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PGCla promotes cisplatin resistance in human ovarian carcinoma
cells through upregulation of mitochondrial biogenesis
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Abstract. The induction of lesions in nuclear and mito-
chondrial DNA by cisplatin is only a small component of its
cytostatic/cytotoxic activity. The signaling pathway network
in the nucleus and cytoplasm may contribute to chemo-
therapeutic resistance. Peroxisome proliferator-activated
receptor-coactivator la (PGCla)-mediated mitochondrial
biogenesis regulates mitochondrial structural and the func-
tional adaptive response against chemotherapeutic stress, and
may be a therapeutic target. However, this regulatory network
is complex and depends upon tumor types and environments,
which require further investigation. Our previous study found
that cisplatin-resistant ovarian epithelial carcinoma was more
dependent on mitochondrial aerobic oxidation to support their
growth, suggesting the association between mitochondrial
function and chemotherapeutic resistance. In the present study,
it was demonstrated that the expression of PGCla and level
of mitochondrial biogenesis were higher in cisplatin-resistant
SKOV3/DDP cells compared with cisplatin-sensitive SKOV3
cells. Furthermore, SKOV3/DDP cells upregulated the expres-
sion of PGCla and maintained mitochondrial structural and
functional integrity through mitochondrial biogenesis under
cisplatin stress. Inhibiting the expression of PGCla using
short hairpin RNA led to the downregulation of mitochondrial
biogenesis and high levels of apoptosis in the SKOV3/DDP
cells, and cisplatin resistance was reversed in the PGCla-
deficient SKOV3/DDP cells. Collectively, the present study
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provided evidence that cisplatin stimulated the expression
of PGCla and the upregulation of mitochondrial biogenesis
through PGCla, promoting cell viability and inhibiting
apoptosis in response to cisplatin treatment, thus triggering
cisplatin resistance in ovarian cancer cells.

Introduction

Cisplatin resistance can be provoked by drug extrusion, multi-
drug resistance-associated protein activity and upregulation
of the DNA repair machinery. In addition, a series of adap-
tive responses induced by cisplatin that maintain tumor cell
homeostasis and interfere with apoptotic signaling, including
metabolic reprogramming, autophagy and oxidative stress, can
lead to cisplatin resistance (1,2). In the 1920s, Warburg et al
first observed the metabolic shift in energy in tumor cells,
later termed the “Warburg effect’, in which tumor cells shift
towards using aerobic glycolysis to meet energy requirements.
Subsequent studies have linked this transition with mito-
chondrial dysfunction (3-5). Increasing evidence indicates
that mitochondria, which integrate metabolism and apoptotic
activities, significantly influence cancer cell survival, invasion,
metastasis and drug resistance (6). Although mitochondria
have their own genome, the majority of mitochondrial
proteins are encoded by the nuclear genome (7,8). Through the
mechanism known as the nucleo-mitochondrial anterograde
regulation system, these two genomes coordinately regulate
mitochondrial proteostasis and maintain mitochondrial func-
tional integrity to prevent tumor cells from environmental
stress-induced damage, including chemotherapeutic stimula-
tion (8-10). Therefore, investigating the complex machinery
of the nucleo-mitochondrial anterograde regulation system
is vital to clarify the mechanism underlying cell apoptosis
evasion and may assist in identifying a novel anticancer
therapy target to disturb mitochondrial function.

Peroxisome proliferator-activated receptor (PPAR)-
coactivator la (PGCla) is a member of the PGC1 family,
which functions as a transcriptional coactivator in the regula-
tion of multiple signal transduction pathways, and acts as a
principal regulator of cell metabolism and mitochondrial
biogenesis (11). Accumulating evidence now suggests a link
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between PGClao-mediated mitochondrial biogenesis and
tumor apoptosis evasion (12,13). Permuth-Wey et al found
that inter-individual genetic variation in genes involved in
mitochondrial biogenesis, including PGCla and nuclear respi-
ratory factor 1 (NRFI1), was most markedly associated with
epithelial ovarian cancer (EOC) risk in a multi-center study of
cases of EOC in Caucasian individuals and controls, and the
overexpression of PGCla was associated with poor prognosis
in EOC (14). In addition, in BRAF V600E-positive human
melanoma, the expression of PGCla resulted in the upregula-
tion of oxidative phosphorylation (OXPHOS) genes, energy
status and mitochondrial biogenesis, accompanied by acquired
BRAF inhibitor resistance (15). In addition, PGCla resisted
mitogen-activated protein kinase inhibitor-induced cell apop-
tosis in melanoma (16). Therefore, further elucidation of the
potential mechanism of the PGCla-mediated upregulation of
mitochondrial bioenergy and biogenesis involved in apoptotic
evasion in chemotherapy-resistant tumor cell is important.

