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Abstract
Cisplatin (DDP) is the first-line chemotherapeutic agent for ovarian cancer. However, the development of DDP
resistance seriously influences the chemotherapeutic effect and prognosis of ovarian cancer. It was reported
that DDP can directly impinge on the mitochondria and activate the intrinsic apoptotic pathway. Herein, the
role of mitochondrial dynamics in DDP chemoresistance in human ovarian cancer SKOV3 cells was
investigated. In DDP-resistant SKOV3/DDP cells, mitochondrial fission protein DRP1 was down-regulated,
while mitochondrial fusion protein MFN2 was up-regulated. In accordance with the expression of DRP1 and
MFN2, the average mitochondrial length was significantly increased in SKOV3/DDP cells. In DDP-sensitive
parental SKOV3 cells, downregulation of DRP1 and upregulation of mitochondrial fusion proteins including
MFN1,2 and OPA1 occurred at day 2~6 under cisplatin stress. Knockdown of DRP1 or overexpression of
MFN2 promoted the resistance of SKOV3 cells to cisplatin. Intriguingly, weaker migration capability and lower
ATP level were detected in SKOV3/DDP cells. Respective knockdown of DRP1 in parental SKOV3 cells or
MFN2 in SKOV3/DDP cells using siRNA efficiently reversed mitochondrial dynamics, migration capability and
ATP level. Moreover, MFN2 siRNA significantly aggravated the DDP-induced ROS production, mitochondrial
membrane potential disruption, expression of pro-apoptotic protein BAX and Cleaved Caspase-3/9 in
SKOV3/DDP cells. In contrast, DRP1 siRNA alleviated DDP-induced ROS production, mitochondrial
membrane potential disruption, expression of pro-apoptotic protein BAX and Cleaved Caspase-3/9 in SKOV3
cells. Thus, these results indicate that mitochondrial dynamics mediated by DRP1 and MFN2 contributes to the
development of DDP resistance in ovarian cancer cells, and will also provide a new strategy to prevent
chemoresistance in ovarian cancer by targeting mitochondrial dynamics.
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Introduction
Ovarian cancer is one of the most common
gynecological cancer in the female reproductive
system, and becomes the second leading cause of
death in gynecological cancer in the world [1]. It is
estimated that 230, 000 women will be diagnosed with
ovarian cancer and 150, 000 will die per year. At the

early stage of ovarian cancer, most patients have no
obvious symptoms, thus leading to an absence of
effective
early
diagnosis.
Nowadays,
ideal
cytoreductive
surgery
and
neoadjuvant
chemotherapy are regarded as the standard treatment
for ovarian cancer, and the combination of Cisplatin
https://www.jcancer.org
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(DDP) and Paclitaxel is the primary chemotherapy [2].
Although ovarian cancer is sensitive to DDP at the
beginning of treatment, the chemoresistance to DDP is
gradually developed in most patients when the
treatment period is prolonged [3]. In general, the
uptake of cisplatin into cells mainly depends on two
kinds of transporters, including copper influx
transporter (CTR) and organic cation transporter
(OCT) [4, 5]. In cancer cells, DDP damages DNA and
finally causes apoptosis. Pieces of evidence indicates
the efflux of intracellular DDP, the reduction of
cytotoxic cisplatin-DNA adducts, the enhanced ability
of DNA repair [6, 7], and inhibition of pro-apoptotic
pathways contribute to the development of DDP
chemoresistance. As a result, DDP chemoresistance
leads to the recurrence of ovarian cancer and a
five-year overall survival rate of less than 30% [8]. On
the other hand, the intracellular DDP can directly
impinge on the mitochondria, decrease ATP synthases
activity and induce the mitochondrial apoptotic
pathway in cancer cells [9-11]. Therefore, it is
necessary to investigate whether mitochondrial
dynamics is involved in the development of DDP
chemoresistance.
