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Abstract. The mechanisms underlying cisplatin resistance 
in tumors are not fully understood. Previous studies have 
reported that cellular resistance to oxidative stress is accom-
panied by resistance to cisplatin. However, the relationship 
between the resistance to oxidative stress and cisplatin drug 
resistance in human ovarian cancer cells (HOCCs) is not 
clear. Here, we reveal a critical role for the multifunctional 
protein p62/SQSTM1 in cisplatin resistance in human ovarian 
cancer cells (HOCCs). p62/SQSTM1 (sequestosome 1) plays 
important roles in cell differentiation, proliferation and as 
an antiapoptotic molecule. We found that cisplatin-resistant 
SKOV3/DDP cells express much higher levels of p62 than do 
cisplatin-sensitive SKOV3 cells. The protein p62 can activate 
the Keap1-Nrf2-ARE signaling pathway and induce the expres-
sion of antioxidant genes in SKOV3/DDP cells. Knockdown of 
p62 resensitizes SKOV3/DDP cells to cisplatin. Collectively, 
our data indicate that cisplatin resistance in HOCCs is partially 
attributable to their high expression of p62, which plays an 
important role in preventing ROS stress-induced apoptosis by 
regulating the Keap1-Nrf2-ARE signaling pathway.

Introduction

Ovarian cancer is one of the deadliest gynecological malig-
nancies, and at advanced stages is typically treated with 

cytoreductive surgery and platinum-based chemotherapy (1-3). 
However, cisplatin resistance can limit the utility of chemo-
therapeutic intervention (4-6). Some cancers have intrinsic 
resistance to cisplatin, while in others resistance gradually 
develops over time (6). The mechanisms underlying cisplatin 
resistance are not fully understood, though they are believed to 
be affected by multiple molecular factors, including progres-
sive downregulation of pro-apoptotic pathways and activation 
of survival pathways (6). Multiple recent studies have also 
reported that chronic oxidative stress could lead to cisplatin 
resistance (7-10).

Several studies indicate that cisplatin toxicity occurs via the 
increased generation of reactive oxygen species (ROS) within 
mitochondria (11,12). The Nrf2-Keap1 pathway functions as a 
critical regulator of cellular defense against oxidative stress by 
controlling the expression of many cellular protective proteins 
(13). Under non-stressed condition, Nrf2 is constitutively 
degraded through the ubiquitin-proteasome system by binding 
to Kelch-like ECH-associated protein 1 (Keap1), an adaptor 
of a ubiquitin ligase complex (14). Oxidative stress disrupts 
the sequestration of Nrf2 by Keap1, leading to nuclear trans-
location of Nrf2. Nuclear Nrf2 then binds to the cis-acting 
antioxidant response element (ARE) in the promoter of target 
genes (14,15).

As a multifunctional protein, p62/SQSTM1 (seques-
tosome  1) plays important roles in cell differentiation, 
proliferation and as an antiapoptotic mediator (16,17). P62 
binds to and targets ubiquitinated proteins for degradation 
through autophagy (18). Additionally, p62 interacts with the 
Nrf2 binding site on Keap1 via the Keap1 binding region and 
functions as an activator of Nrf2 (19,20).

Here we describe the activation of the Keap1-Nrf2-ARE 
signaling pathway and subsequent induction of antioxidant 
gene expression in SKOV3/DDP cells by p62. We show that p62 
possesses an important role in preventing ROS stress-induced 
apoptosis by regulating the Keap1-Nrf2-ARE signaling 
pathway, which leads to cisplatin resistance in human ovarian 
cancer cells (HOCCs).
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Materials and methods

Cell lines. Cisplatin-sensitive ovarian cancer cells SKOV3 and 
their cisplatin-resistant clones SKOV3/DDP were obtained 
from the Chinese Academy of Medical Sciences and Peking 
Union Medical College. Cells were cultured at 37˚C with 
5% CO2 in RPMI-1640 culture medium (Gibco, Carlsbad, CA, 
USA), supplemented with 10% fetal bovine serum (Invitrogen, 
Carlsbad, CA, USA). Cisplatin-resistant SKOV3/DDP cells 
were maintained in medium containing 1 µg/ml cisplatin 
(Sigma-Aldrich, St. Louis, MO, USA) to maintain resistance.

