancer in recent 
years. However, drug resistance has led to a low level of 5‑year 
survival rate of epithelial ovarian cancer, and the molecular 
mechanism of which remains unknown. The aim of the 
present study was to identify the role of redox status in the 
cisplatin (CDDP) resistance of ovarian cancer. CDDP‑resistant 
SK‑OV3 (SK‑OV3/cddp) cells were prepared and their reac‑
tive oxygen species and glutathione levels were investigated. 
The effects of hydrogen peroxide on the CDDP sensitivity 
of the SK‑OV3/cddp cells and their expression levels of the 
redox‑associated protein growth arrest and DNA damage 45a 
(GADD45α) were also investigated. In addition, the impact 
of GADD45α overexpression on cell viability was evaluated 
in vitro and in vivo, and the levels of Ser‑139 phosphorylated 
H2A histone family member X (γ‑H2AX), which is associ‑
ated with DNA damage, were detected. The results suggested 
that redox status affected the drug resistance of the ovarian 
cancer cells by increasing the expression of GADD45α. The 
overexpression of GADD45α reversed the CDDP resistance 
of the SK‑OV3/cddp cells and increased the level of γ‑H2AX. 
In conclusion, GADD45α alleviated the CDDP resistance of 
SK‑OV3/cddp cells via the induction of redox‑mediated DNA 
damage.

Introduction

Annually, 230,000 women are diagnosed with ovarian cancer 
and 150,000 succumb to this disease worldwide and the 5‑year 
survival rate of ovarian cancer is only 46% (1). Epithelial 
ovarian cancer has the highest mortality rate among ovarian 
cancer types with a 5‑year relative survival rate of 29% (2). 
It is characterized by a lack of clear symptoms at onset, late 
initial diagnosis, early spread and metastasis, recurrence after 
surgery, drug resistance and high mortality (3). Although 
great progress has been made in the treatment of ovarian 
cancer with the introduction of tumor reduction surgery and 
platinum chemotherapy combined with paclitaxel, drug resis‑
tance remains an urgent issue to be resolved (4). Therefore, 
it is necessary to uncover the molecular mechanism of drug 
resistance.

Cisplatin (CDDP) has been widely used for the treatment 
of a variety of tumors, including head and neck, testicular, 
bladder, lung, colorectal and ovarian cancers (5,6). It is a 
non‑specific cytotoxic drug that inhibits the cell cycle and 
distributes non‑selectively to tumor tissues. Its main action 
is the inhibition of tumor growth and induction of tumor cell 
death via the inhibition of DNA replication and transcrip‑
tion (7). However, drug resistance seriously limits the clinical 
use of CDDP (8). DNA damage and repair systems serve a 
vital role in the response to cancer treatment. The upregulated 
functioning of this system results in an antagonistic response 
of tumor cells to chemotherapeutic drugs and chemotherapy 
failure (9). It is well known that redox reactions are important 
for oxidative stress‑induced DNA damage (10). Oxidative stress 
results in intracellular levels of reactive oxygen species (ROS) 
being elevated, which causes damage to lipids, proteins and 
DNA (11). In response to the accumulation of ROS induced 
by certain chemotherapies, cancer cells commonly produce 
reducing substances to alleviate oxidative stress, which gradu‑
ally results in drug resistance (12). Glutathione (GSH) is a 
reducing substance containing a sulfhydryl group bound to 
the cysteine moiety of a tripeptide formed from glutamic acid, 
cysteine and glycine, which has an ROS‑scavenging effect (13). 
Therefore, the drug resistance of cancer cells may be closely 
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associated with an imbalance of GSH and ROS, resulting in a 
reduction in the DNA damage induced by CDDP.

Growth arrest and DNA damage 45a (GADD45α) is a down‑
stream target gene of p53, which is involved in growth arrest, 
apoptosis and DNA damage repair (14). GADD45α is closely 
associated with the occurrence, development and prognosis of 
tumors, as it is able to maintain genetic stability and inhibit 
the occurrence and development of tumors (15). However, 
some tumor cells have been revealed to avoid programmed 
death by decreasing the expression of GADD45α (16). As 
a downstream target gene of p53, GADD45α may be a key 
mediator of ovarian cancer chemosensitivity, which can 
arrest the cell cycle to increase damaged DNA repair (17). It 
has also been reported that the decreased ability of cells to 
repair DNA caused by GADD45α deletion is highly associated 
with DNA damage‑induced tumorigenesis (18). In addition, 
GADD45α has been shown to alleviate multidrug resistance in 
tumor cells (19). In one study, the upregulation of GADD45α 
expression increased the sensitivity of prostate cancer cells to 
docetaxel (20). In another study, GADD45α expression was 
induced by platinum‑based chemotherapy, which promoted the 
apoptosis of lung cancer cells and increased their sensitivity 
to chemotherapy (21). Previous studies have also reported 
that GADD45α can be upregulated by CDDP treatment in 
ovarian cancer cells (22,23). It is thus very important to 
further study the role of GADD45α in ovarian cancer in order 
to find a new therapeutic target for its treatment. The present 
study constructed a CDDP‑resistant ovarian cancer cell line 
and performed RNA sequencing, which revealed a difference 
in GADD45α gene expression in the CDDP‑resistant cell 
line compared with the parental cell line. However, whether 
GADD45α increases the sensitivity of ovarian cancer to 
CDDP has not yet been reported.