Previous studies in myocytes have found that the transcrip-
tional activity of NRF1 and NRF2 were significantly increased
following the overexpression of PGCla, suggesting that PGCla
may be a co-activator of NRF1 and NRF2 (17,18). Other studies
have shown that the PGCla/NRF1/2-mitochondrial transcrip-
tion factor A (TFAM)/mitochondrial transcription factor Bl
(TFBIM) axis may be involved in the upregulation of mito-
chondrial mass, mitochondrial DNA (mtDNA) copy numbers
and respiratory complex protein expression to promote
mitochondrial biogenesis (7,17,19,20). In the chemotherapeutic
treatment of human colon cancer with oxaliplatin, the genes
involved in OXPHOS and mitochondrial biogenesis, including
PGCla, were found to be markedly upregulated, suggesting
that chemotherapy induced a shift in tumor metabolism from
glycolysis to OXPHOS, eliciting tumor cell chemotherapeutic
resistance (21). Furthermore, the sensitivity of estrogen
receptor (ER)-positive breast cancer to cisplatin was reported
to increase when the PGCla downstream gene TFAM was
knocked down, and cisplatin resistance was restored when
TFAM was reintroduced into ER-positive breast cancer
cells (22). These results confirmed that the PGCla-mediated
mitochondrial biogenesis transcriptional pattern may engage a
tumor cell apoptosis evasion mechanism in different stages of
chemotherapeutic resistance.

As PGCla interacts with different transcription factors,
the PGCla-mediated multistep nuclear regulatory network
affects cancer cell survival and death from different
aspects (23-26). Therefore, to examine the action of PGCla
in the evasion of apoptosis by upregulating mitochondrial
bioenergy and biogenesis in ovarian cancer, the mitochon-
drial biogenesis-associated PGCla signaling pathway and
its changes under external stimuli require examination. Our
previous study demonstrated differences in mitochondrial
function between cisplatin-sensitive SKOV3 ovarian cancer
cells and their cisplatin-resistant clones SKOV3/DDP cells
(Xu et al, unpublished data). The present study aimed to obtain
further insight into PGClaG to examine the role of PGCla-
mediated mitochondrial biogenesis in cisplatin resistance in
ovarian cancer cells, which may further substantiate the role
of nucleo-mitochondrial signaling communication in cell fate
and provide possibilities for promising mitochondria-targeted
treatment modalities for increasing cancer chemosensitivity.
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Materials and methods

Reagents and antibodies. Cisplatin and 3-(4,5-dimetrylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were
purchased from Sigma-Aldrich; EMD Millipore (Billerica,
MA, USA). Enhanced chemiluminescence (ECL) reagents
were from Thermo Fisher Scientific, Inc. (Waltham, MA
USA). The following antibodies were used: Anti-PGCla
(cat. no. A12348), anti-NRF1 (cat. no. A5246), anti-NRF2
(cat. no. A12306) and anti-TFAM (cat. no. A1926) from
ABclonal Biotech Co., Ltd. (Boston, MA, USA); anti-f actin
(cat. no. 60008-1-Ig), anti-B-cell lymphoma 2 (Bcl-2;
cat. no. 12789-1-AP), anti-Bcl-2-associated X protein (Bax;
cat. no. 50599-2-Ig), anti-cytochrome ¢ oxidase subunit 5a
(COX5A; cat. no. 11448-1-AP), peroxidase-conjugated
AffiniPure goat anti-mouse IgG (H+L; cat. no. SAO0001-1),
and peroxidase-conjugated AffiniPure goat anti-rabbit IgG
(H+L; cat. no. SA00001-2) from ProteinTech Group, Inc.
(Chicago, IL, USA); anti-caspase-3 (cat. no. ab32351), and
anti-voltage-dependent anion-selective channel 1 (VDACI,;
cat. no. abl4734) from Abcam (Cambridge, MA, USA);
anti-myeloid cell leukemia 1 (Mcl-1; cat. no. sc-12756),
anti-translocase of mitochondrial outer membrane complex 20
(TOM20; cat. no. sc-17764), and anti-cytochrome c
(cat. no. sc-13561) from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA).

Cell culture. The cisplatin-sensitive SKOV3 ovarian carcinoma
cells and their cisplatin-resistant clone SKOV3/DDP cells were
obtained from the Chinese Academy of Medical Sciences
and Peking Union Medical College (Beijing, China). The two
cell lines were maintained at 37°C in a 5% CO, and 95% air
atmosphere in Roswell Park Memorial Institute-1640 culture
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% fetal bovine serum (FBS; Invitrogen; Thermo
Fisher Scientific, Inc.), 100 U/ml penicillin and 100 U/ml
streptomycin. The cisplatin-resistant SKOV3/DDP cells were
cultured in the presence of 1 pg/ml cisplatin in RPMI-1640
culture medium at 37°C to maintain resistance.

Cellular viability assays. Cellular viability was measured
using MTT assays. The cells were seeded in 96-well plates at
a density of 1x10* cells/well. Following exposure of the cells
to cisplatin, 20 pl of MTT solution (5 mg/ml) was added to
each well and the cells were incubated for 4 h. DMSO (Beijing
Chemical Industry Co., Ltd., Beijing, China) was then added
to the wells to solubilize the formazan products following
elimination of the media. The absorbance was recorded at
570 nm using a CLARIOstar microplate reader (BMG Labtech
GmbH, Offenburg, Germany). The growth inhibition rate was
calculated as follows: Inhibition (%) = [1 - (absorbance of
experimental group / absorbance of control group)] x100.