Cell viability assays. The MTT assay was used to measure 
cell viability. Cells were plated at 1x104 cells per well in 
96-well plates. The following day, indicated concentrations of 
cisplatin or H2O2 were added, and incubation proceeded for the 
specified times. Each treatment was conducted in triplicate at 
a minimum. To each well, 20 µl MTT [3-(4,5-dimethylthiazol-
2-yl)-2, 5-diphenyltetrazolium bromide; (Sigma-Aldrich)], 
was added followed by incubation for 4 h and addition of 
150 µl dimethylsulfoxide to dissolve the formazan crystals. 
Absorbance was measured with a Vmax Microplate Reader 
(Molecular Devices, Sunnyvale, CA, USA) at a wavelength of 
570 nm.

Measurement of intracellular reactive oxygen species. To 
determine the intracellular levels of ROS generated by cisplatin, 
we used dichlorodihydrofluorescein diacetate (DCFH-DA), 
which is cell-permeable and interacts with intracellular ROS 
to generate fluorescent dichlorofluorescin as reported previ-
ously (21). Cells were plated at 1x104 cells per well in 96-well 
plates, and cultured with cisplatin or H2O2 for 12 or 24 h. After 
this preincubation period, the medium was discarded and the 
attached cells were rinsed thrice with phosphate-buffered 
saline (PBS). Cells were then exposed to 5 µM DCFH-DA 
solution for 15 min at 37˚C. The treated cells were washed 
three times with PBS. The cells were subsequently scanned to 
quantitate the average fluorescence intensity per cell.

Immunofluorescence staining and confocal laser microscopy. 
Apoptotic nuclear changes were assessed with Hoechst 33342 
(Sigma-Aldrich). Following treatment with 1 mM H2O2 for 
0 and 24 h, cells were fixed in 4% paraformaldehyde, stained 
with Hoechst 33342 (2 µg/ml) for 30 min, washed with PBS, 
and examined using an Olympus FV1000 confocal laser micro-
scope. Cells were cultured on coverslips overnight, treated 
with 1 mM H2O2 for different times, and rinsed with PBS. 
After incubation, cells were fixed for 20 min in 4% parafor-
maldehyde, permeabilized with 0.1% Triton X-100 for 5 min, 
blocked with bovine serum albumin, incubated with primary 
antibodies against p62 and Keap1 overnight at 4˚C, and then 
FITC/Texas-conjugated secondary antibodies (1:400 dilution; 
all antibodies were from, Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) for 1 h. Cells were examined by confocal 
laser microscopy.

RNA extraction and reverse-transcriptase PCR. Total RNA 
was extracted from cells using Trizol reagent (Invitrogen) 
according to the manufacturer's protocol. First-strand 
cDNA synthesis was performed by reverse transcription of 

RNA samples using the SuperScript preamplification system 
(Promega, Madison, WI, USA). Absolute gene transcription 
was normalized to glyceraldehyde-3 phosphate dehydrogenase 
(GAPDH). Primers for GAPDH: sense strand: 5'-GGG-TGA-
TGC-TGG-TGC-TGA-GTA-TGT-3', antisense strand: 5'-AAG- 
AAT-GGG-AGT-TGC-TGT-TGA-AGT-3'. Primers for p62: 
sense strand: 5'-GAA-CTC-CAG-TCC-CTA-CAG-AT-3', 
antisense strand: 5'-CGA-TGT-CAT-AGT-TCT-TGG-TC-3'. 
PCR products were separated on a 1% agarose gel containing 
ethidium bromide, visualized using a Tanon-1600 figure gel 
image processing system, and analyzed by GIS 1D gel image 
system software (Tanon, Shanghai, China).