H2A histone family member X (H2AX) is a sensitive 
marker for DNA damage that serves a crucial role in molecular 
and cellular responses to DNA damage and in genome stability 
maintenance (24). H2AX has been demonstrated to be impor‑
tant for the inhibition of tumor growth, as it increases genomic 
stability and reduces susceptibility to tumorigenesis (25). 
H2AX prevents the aberrant repair of programmed and general 
DNA breakage and functions as a dosage‑dependent suppressor 
of genomic instability and tumors in mice (26). However, the 
mechanism underlying its effects remains unknown.

The present study investigated the effect of redox status 
on the drug resistance of ovarian cancer cells, and its asso‑
ciation with GADD45α. The effect of the overexpression of 
GADD45α in CDDP‑resistant ovarian cancer cells was inves‑
tigated in vitro and in vivo, and whether the role of GADD45α 
in the CDDP resistance of ovarian cancer cells is mediated via 
redox‑mediated DNA damage was evaluated.

Materials and methods

Cell culture and reagents. SK‑OV3 human ovarian cancer 
cells were purchased from American Type Culture Collection. 
The cells were cultured in complete RPMI‑1640 medium 
(Thermo Fisher Scientific Inc.) containing 10% fetal bovine 
serum (Gibco; Thermo Fisher Scientific Inc.) and no antibi‑
otics at 37˚C and 5% humidified CO2. Cells in the logarithmic 
growth phase were used for the experiments. Thiazolyl blue 

tetrazolium bromide (MTT) was obtained from Abcam 
(cat. no. ab211091). The primary antibodies GADD45α 
(cat. no. ab203090), Ser‑139 phosphorylated H2AX (γ‑H2AX; 
cat. no. ab26350), H2AX (cat. no. ab229914) and β‑actin 
(cat. no. ab8226), all 1:1,000, were purchased from Abcam. 
CDDP was acquired from Sigma‑Aldrich (Merck KGaA).

CDDP‑induced SK‑OV3/cddp cells. SK‑OV3 cells were 
cultured in suspension in complete RPMI‑1640 medium 
containing 10% fetal bovine serum and passaged every 
3 days. Cells in the logarithmic growth phase were inocu‑
lated in RPMI‑1640 medium containing CDDP. Starting at a 
CDDP concentration of 0.1 µg/ml and with the maintenance 
of positive drug pressure, sensitive cells gradually died and 
drug‑resistant cells continued to be cultured for 3‑4 weeks. 
The high‑concentration drug treatment was initiated when 
the number of cells reached 1x107/ml. After repeated medium 
replacement, passage and a step‑wise increase in CDDP 
concentration (0.1, 0.15, 0.2, 0.25, 0.375 and 0.5 µg/ml) over 
the course of 6 months, an SK‑OV3/cddp cell line that was 
able to grow well in 0.5 µg/ml CDDP medium was obtained. 
The cells were frozen, stored for 3 months, and then recovered 
or grown in CDDP‑free medium for nearly 6 months while 
maintaining their original drug resistance.

Treatment of cells. SK‑OV3 and SK‑OV3/cddp cells were 
treated with CDDP (0, 1, 5, 10, 20, 40 and 80 µM) or H2O2 
(0, 5, 10, 25 and 50 µM) at 37˚C for 24 h for the cell viability 
assay. The SK‑OV3 and SK‑OV3/cddp cells were treated with 
80 µM CDDP and 50 µM H2O2 at 37˚C for 24, 48 and 72 h for 
the cell viability assay. The SK‑OV3/cddp cells were treated 
with 80 µM CDDP and 50 µM H2O2 at 37˚C for 2 weeks for 
the soft agar colony formation assay. The SK‑OV3/cddp cells 
were treated with 50 µM H2O2 for 24 h at 37˚C in RT‑qPCR 
and western blotting assays.