Flow cytometric analysis. JC-1 (cat. no. C2005; Beyotime
Institute of Biotechnology, Haimen, China) was used to
monitor the integrity of mitochondria and fluorescent mito-
chondria dye MitoTracker™ Green FM (cat. no. M7514;
Invitrogen; Thermo Fisher Scientific, Inc.) was used to detect
the mass of mitochondria. Exponentially growing SKOV3 and
SKOV3/DDP cells were seeded in 6-well culture plates at a
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density of 2x10° cells/well. Following exposure to different
experimental conditions, the cells were trypsinized and
resuspended in 1640 medium with 10% FBS at a concentra-
tion of 1x10° cells/ml. The cells were incubated with JC-1
(5 ug/ml) or MitoTracker™ Green (100 nm) in the dark at
room temperature for 20 min. The samples were examined
using the BD Accuri™ C6 Plus personal flow cytometer
(BD Biosciences, Franklin Lakes, NJ, USA).

Transmission electron microscopy. Electron microscopy and
morphometric analysis were performed as described previ-
ously (27). The cells were fixed for 30 min with ice-cold
2.5% glutaraldehyde in 0.1 M cacodylate buffer, embedded in
Epon, and processed for transmission electron microscopy by
standard procedures. Representative areas were selected for
ultra-thin sectioning (70 nm) and examined on a transmission
electron microscope at x20,000 magnification.

Immunofluorescence staining and confocal laser micros-
copy. The cells were seeded onto coverslips in 24-well plates
(5x10* cells/well) overnight and exposed to different experi-
mental conditions. Following incubation with MitoTracker™
Red CMXRos (cat. no. 7512; Invitrogen; Thermo Fisher
Scientific, Inc.) for 30 min, the cells were washed with cold
PBS three times, fixed with 4% (w/v) paraformaldehyde for
20 min and washed with cold PBS three times. The cells were
then stained with Hoechst 33342 (1 xg/ml) for 5 min and then
washed three times with PBS. Following mounting, images
were captured using an Olympus FV1000 confocal laser
microscope (Olympus Corporation, Tokyo, Japan).

Western blot analysis. The cells subjected to the different treat-
ments were harvested, washed twice with cold PBS, and then
gently scraped into 120 ul of RIPA buffer. The cell lysates were
sonicated for 30 sec on ice and then lysed at 4°C for 45 min.
The cell lysates were centrifuged at 3,000 x g for 15 min at
4°C, and supernatant protein concentrations were determined
using the BCA Protein assay kit (Pierce; Thermo Fisher
Scientific, Inc.). For western blot analysis, equivalent quanti-
ties of lysate proteins (30-50 pg) were separated by 12% w/v
SDS-polyacrylamide gel electrophoresis and transferred onto
immobilon-P transfer membranes (EMD Millipore). The
membranes were blocked with 5% (w/v) skim milk in buffer of
PBST, containing 10 mM Tris-HCI (pH 7.6), 100 mM NaCl and
0.1% (v/v) Tween-20, for 1 h at room temperature, then incu-
bated with the desired primary antibody (anti-PGCla, 1:1,000
dilution; anti-NRF1, 1:1,000 dilution; anti-NRF2, 1:1,000
dilution; anti-TFAM 1:1,000 dilution; anti-B-actin, 1:1,000
dilution; anti-Bcl-2, 1:1,000 dilution; anti-Bax, 1:1,000 dilution;
anti-COX5A, 1:1,000 dilution; anti-caspase-3, 1:1,000 dilu-
tion; anti-VDACI, 1:1,000 dilution; anti-Mcl-1, 1:200 dilution;
anti-TOM20, 1:200 dilution and anti-cytochrome c, 1:200 dilu-
tion) overnight at 4°C. The following day, the membranes were
washed with PBST and incubated with the horseradish perox-
idase-conjugated secondary antibodies (1:2,000; ProteinTech
Group, Inc.) for 1 h at room temperature. Following washing
the membranes with PBST, immunodetection was performed
using ECL reagent (Thermo Fisher Scientific, Inc.) and visu-
alized using a Syngene Bio Imaging (Synoptics, Cambridge,
UK). The protein levels were quantified by densitometry using
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Table I. Primers for reverse transcription-quantitative poly-
merase chain reaction analysis.