Western blot analysis. Cells were harvested following the 
various treatments described above, washed with cold PBS, 
and incubated in ice-cold radio-immunoprecipitation buffer. 
Cell lysates were sonicated for 30 sec on ice and then incubated 
at 4˚C for 60 min. Lysates were then centrifuged for 30 min at 
12,000 g to remove debris. Protein concentration was deter-
mined using the Protein Assay kit (Bio-Rad, Hercules, CA, 
USA). For western blot analysis, protein lysates (30-50 µg) 
were separated on a 12% w/v SDS-polyacrylamide gel by 
electrophoresis and transferred onto nitrocellulose membranes 
(Millipore, Bedford, MA, USA). Membranes were blocked 
with 5% non-fat dry milk in buffer [10 mM Tris-HCl (pH 7.6), 
100 mM NaCl, and 0.1% Tween-20] for 1 h at room tempera-
ture, incubated with the desired primary antibody overnight at 
4˚C, and then incubated with horseradish peroxidase-conju-
gated secondary antibody (Thermo, Waltham, MA, USA) at a 
1:2,000 dilution for 1 h at room temperature. Immunoreactive 
bands were visualized using the diaminobenzene (Sigma) 
coloration method.

p62 knockdown by small interfering RNA. Small interfering 
RNA (siRNA) sequences targeting human p62/SQSTM1 
(GenBank accession NM_003900) and a scrambled non-
targeting control sequence were constructed by Genechem 
(Shanghai, China). Described previously, the p62 siRNA 
(si-p62) sequence was GAC-ATC-TTC-CGA-ATC-TAC-A, 
and that of the control siRNA (Scramble) was TTC-TCC-
GAA-CGT-GTC-ACG-T (18). Transfection with siRNA was 
performed using Lipofectamine 2000 (Invitrogen) according 
to the manufacturer's protocol. Briefly, cisplatin-resistant 
SKOV3/DDP cells were seeded into 6-well plates, and trans-
fected the next day with si-p62 or si-Scramble. Cells were 
harvested 2 days post-transfection, and whole cell lysates were 
prepared for western blots. For the MTT assay, transfected cells 
were treated with different concentrations of H2O2 for 24 h and 
subjected to the MTT assay to determine cell viability.

Flow cytometry. Following exposure to different experimental 
conditions, cells were trypsinized and incubated with prop-
idium iodide (PI, 1 µg/ml) and Annexin V-FITC (1 µg/ml; 
Invitrogen) for 15 min at 37˚C. Samples were then analyzed for 
apoptosis using a FACScan flow cytometer (Becton‑Dickinson, 
Franklin Lakes, NJ, USA).

Analysis of luciferase reporter gene activity. The Dual-
Luciferase Reporter Assay System (Promega) was used to 
examine reporter gene activity. Cells were plated at 1x105 per 
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well in 24-well plates. The next day, the cells were transiently 
transfected with various ARE-luciferase reporter plasmids 
using Lipofectamine 2000 reagent. Following transfection, 
cells were incubated for 0, 4, and 8 h in medium containing 
H2O2 and then harvested.

The luciferase activity present in lysates was measured 
using a luminometer following addition of Luciferase Assay 
Reagent II. The relative luciferase activity was calculated by 
normalizing firefly luciferase activity to that of Renilla lucif-
erase.

Statistical analyses. Experiments were performed on at 
least three occasions, and are presented as the means ± SD. 
Comparisons were made between treatments using paired 
Student's t-test, or one-way ANOVA for multiple group 
comparisons to single controls; differences between treatment 
means were examined with Dunnett's test. We used SPSS 
version 16.0 (SPSS/IBM, Chicago, IL, USA). *p<0.05 was 
considered statistically significant.

Results

Cisplatin induces ROS generation and inhibits growth in 
ovarian cancer cells. Cisplatin-sensitive SKOV3 cells and 

cisplatin-resistant SKOV3/DDP cells were treated with 
increasing doses of cisplatin for 12 h and 24 h and examined 
for growth inhibition using MTT assays. While cisplatin 
inhibited the growth of both cell lines, SKOV3 cells were more 
sensitive to cisplatin than SKOV3/DDP cells (Fig. 1A).

Based on these MTT results and previous studies (18), 
we next treated both cell lines with 6 µg/ml cisplatin for 12 
and 24  h and then used DCFH-DA to measure hydrogen 
peroxide levels by fluorescent confocal microscopy. ROS 
levels increased significantly in SKOV3 cells treated with 
6 µg/ml cisplatin after 12 and 24 h. When cisplatin treatment 
was combined with the antioxidant N-acetylcysteine (NAC; 
80  µM), the intracellular ROS level did not increase and 
was similar to the control group. ROS levels underwent no 
significant change in SKOV3/DDP cells treated with 6 µg/ml 
cisplatin after 12 or 24 h (Fig. 1B).