Xenograft experiments in mice. Female BALB/c nude mice 
of specific pathogen‑free (SPF) grade, aged 6 weeks and 
weighing 18‑20 g were used in the study. The 50 nude mice 
were purchased from Beijing Sibeifu Biotechnology Co., 
Ltd. The animal experiments were performed in accor‑
dance with the National Institutes of Health Guide for the 
Care and Use of Laboratory Animals (1996) 7th Edition 
and approved by the Animal Ethics Committee of Guizhou 
Medical University (approval no. 2000470). The mice were 
provided with food and water freely available and kept in 
a SPF‑level environment with a temperature of 22±2˚C, 
a humidity of 40‑60% and a 12‑h light/dark cycle. The 
mice were divided into five groups: Two control groups 
(untreated SK‑OV3 and SK‑OV3/cddp cells, respectively); 
CDDP group (CDDP treatment and SK‑OV3/cddp cells); 
GADD45α group (GADD45α‑overexpressing SK‑OV3/cddp 
cells) and CDDP + GADD45α group (CDDP treatment 
and GADD45α‑overexpressing SK‑OV3/cddp cells), each 
containing 10 mice. The mice were subcutaneously injected in 
the left axillary region with a 100 µl single‑cell suspension of 
1.5x106 cells in saline, containing SK‑OV3, SK‑OV3/cddp or 
GADD45α‑overexpressing SK‑OV3/cddp cells as appropriate. 
The mice were continuously observed for 6 weeks. Once the 
tumor volume reached 50 mm3, the mice in the CDDP group 
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and CDDP + GADD45α group were intraperitoneally injected 
with CDDP (4 mg/kg), while the mice in the other groups 
were injected with saline. The injection frequency was once 
every 3 days, for a total of five injections. Measurements of the 
tumor were taken weekly, and tumor volumes were calculated 
using the following formula: Tumor volume = (AxB2)/2, where 
A and B are the tumor length and width (in mm), respectively. 
When the maximum volume of the transplanted tumor reached 
1,500 mm3, the mice were euthanized by cervical dislocation 
and tumor samples were taken. The tumor tissues were frozen 
with liquid nitrogen and stored in a refrigerator at ‑80˚C.

Cell viability assay and 50% inhibitory concentration (IC50) 
calculation. When cells reached 70% confluency in a 96‑well 
microplate, they were cultured in a medium containing CDDP 
(0, 1, 5, 10, 20, 40 and 80 µM) or H2O2 (0, 5, 10, 25 and 50 µM) 
at 37˚C for 24 h. Then, 10 µl MTT, dissolved in PBS, was 
added and the cells were incubated for 2 h at 37˚C. The purple 
formazan was dissolved in PBS. The absorbance values of 
the cells were detected at 490 nm using a microplate reader 
(Omega Bio‑Tek, Inc.). The IC50 was calculated with GraphPad 
Prism v.5.01 software (GraphPad software, Inc).

RNA sequencing. Total RNA from the CDDP‑resistant 
ovarian cancer cell line and its parental cell line was analyzed 
using Hiseq. Agilent 2100 Bioanalyzer System (Agilent 
Technologies, Inc.) to assess its quantity and quality. The 
differences of readcount data were analyzed after being 
standardized by DESeq v.1.12.0 (Illumina Inc.). Differentially 
expressed genes for CDDP‑resistant SK‑OV3 cells compared 
with the parental cell line were defined as genes with an abso‑
lute log‑transformed fold change [abs(log2FC)] >1 (P<0.005).

Intracellular GSH content. Intracellular GSH content was 
measured using 5,5‑dithio‑bis (2‑nitrobenzoic acid) (DTNB). 
SK‑OV3 and SK‑OV3/cddp cells were washed twice with PBS 
and the cell pellet (1x106 cells) was lysed with 100 µl cell lysis 
buffer (Beyotime Institute of Biotechnology). Thereafter, 15 µl 
HCl (0.1 N) and 15 µl 50% sulfosalicylic acid were added. 
Xenograft tissue homogenate was prepared by perfusing 
the tissue with phosphate buffer saline solution (pH 7.4) 
containing 0.16 mg/ml heparin to remove red blood cells 
and clots. Then, the tissue was homogenized in 5‑10 ml cold 
buffer (50 mM potassium phosphate buffer, pH 7.5, containing 
1 mM EDTA) per gram of tissue. Supernatants were collected 
after centrifugation for 15 min at 12,000 x g at 4˚C. A total 
of 25 µl cell lysate and 100 µl DTNB in sodium phosphate 
buffer containing EDTA were mixed and the optical density 
at 412 nm was measured immediately using a spectropho‑
tometer (Varian Medical Systems, Inc.). The protein level was 
measured using the Bradford method (27).

ROS level analysis in cells. Cellular ROS levels were measured 
using 2,7‑dichlorodihydrofluorescein diacetate (DCFH‑DA; 
Beyotime Institute of Biotechnology). SK‑OV3 and 
SK‑OV3/cddp cells were washed twice with cold PBS, treated 
with 10 µM DCFH‑DA and incubated for 30 min at 37˚C in a 
light‑protected humidified chamber. Following treatment with 
the probe, the cells were washed at least twice with ice‑cold 
PBS. The fluorescence emitted by the cells was measured 

with a fluorescence detection instrument (DTX800; Beckman 
Coulter, Inc.) using an excitation wavelength of 502 nm, and 
detection wavelength of 530 nm. The fluorescence intensity 
was recorded and analyzed with GraphPad Prism v.5.01 
(GraphPad software, Inc.).