Gene name Primer sequences
GAPDH F: 5'-GGAGCGAGATCCCTCCAAAAT-3'
R:5-GGCTGTTGTCATACTTCTCATGG-3'
PPARGCIA  F: 5-TGAAGACGGATTGCCCTCATT-3'
R: 5'-GCTGGTGCCAGTAAGAGCTT-3'
NRF1 F: 5'-~AGGAACACGGAGTGACCCAA-3'
R: 5-TGCATGTGCTTCTATGGTAGC-3'
GABPA F: 5-TTAAACCTGCGGACACTGTTG-3'
R: 5'-GTATCCCAAGGCGTTCTTGTT-3'
TFAM F: 5-GCTCAGAACCCAGATGCAAAA-3'
R: 5'-GCCACTCCGCCCTATAAGC-3'
TFBIM F:5'-AGAGACTTGCAGCCAATACAGG-3'
R: 5-GTGTCGAACATTGCAGAGGTA-3'
ATP5A1 F: 5'-GTATTGCCCGCGTACATGG-3'
R: 5'-AGGACATACCCTTTAAGCCTGA-3'
VDACI1 F: 5'-ACGTATGCCGATCTTGGCAAA-3'
R: 5'-TCAGGCCGTACTCAGTCCATC-3'
BCL2 F: 5'-GGTGGGGTCATGTGTGTG-3'
R: 5-CGGTTCAGGTACTCAGTCATCC-3'
18s rRNA F: 5-TAGAGGGACAAGTGGCGTTC-3'
R: 5-CGCTGAGCCAGTCAGTGT-3'
ND1 F: 5-CACCCAAGAACAGGGTTTGT-3'

R: 5-TGGCCATGGGATTGTTGTTAA-3'

F, forward; R, reverse; PPARGC1A, peroxisome proliferator-activated
receptor-coactivator lo; NRF, nuclear respiratory factor; GABPA,
GA-binding protein transcription factor-a; TFAM, mitochondrial
transcription factor A; TFB1M, mitochondrial transcription factor B1;
VDACI, voltage-dependent anion-selective channel 1; BCL2, B-cell
lymphoma 2; NDI, nicotinamide adenine dinucleotide dehydroge-
nase 1.

Quantity One version 4.6.2 software (Bio-Rad Laboratories,
Inc.), normalized to B-actin.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analysis. Total cellular RNA was extracted using
TRIzol™ reagent (Invitrogen; Thermo Fisher Scientific, Inc.),
reverse transcription was performed to generate cDNA, which
was then amplified by RT-qPCR. The sequences of the primers
used are listed in Table I. RT-qPCR analysis, containing 0.2 ug
cDNA, 0.2 uM forward primer, 0.2 uM reverse primer, 10 ul
gPCR SuperMix and total volume to 20 ul, was performed
using TransStart Top Green gPCR SuperMix (cat. no. AQ131,
TransGen Biotech Co., Ltd., Beijing, China) in the following
conditions: 94.0°C for 30 sec, 40 cycles of 94.0°C for 5 sec and
60.0°C for 30 sec. A melting curve was detected between 60 and
94°C to confirm the PCR product of interest. Each sample was
analyzed in triplicate in the CFX96 Touch™ Real-Time PCR
detection system (Bio-Rad Laboratories, Inc.). The relative
expression was calculated using the 2244 method (28) among
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the different experimental groups normalized to the expres-
sion of GAPDH.

PGCla knockdown by short hairpin (sh)RNA. shRNA
sequences targeting human PGClaG and a non-target sequence
were constructed by GeneChem Co., Ltd. (Shanghai, China).
The PGCla shRNA sequences were 5'-GTT-ATA-CCT-GTG-
ATG-CTT-T-3' and 5-CAG-CGA-AGA-TGA-AAG-TGA-T-3'
and the non-target shRNA (Scramble) sequence was
5TTC-TCC-GAA-CGT-GTC-ACG-T-3". Transfections with
the shRNAs were performed using TurboFect™ transfection
reagent (Thermo Fisher Scientific, Inc.) according to the manu-
facturer's protocol. Briefly, the SKOV3/DDP cells were plated
in 6-well plates and transfected the following day with 4 ug
of PGCla-shRNA or shScramble using 6 ul of transfection
reagent. The cells were harvested 24 h following transfec-
tion, and whole cell lysates were isolated for western blot and
RT-gPCR analyses. For cellular viability, the transfected cells
were treated with cisplatin for 24 h and then analyzed by MTT
assays.

Determination of the relative mtDNA copy number. Total
cellular DNA was extracted from 1x10° cells using the
TIANamp Genomic DNA kit (Tiangen Biotech Co., Ltd.,
Beijing, China). qPCR for mitochondrial DNA content was
determined using TransStart Top Green qPCR SuperMix
(TransGen Biotech Co. Ltd.) for measuring the mitochondrial-
encoded nicotinamide adenine dinucleotide dehydrogenase 1
(ND1) relative to nuclear-encoded gene 18S rRNA (18S), as
described previously (29,30). The reactions, containing 0.2 ug
DNA, 0.2 uM forward primer, 0.2 uM reverse primer, 10 ul
TransStart Top Green qPCR SuperMix and total volume to
20 pul, were performed using the CFX96 Touch™ Real-Time
PCR detection system (Bio-Rad Laboratories, Inc.) in the
following conditions: 94.0°C for 30 sec, 40 cycles of 94.0°C
for 5 sec and 60.0°C for 30 sec. A melting curve was detected
between 60 and 94°C to confirm the PCR product of interest.
Each sample was analyzed in triplicate and analyzed using
Bio-Rad CFX Manager 3.0 software. The relative mtDNA
copy number was calculated as the ratio of the level of ampli-
fication obtained for NDI, vs. 18S (primer sequences listed in
Table I) for each sample, and was normalized to the control

group.