Additionally, the MTT assay showed that the cell survival 
rate was significantly improved when cisplatin treatment was 
combined with NAC relative to cisplatin treatment alone. 
There was no similar effect in SKOV3/DDP cells treated with 
cisplatin and NAC (Fig. 1C).

H2O2 inhibits growth and induces apoptosis in ovarian 
cancer cells. We then treated SKOV3 and SKOV3/DDP cells 

Figure 1. Cisplatin inhibits the growth and induces ROS in HOCCs. (A) SKOV3 and SKOV3/DDP cells were treated with increasing doses of cisplatin for 
12 and 24 h. Cell viability was determined by MTT assay. Data are presented as mean ± SD, n=3. (B) Cells were treated with 6 µg/ml cisplatin for 12 and 24 h, 
stained with DCFH-DA (10 µM). Cell morphology was observed by fluorescence microscopy (bar, 50 µm). (C) Cells were treated with 6 µg/ml cisplatin and/
or NAC for 12 and 24 h. Cell viability was determined by MTT assay. Data are presented as mean ± SD, n=3. *p<0.05, **p<0.01.
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with increasing doses of H2O2 for 24 and 48 h and measured 
growth inhibition using the MTT assay. While H2O2 inhibited 
the growth of both cell lines, SKOV3 cells were more sensitive 
to H2O2 than SKOV3/DDP cells (Fig. 2A).

Based on these MTT results, we next treated both cell 
lines with 1 mM H2O2, and examined apoptotic chromatin 
condensation with Hoechst 33342 staining by fluorescence 
microscopy (Fig. 2B). Compared with controls at 24 h, H2O2-
induced apoptotic chromatin condensation was obvious in 
cisplatin-sensitive SKOV3 cells, but rare in cisplatin-resistant 

SKOV3/DDP cells. The effect on apoptosis was assessed 
through measurement of caspase-3 activation by western 
blotting with an antibody that specifically recognizes cleaved 
caspase-3. H2O2 enhanced the expression of cleaved caspase-3 
in SKOV3 cells at 12 and 24 h (Fig. 2C and D). These results 
indicate that H2O2 can efficiently induce apoptosis in SKOV3 
cells but not in SKOV3/DDP cells.

H2O2 induces ROS in ovarian cancer cells. To evaluate the 
ROS level in HOCCs treated with H2O2, DCFH-DA was 

Figure 2. H2O2 inhibits growth and induces apoptosis in HOCCs. (A) SKOV3 and SKOV3/DDP cells were treated with increasing doses of H2O2 for 24 and 
48 h. Cell viability was determined by MTT assay. Data are presented as a mean ± SD, n=3. (B) Cells were treated with 1 mM H2O2 for 24 h, stained with 
Hoechst 33342. Cell morphology was observed by confocal microscopy (bar, 20 µm). (C) Western blot analysis for the expression of caspase-3 and cleaved 
caspase-3 protein in SKOV3 and SKOV3/DDP cells treated with 1 mM H2O2. (D) Quantitation of cleaved caspase-3 protein level. Data are presented as mean 
± SD, n=3. **p<0.01.

Figure 3. H2O2 induces apoptosis in HOCCs. SKOV3 and SKOV3/DDP cells were treated with 1 mM H2O2 for 4 h and stained with DCFH-DA (10 µM). Cell 
morphology was observed by confocal microscopy (bar, 50 µm).
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employed. After 4-h treatment, H2O2 was shown to induce ROS 
in SKOV3 cells, but not in SKOV3/DDP cells. Furthermore, 
in combination with NAC, the ROS level was decreased in 
SKOV3 cells (Fig. 3).

Cisplatin-resistant SKOV3/DDP cells express the highest 
level of p62. Based on our previous studies, cisplatin-resistant 
SKOV3/DDP cells express much higher levels of p62 than do 
cisplatin-sensitive SKOV3 cells. As a multifunctional protein, 
p62 has been reported to recruit ubiquitinated proteins to 

autophagosomes for degradation, and also to regulate the 
Keap1-Nrf2-ARE system in cancer cells. We next determined 
the expression levels of p62 protein and mRNA after H2O2-
mediated ROS induction in HOCCs. Following a 4-h treatment 
with 1 mM H2O2, p62 protein levels in SKOV3/DDP cells 
decreased gradually while p62 mRNA transcripts remained 
constant. This indicates that H2O2 decreases p62 at the protein 
level (Fig. 4A-D).