ROS detection in dissected tumor tissue. PBS was used to 
wash the excised tumor twice. Ophthalmic scissors were used 
to cut the tumor tissue into pieces, which were then treated 
with type I collagenase (1 mg/ml) to destroy the extracellular 
matrix in the tissue at 37˚C for 10 min. The digestion fluid was 
filtered with a 200‑mesh filter to obtain a single‑cell suspen‑
sion. Then, 2x104 cells/well were seeded in a 96‑well plate, 
treated with 10 µM DCFH‑DA and incubated for 30 min at 
37˚C. The cells were washed with precooled PBS at least twice 
and then examined using a fluorescence detection instrument 
(DTX800). The excitation wavelength was 502 nm, and the 
detection wavelength was 530 nm. The fluorescence intensity 
was recorded and analyzed with GraphPad Prism v.5.01 
(GraphPad software, Inc.).

Soft agar colony formation assay. The lower gel was prepared 
from 2 ml RPMI‑1640 medium (Thermo Fisher Scientific, Inc.) 
containing 20% fetal bovine serum (Gibco; Thermo Fisher 
Scientific Inc.) with 0.4% agar. The upper cell‑containing layer 
was prepared by suspending 1x103 cells in 4 ml RPMI‑1640 
medium with 0.2% agar and pouring it onto the lower gel. 
After 2 weeks, colonies were stained with 0.5% crystal violet 
at room temperature for 1 h and counted with an inverted 
microscope (CX43; Olympus Corporation).

Preparation and transfection of lentiviral‑GADD45α vector. 
Lentiviral vector (GV287; 4 µg) (Shanghai Genechem Co., 
Ltd) containing the GADD45α gene was double digested 
using AgeI (5 U/µl) and EcoRI (20 U/µl). Virus packaging 
plasmid Mix:1 µg/µl (Mix=pMDL: VSV‑G: REV=5:3:2). The 
product was recovered, purified and mixed with T4 DNA 
ligase (1 µl) for 6 h at 16˚C. It was then transformed into 
competent DH5α cells (Shanghai Ji Kai Biotechnology Co., 
Ltd) with Lipofectamine 2000® (Thermo Fisher Scientific, 
Inc.). Recombinant positive clones were preliminarily identi‑
fied using PCR and restriction analysis. Plasmid sequencing 
was performed by Shanghai Ji Kai Biotechnology Co., Ltd. 
The primer sequences used were as follows: GADD45α 
forward, 5'‑AGUCGCUACAUGGAUCAAUTT‑3' and reverse, 
5'‑AUUGAUCCAUGUAGCGACUTT‑3'; GAPDH forward, 
5'‑GCAGGGGGGAGCCAAAAGGGT‑3' and reverse, 
5'‑TGGGTGGCAGTGATGGCATGG‑3'. SK‑OV3/cddp cells 
in the logarithmic growth phase were seeded in 6‑well plates 
at a concentration of 2x105 cells/ml, cultured for 24 h, mixed 
with the 4ug lentiviral‑GADD45α vector with a multiplicity 
of infection value of 80 for 12 h, and then replenished with 
fresh medium. Transfection efficiency was detected using 
western blotting and reverse transcription‑quantitative PCR 
(RT‑qPCR) after 6 days of transfection. GFP lentivirus control 
plasmid (Shanghai Ji Kai Biotechnology Co., Ltd.) was used as 
control for the GADD45α vector.

RT‑qPCR. The primers used for RT‑qPCR validation are 
as described above for PCR. Total cell RNA samples were 
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isolated using Total RNA Kit I (Omega Bio‑Tek, Inc.). Then, 
500 ng RNA was reverse transcribed to cDNA using the Takara 
PrimeScript™ RT Reagent kit with gDNA Eraser (Takara Bio, 
Inc.) in a total reaction volume of 20 µl. The RT conditions 
used were 25˚C for 5 min, 42˚C for 30 min, 85˚C for 5 min 
followed by storage at 4˚C. The cDNA (2 µl) was used as a 
template for qPCR conducted using a Real‑Time PCR System 
(Bio‑Rad Laboratories, Inc.). The qPCR steps were conducted 
in triplicate using SYBR Green Supermix according to the 
manufacturer's protocol (Thermo Fisher Scientific, Inc.). The 
thermocycling conditions were as follows: 3 min at 95˚C 
followed by 40 cycles of 10 sec at 95˚C and 30 sec at 60˚C. 
Following amplification, an additional thermal denatur‑
izing cycle (temperature range, 65‑95˚C in 0.5˚C increments) 
was performed to obtain the melting curves of the RT‑qPCR 
products and verify amplification specificity. The relative 
expression of the gene of interest was normalized to GAPDH 
expression in each sample. The target gene expression level 
was calculated using the 2‑ΔΔCq method (28) and the values for 
each gene are expressed as fold changes.