Oxygen consumption rate (OCR). The cellular OCR was
measured using the MitoXpress® Xtra-Oxygen Consumption
assay (Luxcel Biosciences, Cork, Ireland) using a CLARIOstar
microplate reader (BMG Labtech GmbH). Briefly, the SKOV3
cells were plated at 8x10* cells/well in 96-well plates and the
SKOV3/DDP cells were plated at 6x10* cells/well in 96-well
plates (clear-bottom, black-body plates) and allowed to adhere
overnight. The reaction was maintained at 37°C with a plate
block heater. The culture medium was removed from all
wells and replaced with 160 ul of prewarmed mixed liquid
comprising 10 ul reconstituted medium MitoXpress® Xtra
reagent, 10 ul cisplatin (final concentration of 6 or 30 ug/ml)
and 140 ul fresh culture media to each well. The wells were
sealed by adding two drops of pre-warmed HS mineral oil as
recommended by the manufacturer. Fluorescence decay was
measured kinetically immediately in the microplate reader
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at 37°C in time-resolved fluorescence (TR-F) mode using a
standard filter set as follows, 380 nm excitation and 650 nm
emission filters.

Mitochondrial isolation and protein extraction. Mitochondrial
isolation was performed using the Minute™ Mitochondria
Isolation kit (cat. no. MP-007; Invent Biotechnologies,
Inc., Plymouth, MN, USA) according to the manufacturer's
protocol. The isolated mitochondria was lysed in 0.5% (v/v)
Triton X-100 in calcium-free PBS for western blot analysis
with antibodies against [3-actin, VDACI and cytochrome c to
detect the release of cytochrome c.

Statistical analysis. Data are representative of three inde-
pendent experiments each performed in triplicate. Statistical
analysis of the data was performed using a one-way analysis
of variance on IBM SPSS version 22.0 (IBM SPSS, Armonk,
NY, USA). Tukey's post hoc test was used to determine the
significance for all pairwise comparisons of interest. P<0.05
was considered to indicate a statistically significant difference.

Results

PGCla-mediated mitochondrial biogenesis is upregulated in
cisplatin-resistant ovarian cancer cells. Previous studies have
shown that SKOV3/DDP ovarian cancer cells are resistant to
cisplatin compared with SKOV3 cells (31), and SKOV3/DDP
cells are more inclined to mitochondrial aerobic oxidation
to sustain cellular processes (Xu et al, unpublished data). As
shown in Fig. 1A, the IC, values of SKOV3 and SKOV3/DDP
cells were determined as 6 and 30 ug/ml, respectively. To
further characterize the effect of cisplatin resistance on mito-
chondria, the mitochondrial mass and volume in cells were
examined using transmission electron microscopy. Higher
numbers and a larger volume of mitochondria were observed
in the SKOV3/DDP cells compared with the SKOV3 cells
(Fig. 1B). In addition, mitochondria were stained using the
fluorescent mitochondria dye MitoTracker™ Green to detect
the mass of mitochondria using flow cytometry. As shown in
Fig. 1C, the fluorescence intensity of the SKOV3/DDP cells
was significantly higher than that of the SKOV3 cells, indi-
cating that the SKOV3/DDP cells had higher mitochondria
content than the SKOV3 cells. As there is a positive correlation
between mitochondrial mass and mtDNA copy numbers (32),
the present study subsequently examined the mtDNA copy
numbers in the cell lines by gPCR. The relative mtDNA copy
number of the SKOV3/DDP cells was higher than that of
the SKOV3 cells (Fig. 1D), suggesting that the SKOV3/DDP
cells had a higher level of mitochondrial biogenesis than the
SKOV3 cells.

Based on the above results, the present study subsequently
examined the mitochondrial biogenesis regulatory pathway in
these two cell lines. The gene and protein expression levels
of mitochondrial biogenesis-related signaling molecules were
examined using RT-qPCR and western blot analyses. It was
found that the gene expression levels of NRF1, GA-binding
protein transcription factor-a (GABPA), TFAM and TFBIM
were higher in the SKOV3/DDP cells than in the SKOV3 cells
(Fig. 2A). Consistent with these findings, the protein expression
levels of PGCla, NRF1, NRF2, TFAM, VDACI1 and COX5A
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of the release of Cyto C in SKOV3 and SKOV3/DDP cells treated with 6 pug/ml cisplatin for 24 h. SKOV3/DDP, cisplatin-resistant SKOV3 cells; Cyto C,

cytochrome ¢; VDACI, voltage-dependent anion-selective channel 1.

were higher in the SKOV3/DDP cells than in the SKOV3 cells
(Fig. 2B). These results demonstrated that the nuclear regu-
latory system of mitochondrial biogenesis was upregulated
in the cisplatin-resistant SKOV3/DDP cells, suggesting the
potential association between PGCla-mediated mitochondrial
biogenesis and cisplatin resistance in ovarian cancer.