Following both 2- and 4-h treatment of SKOV3/DDP cells 
with H2O2, p62 levels increased while Keap1 levels decreased. 

Figure 4. The expression of p62 in SKOV3 and SKOV3/DDP cells treated with H2O2. (A) RT-PCR analysis for the mRNA expression of p62 in SKOV3 and 
SKOV3/DDP cells treated with 1 mM H2O2. (B) Western blot analysis for the protein expression of p62 in SKOV3 and SKOV3/DDP cells treated with 1 mM 
H2O2. (C) Quantitation of p62 mRNA expression. Data are presented as mean ± SD, n=3. (D) Quantitation of p62 protein. Data are presented as mean ± SD, 
n=3. **p<0.01. (E) The colocalization of p62 and Keap1 in SKOV3/DDP cells treated with 1 mM H2O2 for 2 and 4 h (bar, 10 µm; arrows, the colocalization of 
p62 and Keap1).
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Figure 5. H2O2 induces reporter gene activity in SKOV3/DDP cells. (A) Western blot analysis for the protein expression of Nrf2 in nuclear in SKOV3/DDP cells 
treated with 1 mM H2O2. (B) Quantitation of Nrf2 proteins level. Data are presented as mean ± SD, n=3. *p<0.05, **p<0.01. (C) Cells were plated at 1x105 cells 
per well in 24-well plates, transfected with the various pGL3-nxARE constructs, and treated with 1 mM H2O2. Luciferase reporter activity was determined 
after 18 h. Each treatment in each experiment has at least three replicates. Data are presented as mean ± SD, n=3.

Figure 6. Knockdown of p62 increases H2O2-induced cell death in SKOV3/DDP cells. (A) Transfected SKOV3/DDP cells treated with varying doses of H2O2 
for 24 h. Cell viability was determined by MTT assay. Data are presented as mean ± SD, n=3. (B) Luciferase reporter activity was determined after 18 h. Each 
treatment in each experiment has at least three replicates. Data are presented as mean ± SD, n=3. *p<0.05. (C) Transfected SKOV3/DDP cells treated with H2O2 
for 24 h, stained with Hoechst 33342. Cell morphology was observed by confocal microscopy (bar, 20 µm). (D) Transfected SKOV3/DDP cells were treated 
with 1 mM H2O2 for 24 h, and then stained with PI and Annexin V-FITC. Positively stained cells were counted using FACScan. Data are presented as mean 
± SD, n=3.
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We then used confocal microscopy to identify the locations 
of p62 and Keap1 in these cells, and observed colocalization 
of p62 and Keap1 in the cytosol. This suggests that p62 may 
interact with Keap1 in SKOV3/DDP cells (Fig. 4E).

p62 induces the Keap1-Nrf2-ARE system to reduce the ROS in 
resistant cells. The importance of the Keap1-Nrf2-ARE system 
in the cellular response to oxidative stress has been well estab-
lished (22). The next step was therefore to determine whether 
the antioxidant gene Nrf2 was activated in cisplatin-resistant 
SKOV3/DDP cells treated with H2O2. When treated with 
1 mM H2O2 over a time course, the level of Nrf2 protein gradu-
ally increased in the nucleus of SKOV3/DDP cells (Fig. 5A 
and B). Additionally, an ARE-luciferase reporter construct 
was employed to determine the response of ARE-containing 
genes to ROS in SKOV3/DDP cells. Here, H2O2 significantly 
increased luciferase activity (Fig. 5C).

Knockdown of p62 resensit izes cisplatin-resistant 
SKOV3/DDP cells to H2O2. To investigate the direct role of 
p62 in cisplatin resistance, we used siRNA to knock down 
p62 expression. We transfected cisplatin-resistant SKOV3/
DDP cells with siRNA against p62 or with a non-targeting 
scrambled sequence. Compared with the cells transfected with 
scrambled siRNA, p62 knockdown increased H2O2-induced 
growth inhibition in cisplatin-resistant SKOV3/DDP cells 
(Fig. 6A). The ARE-luciferase reporter system revealed that 
the reporter could not be activated by 1 mM H2O2 (Fig. 6B). 
Hoechst 33342 staining and confocal microscopy was used to 
detect apoptosis in the si-p62-SKOV3/DDP cells. Compared 
with controls at 24  h, H2O2-induced apoptotic chromatin 
condensation was clearly observed in si-p62 SKOV3/DDP 
cells, but rarely in si-Scramble SKOV3/DDP cells (Fig. 6C).