Western blot analysis. SK‑OV3 cells were treated with lysis 
buffer containing 20 mmol/l Tris (pH 7.5), 150 mmol/l NaCl, 
1% Triton X‑100 and protease and phosphatase inhibitors on 
ice for 30 min. The supernatant was harvested after centri‑
fuging the cell lysis products for 10 min at 12,700 x g and 4˚C. 
The total protein concentration was measured using a BCA 
Protein Assay kit (Thermo Fisher Scientific, Inc.). Total protein 
samples were boiled for 5 min. Then, 30 µg/lane total protein 
was electrophoresed on an 8% SDS‑PAGE gel, transferred 
onto PVDF membranes and blocked with 5% BSA for 2 h at 
room temperature before incubation with the aforementioned 
primary antibodies overnight at 4˚C. The membranes were then 
washed with Tris‑buffered saline containing 0.1% Tween‑20, 
and incubated with goat anti‑mouse IgG‑horseradish 
peroxidase (HRP)‑conjugated secondary antibody (1:10,000; 
cat. no. sc‑2031; Santa Cruz Biotechnology, Inc.), for 2 h at 
room temperature. Protein immunoreactivity was visual‑
ized using Immobilon Western Chemilum HRP substrate 
(EMD Millipore) and quantified using Quantity One soft‑
ware 6.0 (Bio‑Rad Laboratories, Inc).

Immunofluorescence assay. Precooled PBS was used for 
washing SK‑OV3 and SK‑OV3/cddp cells (10,000 cells/well) 
cultured in 6‑well plates for 3 min each time for 3 times. 
Subsequently, 4% paraformaldehyde was used to fix cells at 
room temperature for 15 min. Next, the cells were washed twice 
with PBS, and permeabilized for 15 min at room temperature 
with 0.5% Triton X‑100 to and blocked with 3% BSA to block 
the cells at room temperature for 40 min. The blocked SK‑OV3 
and SK‑OV3 /cddp cells were incubated with primary antibody 
against γ‑H2AX (1:200; Abcam; cat. no. ab81299) at 4˚C for 
12 h. The cells were washed 3 times with PBS prior to incu‑
bation with a Goat polyclonal Secondary Antibody to Rabbit 
IgG (1:100; Abcam; cat. no. ab150077) dilution for 40 min 
at room temperature. Subsequently, the nuclei were stained 
with 4',6'‑diamidino‑2‑phenylindole (DAPI; Thermo Fisher 
Scientific Inc.) for 5 min at room temperature. The cells were 
observed using a fluorescence microscope at (CX43; Olympus 
Corporation) (magnification, x400).

Immunohistochemistry (IHC). IHC analysis was performed 
using an SP‑HRP kit (Santa Cruz Biotechnology, Inc.). The 
tumor tissue was cut into 3‑µm thick sections. Sections of 
tumor tissue were blocked with 5% Goat Serum (Beyotime 
Institute of Biotechnology) for 30 min at 37˚C, incubated 
with anti‑KI67 primary antibody (1:100; cat. no. sc‑23900; 
Santa Cruz Biotechnology, Inc.) at 4˚C overnight, then 
incubated with secondary antibody at dilution (1:5,000; 
cat. no. sc‑2031; Santa Cruz Biotechnology, Inc.), for 2 h at 
room temperature, developed with 3,3'‑diaminobenzidine and 
counterstained with hematoxylin for 5 min at room tempera‑
ture and observation was performed using a light microscope 
(CX43; Olympus Corporation).

Statistical analysis. All experiments were performed in 
triplicate and data are expressed as the mean ± SD. Statistical 
significance was analyzed with one‑way analysis of variance 
or two‑way analysis of variance followed by Dunnett's test 
when groups were compared with a single control group or 
Tukey's test when analyzing the differences for all pairs of 
groups. Student's t‑test was used to compare the differences 
between the SK‑OV3 group and SK‑OV3/cddp group or the 
NC group and GADD45α group. GraphPad Prism version 5.01 
was used to perform the statistical analysis (GraphPad soft‑
ware, Inc.). P<0.05 was considered to indicate a statistically 
significant difference.

Results

Redox status affects the drug resistance of ovarian cancer 
cells. To determine the drug resistance of ovarian cancer cells, 
the 50% inhibitory concentration (IC50) values of SK‑OV3 and 
SK‑OV3/cddp cells were detected. The IC50 of the SK‑OV3 cells 
was lower than that of the SK‑OV3/cddp cells (Fig. 1A). Then, 
the ROS and GSH levels in the SK‑OV3 and SK‑OV3/cddp 
cells were detected. Significantly lower ROS and higher GSH 
levels were observed in the SK‑OV3/cddp cells compared with 
the SK‑OV3 cells (Fig. 1B and C). In order to verify the role of 
GSH in SK‑OV3/cddp cells, different concentrations of H2O2 
were added to SK‑OV3/cddp and SK‑OV3 cells for 24 h to 
deplete GSH. Cell viability was then detected. The viability 
of SK‑OV3/cddp cells was significantly decreased following 
H2O2 treatment (Fig. 1D). It was hypothesized that a high 
level of reduction and low level of oxidation in SK‑OV3/cddp 
cells may contribute to their drug resistance. To investigate 
this hypothesis, the effect of H2O2 on CDDP resistance was 
detected. Cell viability and colony formation were detected in 
SK‑OV3/cddp cells treated with CDDP alone or in combina‑
tion with H2O2. H2O2 combined with CDDP significantly 
inhibited the viability and colony formation of SK‑OV3/cddp 
cells compared with that of CDDP alone (Fig. 1E and F), indi‑
cating that redox status affected the drug resistance of these 
ovarian cancer cells.