Cisplatin stimulates PGCla-mediated mitochondrial biogen-
esis in cisplatin-resistant ovarian cancer cells. Previous

results indicated that SKOV3/DDP cells underwent reduced
apoptosis, compared with SKOV3 cells treated with cisplatin
for 24 h (33). In the present study, using confocal microscopy,
apoptotic chromatin condensation was examined in SKOV3
and SKOV3/DDP cells treated with cisplatin (6 xg/ml) for
24 h with Hoechst 33342 staining. Treatment with cisplatin
induced apoptotic chromatin condensation in the SKOV3
cells, whereas no significant changes were observed in the
SKOV3/DDP cells (Fig. 3A). Changes in the mitochondrial
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membrane potential occur during the early stages of apoptosis,
therefore, the present study evaluated the mitochondrial outer
membrane integrity using JC-1 and flow cytometry in the cell
lines treated with cisplatin (6 ug/ml) for various durations
(0, 6, 12 and 24 h). The results showed that cisplatin induced
mitochondrial depolarization in the SKOV3 cells, but not in
the SKOV3/DDP cells (Fig. 3B-D), suggesting that ovarian
cancer cisplatin-resistant cells maintained mitochondrial
structure stability under cisplatin stress. Western blot analysis
was also used to detect the release of cytochrome ¢ in SKOV3
and SKOV3/DDP cells treated with 6 ug/ml cisplatin for 24 h.
Cisplatin induced the release of cytochrome ¢ in SKOV3 cells,
but not in SKOV3/DDP cells (Fig. 3E), indicating the occur-
rence of apoptosis in the cisplatin-sensitive cells.

To further clarify the role of mitochondrial biogenesis
in the response to cisplatin-induced apoptosis, the present
study examined the mtDNA copy numbers in the two cell
lines treated with cisplatin (6 ug/ml) for 0, 3 and 24 h.
The mtDNA copy number was increased in the SKOV3/

DDP cells in a time-dependent manner, compared with
that in the SKOV3 cells (Fig. 4A and B). The mitochon-
drial mass of the SKOV3/DDP cells treated with cisplatin
(6 pg/ml) for various 0, 2, 4 and 8 h was then examined
using MitoTracker™ Red staining and confocal micros-
copy. In addition, MitoTracker™ Green staining and flow
cytometry were used to examine SKOV3/DDP cells treated
with cisplatin (6 pg/ml) for 0, 6, 12 and 24 h. These results
showed that the fluorescence intensity increased in a time-
dependent manner in SKOV3/DDP cells (Fig. 4C and D),
demonstrating that cisplatin-resistant ovarian cancer cells
responded to cisplatin stress by increasing intracellular
mitochondrial mass. Extracellular OCR was then evaluated.
As shown in Fig. 4E and F, cisplatin induced an increase of
OCR in SKOV3/DDP cells and decreased OCR in SKOV3
cells, indicating that, in response to cisplatin, cisplatin-
resistant cells not only maintain mitochondrial mass and
integrity, but also enhance mitochondrial function to over-
come cisplatin-induced cytotoxic effects.
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(A) mRNA levels of PGCla signal pathway components and mitochondrial
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deviation, n=3; "P<0.05, vs. control). Western blot detection of PGCla signaling pathway and mitochondrial proteins in SKOV3/DDP cells treated with
(B) 6 ug/ml and (C) 30 pg/ml cisplatin. Quantitation of PGCla signaling pathway and mitochondrial protein levels in cells treated with (D) 6 pg/ml and
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Taken together the results of the present study indicated
that, in response to cisplatin stress, SKOV3/DDP cells
maintained the mass, stability and function of mitochondria,
however, how the upstream regulatory pathway is involved
in mitochondrial biogenesis remained to be elucidated. The
results of RT-qPCR analysis revealed that the gene expression
levels of PGCla, NRF1, GABPA and mitochondrial-related

genes increased in SKOV3/DDP cells treated with cisplatin
(6 pg/ml) in a time-dependent manner (Fig. SA). The expression
of mitochondrial biogenesis-related signaling molecules were
then evaluated in SKOV3/DDP cells (Fig. 5B-E) treated with
cisplatin for various times (0, 3, 6, 12 and 24 h). At a cisplatin
concentration of 6 ug/ml, the protein levels of PGClaP NRF1
and NRF2 gradually increased with the increase of exposure
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merase chain reaction.

to cisplatin treatment; cisplatin also enhanced the expression
of mitochondrial proteins TFAM, TOM20 and COX5A, but
did not alter the levels of activated caspase-3 (Fig. 5B and D).
Protein levels in response to a high dose of cisplatin (30 #g/ml)
in SKOV3/DDP cells were also examined. Of note, the expres-
sion of PGCla gradually increased in a time-dependent
manner (0-12 h), but then decreased at 24 h compared with
the controls (Fig. 5C and E), which may be due to PGCla-
mediated mitochondrial biogenesis being unable to function
against the cisplatin-induced toxicity effect on mitochondria.

These above results demonstrated that cisplatin activated
the PGCla-mediated mitochondrial biogenesis signaling
pathway, and maintained the structure and function integrity
of mitochondria in SKOV3/DDP cells, with an upregulation
of PGCla. This suggested that the PGCla pathway may be
involved in the mechanism of cisplatin resistance in ovarian
cancer cisplatin-resistant cells.