Additionally, si-p62-SKOV3/DDP cells were subjected to 
PI and Annexin V-FITC staining followed by flow cytometry 
analysis to quantify apoptotic cell populations. After 24-h 
incubation following treatment with 1  mM H2O2, 10.79% 
of si-Scramble SKOV3/DDP cells and 27.42% of sip62-
SKOV3/DDP cells underwent apoptosis. This difference was 
significant (p<0.05; Fig. 6D).

Discussion

Cisplatin is one of the major chemotherapeutic drugs used in 
the treatment of various human cancers. Still, the mechanisms 
by which it induces apoptosis are not fully understood (23,24). 
Nevertheless, acquired resistance to cisplatin limits its use. 
While approximately 70% of ovarian cancer patients respond 
to cisplatin initially, most relapse as resistance to cisplatin 
develops (25,26). An improved understanding of the detailed 
mechanisms underlying cisplatin resistance is therefore 
critical.

The cell possesses various defenses to protect against 
oxidant insult from ROS and xenobiotic toxicants (27). Nrf2 
is a key transcriptional regulator implicated in protecting 
cells against oxidative and xenobiotic stresses (21). Nrf2 
has emerged as the master regulator of a cellular defense 
mechanism that elicits an adaptive response and promotes 
cell survival under stress through transcriptional activation 
of an array of ARE-bearing genes, including detoxifying 

genes, drug transporters, and cellular redox regulators. High 
constitutive expression of Nrf2 is observed in many cancer 
cells that demonstrate resistance to anticancer drugs (28). Nrf2 
promotes cancer cell survival under therapeutic regimens and 
thus contributes to chemoresistance. In this study, we have also 
implicated Nrf2 in cisplatin resistance in HOCCs.

Our early studies showed that p62 binds and targets ubiq-
uitinated proteins for degradation through autophagy, thus 
maintaining cellular homeostasis and contributing to cisplatin 
resistance in HOCCs. Herein, we demonstrated that oxidative 
stress tolerance may also contribute to cisplatin resistance in 
ovarian cancer. We found that cisplatin-resistant SKOV3/DDP 
cells express much higher p62 levels than do cisplatin-sensitive 
SKOV3 cells. Following treatment with H2O2, the level of 
p62 decreased gradually in SKOV3/DDP cells. Furthermore, 
confocal microscopy revealed that p62 increased while Keap1 
decreased in SKOV3/DDP cells. Thus, the multifunctional 
protein p62 exerts its important role in drug resistance through 
multiple avenues, including recruitment of ubiquitinated 
proteins to autophagosomes for degradation, and the regula-
tion of the Keap1-Nrf2-ARE system.

Our study reveals that p62 knockdown significantly 
enhances the sensitivity of cisplatin-resistant SKOV3/DDP 
cells to H2O2. Knockdown of p62 reduced the activity of 
the ARE in SKOV3/DDP cells, resulting in apoptosis. This 
indicates that p62 plays an important role in cisplatin-resistant 
HOCCs.

In conclusion, we have identified much higher p62 levels in 
cisplatin-resistant SKOV3/DDP cells compared with cisplatin-
sensitive SKOV3 cells. Furthermore, p62 underwent gradual 
degradation in SKOV3/DDP cells treated with H2O2, and p62 
knockdown resensitizes cisplatin-resistant SKOV3/DDP cells 
to H2O2. It is possible that p62 could interact with Keap1 to 
regulate Nrf2 entry to the nucleus, as well as act downstream 
of ARE. This evidence indicates that cisplatin-resistant cells 
effectively avoid oxidative stress-induced apoptosis as a result 
of p62 efficiently regulating the Keap1-Nrf2-ARE system to 
mediate cisplatin resistance in HOCCs. Therefore, p62 repre-
sents a candidate therapeutic target for the improvement of 
cisplatin efficacy.
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