Redox regulation of ovarian cancer cell resistance is associ‑
ated with GADD45α. Differentially expressed genes between 
the SK‑OV3 and SK‑OV3/cddp cells were detected using RNA 
sequencing. The two genes presented in red were upregulated 
2‑fold, and those in green were downregulated 2‑fold (P<0.05), 
and GADD45α exhibited the most notable reduction, as it 
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had the smallest P‑value and lowest negative FC (Fig. 2A). 
To investigate the mechanism by which redox status regu‑
lates drug resistance in ovarian cancer cells, the expression 
of GADD45α, which is involved in the redox process, was 
detected (29). GADD45α mRNA and protein expression levels 
were significantly lower in SK‑OV3/cddp cells compared 
with SK‑OV3 cells. However, H2O2 significantly increased 
the expression of GADD45α in the SK‑OV3/cddp cells 
(Fig. 2B and C). In order to explore the role of GADD45 in 
drug resistance, GADD45α was overexpressed in SK‑OV3 
cells (Fig. 2D), which led to a reduction in the viability of 
the cells (Fig. 2E). Cell viability and colony formation were 
also detected in GADD45α‑overexpressing SK‑OV3/cddp 
cells following CDDP treatment. Treatment with CDDP 
significantly inhibited GADD45α viability and markedly 
reduced colony formation in the GADD45α‑overexpressing 
SK‑OV3/cddp cells (Fig. 2F and G). The results indicated that 
the overexpression of GADD45α reversed the CDDP resis‑
tance of SK‑OV3/cddp cells, which is associated with redox 
regulation.

GADD45α regulates DNA damage repair in SK‑OV3/cddp 
cells. GADD45α is involved in DNA damage repair (18), while 
γ‑H2AX is a sensitive molecular marker for monitoring DNA 
damage initiation (30). Whether GADD45α has a role in the 

regulation of H2AX is unclear. To clarify this, the expression 
of GADD45α and H2AX and the levels of γ‑H2AX were 
detected in SK‑OV3 and SK‑OV3/cddp cells. Western blot and 
immunofluorescence assays indicated that GADD45α expres‑
sion and γ‑H2AX levels in SK‑OV3/cddp cells were markedly 
lower compared with those in SK‑OV3 cells (Fig. 3A and B). 
Then, GADD45α‑overexpressing SK‑OV3/cddp cells were 
treated with CDDP to determine the role of GADD45α in 
DNA damage repair. Western blotting results revealed that 
CDDP treatment significantly increased the expression of 
GADD45α in the SK‑OV3/cddp cells. Moreover, the level 
of γ‑H2AX in the SK‑OV3/cddp cells was also significantly 
increased after CDDP treatment, GADD45α overexpression 
and CDDP combined with GADD45α overexpression. CDDP 
and GADD45α cooperated in increasing the level of γ‑H2AX 
(Fig. 3C and D). These results indicate that GADD45α overex‑
pression increased DNA damage in SK‑OV3/cddp cells, which 
may be involved in the alleviation of drug resistance.

Regulation of CDDP resistance by GADD45α is associated 
with redox status in vivo. To investigate the role of GADD45α 
in CDDP resistance in vivo, SK‑OV3, SK‑OV3/cddp and 
GADD45α‑overexpressing SK‑OV3/cddp cells were implanted 
in the axillary subcutaneous tissue of nude mice, and the tumor 
volume and weight were subsequently evaluated. The results 

Figure 1. Redox status affects the drug resistance of ovarian cancer cells. (A) SK‑OV3 and SK‑OV3/cddp cells were assayed for cell viability after treatment with 
different concentrations of CDDP for 24 h. (B) 2,7‑Dichlorodihydrofluorescein diacetate probe results for the detection of reactive oxygen species in living cells. 
(C) Changes in GSH levels in SK‑OV3/cddp cells compared with SK‑OV3 cells. (D) MTT assay results demonstrating the viability of SK‑OV3/cddp and SK‑OV3 
cells treated with different concentrations of H2O2 for 24 h. (E) Cell viability was detected in SK‑OV3/cddp cells treated with CDDP alone or in combination with 
H2O2. (F) Colony formation assay results revealing the effect of hydrogen peroxide on CDDP resistance. *P<0.05 and **P<0.01. ns, not significant; SK‑OV3/cddp, 
Sk‑OV3 cells resistant to CDDP; CDDP, cisplatin; IC50, 50% inhibitory concentration; RVF, relative fluorescence value; H2O2, hydrogen peroxide; GSH, glutathione.
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Figure 2. Redox regulation of the CDDP resistance of ovarian cancer cells is associated with GADD45α. (A) Analysis of differences in cell resistance to 
CDDP based on sequencing results. The horizontal coordinate is the difference multiple (base 2 logarithmic transformation) and the vertical coordinate is the 
significant false discovery rate (base 10 logarithmic transformation). Red indicates upregulation and green indicates downregulation. Changes in GADD45α 
(B) mRNA or (C) protein expression in SK‑OV3, SK‑OV3/CDDP (control) and H2O2 treated SK‑OV3/CDDP cells. **Significance in the SK‑OV3 or H2O2 
treated SK‑OV3/CDDP group when compared with SK‑OV3/CDDP. (D) Verification of GADD45α overexpression in transfected SK‑OV3 cells. (E) Cell 
proliferation decreased following GADD45α overexpression. (F) Cell proliferation decreased in GADD45α‑overexpressing cells following treatment with 
CDDP. (G) Colony formation assay revealed that the overexpression of GADD45α reversed the CDDP resistance of SK‑OV3 cells. *P<0.05 and **P<0.01. 
SK‑OV3/cddp, Sk‑OV3 cells resistant to CDDP; CDDP, cisplatin; GADD45α, growth arrest and DNA damage 45a; H2O2, hydrogen peroxide; OE, overexpres‑
sion; NC, negative control (cells transfected with empty vector); Con, control.