Knockdown of PGCla by shRNA decreases mitochon-
drial biogenesis and increases sensitivity to cisplatin in
SKOV3/DDP cells. To further evaluate the action of PGCla
in cisplatin resistance of ovarian cancer cells, PGCla was
knocked down in SKOV3/DDP cells by transient transfection
with shRNA, with the protein expression of PGCla shown to
be downregulated (Fig. 6A). The mtDNA copy number was
significantly decreased in the PGCla-shRNA knockdown
group, compared with that in the Scr-shRNA group (Fig. 6B).
It was also observed that the expression levels of PGCla and
PGCla-related genes were decreased in the PGCla-shRNA
knockdown group, compared with those in the Scr-shRNA
group (Fig. 6C). Consistent with these results, the protein levels
of PGCla,NRF2, TFAM, VDACI and TOM20 were decreased
in the PGCla-shRNA knockdown group (Fig. 6D and E).
Furthermore, the level of apoptosis was increased following
the knockdown of PGCla in SKOV3/DDP cells, as reflected
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in the increase of activated caspase-3, the decreased ratios
of anti-apoptotic proteins Bcl-2 and Mcl-1 to pro-apoptotic
protein Bax, and the release of cytochrome ¢ (Fig. 7A-E). No
significant differences were observed between the Scr-shRNA
group and the controls. The MTT assay demonstrated that
the knockdown of PGCla increased in the SKOV3/DDP cell
sensitivity to cisplatin (IC, of 14.6 yg/ml) compared with that
in the control and Scr-shRNA groups (Fig. 7F).

The above results indicated that the deficiency of PGCla in
SKOV3/DDP cells resulted in downregulation of the mitochon-
drial biogenesis signaling pathway and reductions in the mass
and function of mitochondria, resulting in increased sensi-
tivity to cisplatin. These results further verified the hypothesis
that, in response to cisplatin stress, ovarian cancer cisplatin-
resistant cells show upregulated expression of PGCla and

activation of the mitochondrial biogenesis signaling pathway,
which contributes to cisplatin resistance by maintaining the
abundance and functional integrity of mitochondria.

Discussion

Cisplatin resistance remains a major obstacle in the clinical
treatment of ovarian cancer (34). Increasing evidence indicates
that, in addition to DNA lesions, complex signal pathways in
the nucleus and cytoplasm can be involved in the cisplatin
resistance mechanism (1,2). Vellinga et al showed that
chemotherapy induced the upregulation of PGCla signaling
pathway-dependent respiratory complex protein and enhanced
the OCR in colon cancer and, under this condition, the cancer
cells survived cisplatin cytotoxicity through transforming
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tumor metabolism from aerobic glycolysis to OXPHOS (21).
Similar to these findings, our previous study revealed that
cisplatin-resistant SKOV3/DDP ovarian cancer cells were
more dependent on mitochondrial aerobic oxidation to support
their growth (Xu et al, unpublished data), and the expression
of PGCla, a crucial regulator of mitochondrial biogenesis,
was significantly higher in SKOV3/DDP cells than SKOV3
cells (Fig. 1E). Transmission electron microscopy and flow
cytometry showed that the mass and volume of mitochondria
were larger in SKOV3/DDP cells than in SKOV3 cells (Fig. 1B
and C). It was also found that the mtDNA copy number was
higher in SKOV3/DDP cells than in SKOV3 cells (Fig. 1D).
Collectively, these results demonstrate a higher level of
mitochondrial biogenesis in cisplatin-resistant ovarian cancer
cells and suggested an association between the high level of
mitochondrial energy metabolism and the cisplatin resistance
mechanism.

Treatment strategies targeting mitochondria metabolic
function in cancer cells have gained wide acceptance (35,36),
and earlier studies have shown that the overexpression of
PGCla restores the intracellular oxidative metabolism and
ATP content, which prevents cell death by enhancing bioen-
ergy homeostasis and the antioxidant defense system. Even
if PGCla is overexpressed, the OCR cannot be restored
with knockout of NRF1 and NRF2 (37). Of note, there are
discrepancies in PGCla in tumor cells of different histologic
origin, and the overexpression of PGClais not beneficial in
all cases. LaGory et al found that, under hypoxia, the down-
regulation of the PGCla/estrogen-related receptor a axis
induced tumor chemotherapy resistance in renal cell carci-
noma (38), suggesting the specific effect of PGCla depends
on the cellular environment and the interaction of PGCla with
different molecules. Therefore, the present study focused on
the PGCla/NRF1/2-axis-regulated mitochondrial biogenesis
pathway. NRF1 and NRF2 transcriptionally regulate the
majority of aerobic respiratory complex proteins (39) and
mtDNA transcription factors (40,41), and control mitochon-
drial biogenesis through their interactions with PGCla (42-44),
which ensures the integration between the nuclear and mito-
chondrial genomes for mitochondrial function in a direct and
indirect manner. In the present study, the gene expression levels
of NRF1, GABPA TFAM and TFBIM were higher in SKOV3/
DDP cells than in SKOV3 cells (Fig. 2A), and similar results
were shown for protein expression (Fig. 2B). These results
demonstrated differences in the mitochondrial biogenesis
status between the two cell lines, and provided preliminary
data supporting a role for PGCla in cisplatin resistance via
regulating mitochondrial biogenesis in ovarian cancer.

Several reports have shown that an increase of mtDNA
copy number, an indicator of mitochondrial biogenesis, is asso-
ciated with poor prognosis in colorectal cancer, gastric cancer
and lymphoblastic leukemia glioma (45-47). The present study
found that the mtDNA copy number in SKOV3/DDP cells
gradually increased with cisplatin exposure duration, whereas
the copy number in SKOV3 cells decreased (Fig. 4A and B).
With the increase of mitochondrial mass (Fig. 4C and D), the
OCR of SKOV3/DDP cells also increased under cisplatin
treatment, and that of SKOV3 cells decreased (Fig. 4E and F).
At the molecular level, cisplatin promoted the gene and protein
expression of PGCla, and upregulated the PGCla-mediated
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mitochondrial biogenesis pathway (Fig. 5). The JC-1 staining
and flow cytometry revealed that the SKOV3/DDP cells
maintained mitochondrial integrity on exposure to cisplatin,
as reflected in the high mitochondrial membrane potential,
but not in SKOV3 cells (Fig. 3B and C), leading to the release
of cytochrome ¢ and chromatin condensation in SKOV3
cells. These results demonstrated that cisplatin-resistant and
non-resistant ovarian cancer cells show distinct responses to
cisplatin stimulation, with differences in the mass and integ-
rity of mitochondria in the two cells, eventually leading to
differences in mitochondrial function and cell fate.

To further clarify the role of PGCla in cisplatin-resistant
ovarian cancer cells, knockdown assays were performed
through transient transfection with shRNA. The mtDNA
copy number and PGCla-mediated mitochondrial biogenesis
pathway were decreased upon PGCla knockdown (Fig. 6).
The majority of Bcl-2 family proteins are located in the
mitochondrial outer membrane through the carboxy-terminal
transmembrane domain, whereas the localization and function
of Bcl-2 family anti-apoptotic proteins are regulated by the
protein and lipids in the mitochondrial outer membrane (48). In
addition to the Bcl-2 family proteins involved in regulation of
the mitochondrial localization of Bax, several other receptors
with components involved in mitochondrial transport mecha-
nisms, including the TOM complex, and mitochondrial carrier
homolog 2, facilitate Bcl-2 family protein localization in the
mitochondrial outer membrane (49). The results of the present
study showed that, following knockdown of PGCla, the ratio
of anti-apoptotic proteins (Bcl-2 and Mcl-1) and pro-apoptotic
protein (Bax) in the SKOV3/DDP cells were significantly
reduced (Fig. 7A and C-E), as was the release of cytochrome c,
which supported the hypothesis that PGCla affects the local-
ization and function of Bcl-2 family proteins and the level of
mitochondrial apoptosis through mitochondrial biogenesis.
Finally, consistent with this hypothesis, the cell viability
decreased in response to cisplatin following the knockdown
of PGCla (Fig. 7F), suggesting that the cisplatin-resistant
ovarian cancer cells upregulate mitochondrial bioenergy and
biogenesis against cisplatin toxicity depending on the action of
PGCloa and its signaling pathway.

However, there numerous questions remain unanswered.
The present study observed that the expression of PGCla was
increased, however, the expression of its downstream protein
were decreased following a high dose of cisplatin for 24 h in the
SKOV3/DDP cells (Fig. 5C). There are two possible reasons
for these observations, one of which is that cisplatin-induced
mitochondrial toxicity exceeded the supplementation of
PGCla-mediated mitochondrial biogenesis or, under the toxic
effect of cisplatin, PGClo may initiate other unknown signal
pathways triggering cell death. As discussed above, PGCla
may be involved in different cellular process depending upon
its interaction with different molecules under various cellular
environments.

Mitochondrial targeting offers additional possibilities
for cancer therapy, including the inhibition of mitochondrial
metabolism, interruption of mitochondria protein location or
destruction of mitochondrial membrane structure. However,
overcoming biologic barriers and accurate location are
major challenges for targeting mitochondrial therapy (50).
Although research has suggested the potential application of
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nanocarriers to deliver agents, further investigation is required
in the clinical setting.

Collectively, the results of the present study provided
evidence that cisplatin activated PGCla-mediated mitochon-
drial biogenesis in cisplatin-resistant ovarian cancer cells,
which led to the maintenance of mitochondrial mass and func-
tional stability, and enhanced the mitochondrial anti-apoptotic
capacity. Upon depletion of PGCla in the cisplatin-resistant
ovarian cancer cells, mitochondrial biogenesis decreased,
followed by a decrease in mitochondrial stability and function;
in these conditions, the anti-apoptotic capacity was unable to
respond to cisplatin toxicity and enhanced the sensitivity of
the cell to cisplatin. These data showed that PGClo-mediated
mitochondrial biogenesis in cisplatin-resistant cells ovarian
cancer may provide a specific targeting approach for mito-
chondrial respiration-dependent chemotherapy-resistant
tumors and alter the clinical efficacy of cisplatin via the
nuclear transcription system in these tumors.
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