Figure 3. GADD45α regulates DNA damage repair. (A) Western blotting results showing the expression of GADD45α and H2AX, and the phosphorylation 
of H2AX in SK‑OV3 and SK‑OV3/cddp cells. (B) Immunofluorescence images of γ‑H2AX (magnification, x400) to assess cell damage. (C and D) Western 
blotting results showing the expression of GADD45α, and H2AX, and phosphorylation of H2AX in SK‑OV3 and SK‑OV3/cddp cells with CDDP treat‑
ment, GADD45α overexpression or CDDP combined with GADD45α overexpression; (C) representative blots and (D) quantified data. *P<0.05 and **P<0.01. 
GADD45α, growth arrest and DNA damage 45; H2AX, H2A histone family member X; γ‑, Ser‑139 phosphorylated; SK‑OV3/cddp, Sk‑OV3 cells resistant to 
CDDP; CDDP, cisplatin; OE, overexpression; Con, control.
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revealed that the tumor volume (Fig. 4A) and weight (Fig. 4B) 
for the SK‑OV3/cddp cell‑based tumors were significantly 
decreased by GADD45α overexpression, and further decreased 
by GADD45α overexpression combined with CDDP. IHC 
analysis was performed to detect the expression of the cell 
proliferation marker KI67 in the nude mouse tumor tissue. 
KI67 expression in the SK‑OV3/cddp‑based tissue was mark‑
edly decreased by CDDP treatment and further decreased by 
GADD45α overexpression combined with CDDP treatment 
(Fig. 4C), indicating that GADD45α alleviated the CDDP 
resistance of the SK‑OV3/cddp cells in vivo. As the reversal of 
CDDP resistance by GADD45α was demonstrated to be associ‑
ated with redox regulation (Fig. 2), the effect of redox on CDDP 
resistance in vivo was verified by detecting the GSH and ROS 
levels in the SK‑OV3/cddp cell xenograft model. The GSH level 
was significantly decreased and the ROS level was increased by 
CDDP treatment, and these changes were significantly stronger 
when the CDDP treatment was administered in combination 
with GADD45α overexpression CDDP (Fig. 4D and E). The 
results indicated that the regulation of CDDP resistance by 
GADD45α is associated with the redox status in vivo.

Mechanism by which reduction‑induced CDDP resistance 
in ovarian cells is regulated by GADD45α expression. The 
present study explored the mechanism of redox reactions 
in normal and CDDP‑resistant ovarian cells by regulating 
GADD45α expression, leading to the following hypothesis: 
In normal ovarian cancer cells, CDDP promotes the oxidation 
of GSH to glutathione disulfide (GSSG) which increases ROS 
levels, and thereby upregulates the expression of GADD45α, 
induces DNA damage and increases tumor cell death. 

However, in CDDP‑resistant ovarian cells, CDDP promotes the 
reduction of GSSG to GSH, which inhibits the production of 
ROS, and thereby downregulates the expression of GADD45α, 
decreases DNA damage and reduces tumor cell death (Fig. 5).

Figure 4. Regulation of CDDP resistance by GADD45α is associated with redox status in vivo. Effect of GADD45α on xenograft tumor (A) volume and 
(B) weight. (C) Immunohistochemical images of KI67 (magnification, x400) demonstrating the effect of GADD45α on CDDP resistance in vivo. (D) GSH 
levels in the SK‑OV3/CDDP cell xenograft model. (E) 2,7‑dichlorodihydrofluorescein diacetate probe results showing the redox status of the xenografts. 
*P<0.05, **P<0.01 and ***P<0.001. CDDP, cisplatin; SK‑OV3/cddp, Sk‑OV3 cells resistant to CDDP; GADD45α, growth arrest and DNA damage 45; GSH, 
glutathione; RVF, relative fluorescence value; con, control.

Figure 5. Mechanism of reduction‑induced CDDP resistance in ovarian 
cells via the regulation of GADD45α expression. CDDP, cisplatin; GSH, 
glutathione; SSSG, glutathione disulfide; ROS, reactive oxygen species; 
GADD45α, growth arrest and DNA damage 45.
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Discussion

The present study demonstrated that the effects of redox status 
on drug resistance are associated with GADD45α, which regu‑
lates DNA damage repair in SK‑OV3/cddp cells. The effect 
of GADD45α on CDDP resistance was also verified in vivo. 
The results indicated that the regulation of CDDP resistance 
by GADD45α was associated with the redox status of the cells.

CDDP resistance is the primary cause of chemotherapy 
failure in ovarian cancer. GSH is a major intracellular regu‑
lator of redox conditions (31), which is present at high levels 
in numerous CDDP‑resistant cell lines. For example, a recent 
study reported that elevated GSH levels are associated with 
the CDDP resistance of non‑small cell lung cancer cell 
lines (32). High cellular GSH levels have also been reported in 
CDDP‑resistant head and neck cancer cells (33). Furthermore, 
intracellular GSH content has been demonstrated to be much 
higher in CDDP‑resistant human ovarian cancer cells than 
in CDDP‑sensitive cells (34). The present study observed 
that lower ROS and higher GSH levels were present in 
CDDP‑resistant human ovarian cancer cells (SK‑OV3/cddp) 
compared with parental SK‑OV3 cells. Lan et al (32) demon‑
strated that exogenous GSH promotes the CDDP resistance 
of A549 lung cancer cells. In addition, Cadoni et al (35) 
revealed that CDDP is able to react with GSH, which results 
in deactivation of the drug. In the present study, SK‑OV3 and 
SK‑OV3/cddp cells were treated with H2O2, which would 
be reduced by GSH, resulting in GSH depletion (36). The 
viability and colony formation of SK‑OV3/cddp cells were 
significantly inhibited by combined CDDP and H2O2 treatment 
compared with CDDP treatment alone. The results indicated 
that GSH levels serve an important role in the drug resistance 
of SK‑OV3/cddp cells, which is in accordance with previous 
research.

Yang et al (37) reported that H2O2 leads to the accumu‑
lation of ROS in cells, which increases the expression of 
GADD45α. GADD45α is involved in DNA repair, cell cycle 
arrest and apoptosis in response to physiological or envi‑
ronmental stresses (38). Grossi et al (29) demonstrated 
that GADD45α serves an important role in promoting 
the removal of ROS and sustaining redox balance. There 
is evidence indicating that GADD45α is involved in the 
resistance to anticancer drugs. For example, Liu et al (38) 
revealed that the downregulation of GADD45α increased the 
sensitivity of melanoma to CDDP. However, Wang et al (39) 
demonstrated that overexpression GADD45α attenuated 
the drug resistance of hepatocellular carcinoma cells. The 
present study demonstrated that GADD45α mRNA and 
protein expression levels were lower in CDDP‑resistant 
SK‑OV3 cells than in the parental cell line. However, these 
levels were increased by H2O2 treatment, and the overexpres‑
sion of GADD45α‑enhanced the CDDP chemosensitivity 
of SK‑OV3/cddp cells. The dual role of GADD45α in drug 
resistance may be attributed to differences in the drug resis‑
tance mechanism among different types of tumors.

The γ‑H2AX protein is involved in the regulation of DNA 
damage repair (40). The expression of H2AX is increased upon 
the initiation of DNA damage, which serves as an indicator of 
DNA damage (41). It has been reported that H2AX serves a role 
in the drug resistance of cancer cells. Wang et al (42) reported 

that the gemcitabine‑induced drug resistance of pancreatic 
cancer cells was associated with the inhibition of DNA repair 
protein γ‑H2AX. The present study demonstrated that the 
expression of GADD45α and phosphorylation level of H2AX 
in SK‑OV3/cddp cells was significantly lower compared with 
that in SK‑OV3 cells. As mentioned above, GADD45α is also 
involved in DNA damage repair (14). The current results are 
in accordance with the viewpoint that increased DNA repair 
ability contributes to chemotherapy resistance (43). The present 
study observed that CDDP treatment significantly increased 
the expression of GADD45α and the phosphorylation of 
H2AX. Moreover, the phosphorylation level of H2AX was 
significantly increased following GADD45α overexpression 
or treatment with CDDP combined with GADD45α overex‑
pression in SK‑OV3/cddp cells. The results demonstrated 
that GADD45α increases DNA damage and alleviates CDDP 
resistance in SK‑OV3/cddp cells, and these in vitro findings 
were verified in the in vivo experiment.

In conclusion, the present study demonstrated that 
GADD45α alleviated the CDDP resistance of SK‑OV3/cddp 
cells, which was associated with redox‑mediated DNA damage. 
Therefore, GADD45α may be a potential therapeutic target for 
CDDP‑resistant ovarian cancer treatment.
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