Mitochondria are the important power plants
that provide the most ATP for the activities of cells. In
addition, mitochondria are also highly dynamic
organelles with constant movement in cells, and their
morphology varies through frequent fusion and
fission events, namely mitochondrial dynamics [12,
13]. In mammalian cells, mitochondrial fission is
mediated by DRP1 and mitochondrial adaptor fission
1 (Fis1), while the fusion of outer and inner
mitochondrial membrane is regulated by mitofusins
(MFN1, MFN2) and optic atrophy 1 (OPA1),
respectively [13, 14]. It is well documented that
mitochondrial dynamics participates in various
cellular activities, such as oxidative stress [15-17],
apoptosis [18-20], mitophagy [20-22], even nutrient
utilization
and
energy
consumption
[23].
Mitochondrial dynamics are also important for the
maintenance of mitochondrial normal shape, quantity
and function [22, 24]. It was reported that the
abnormal mitochondrial dynamics is related to the
tumorigenesis [25]. Excessive mitochondrial fission
induces intracellular ROS production, disruption of
mitochondrial membrane potential, and eventually
leads to cellular damage or death. In our previous
studies, upregulation of DRP1 was found to facilitate
the hypoxia-induced migration of breast cancer
MDA-MB-231 cells, and sensitized cancer cells to DDP
chemotherapy [26]. DRP1 inhibitor Mdivi-1
effectively attenuates DDP-induced intracellular ROS,
caspase-3 activation and cell death in murine
leukemia L1210 cells [27]. Furthermore, miR-148a-3p
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promotes mitochondrial fission, and enhances the
sensitivity of gastric cancer to cisplatin [28].
Overexpressing N-Myc in neuroblastoma cells
alleviates the DDP-induced cell death through
increasing mitochondrial fusion [29]. However, the
role of mitochondrial dynamics in cisplatin
chemoresistance in ovarian cancer and its underlying
mechanism remains to be elucidated.
In the present study, we first examined the
expression of mitochondrial dynamics-related
proteins in SKOV3 and SKOV3/DDP cells. It was
found that mitochondrial fission protein DRP1 was
downregulated in SKOV3/DDP cells, while
mitochondrial fusion protein MFN2 was upregulated.
Compared to SKOV3 cells, the average length of
mitochondria was also increased in SKOV3/DDP
cells. Moreover, knockdown of DRP1 or
overexpression of MFN2 in SKOV3 cells promoted its
resistance to cisplatin. Intriguingly, weaker migration
capability and lower ATP level were detected in
SKOV3/DDP cells. Respective knockdown of DRP1 in
SKOV3 or MFN2 in SKOV3/DDP cells using siRNA
reversed
mitochondrial
dynamics,
migration
capability and ATP level. In addition, MFN2 siRNA
aggravated the DDP-induced ROS production,
mitochondrial membrane potential disruption,
expression of pro-apoptotic protein BAX and Cleaved
Caspase-3/9 in SKOV3/DDP cells. In contrast, DRP1
siRNA alleviated DDP-induced ROS production,
mitochondrial membrane potential disruption,
expression of pro-apoptotic protein BAX and Cleaved
Caspase-3/9 in SKOV3 cells. Therefore, our data
indicate mitochondrial dynamics mediated by DRP1
and MFN2 may play a critical role in the development
of DDP chemoresistance in ovarian cancer.

Materials and Methods
Cell culture
Two ovarian cancer cell lines, SKOV3 (obtained
from ATCC) and SKOV3/DDP Cells (purchased from
the Tumor cell bank of the Chinese Academy of
Medical Science) were used in this study. SKOV3 and
SKOV3/DDP were separately cultured in Dulbecco’s
Modified Eagle’s medium (DMEM, Invitrogen, USA)
or RPMI-1640(Invitrogen, USA) supplemented with
10% fetal bovine serum (Invitrogen, Carlsbad, CA,
USA), 1% streptomycin and 1% ampicillin. All cells
were maintained in a humidified incubator at 37℃
with an atmosphere containing 5% CO2. In the
experiments of cisplatin stress, SKOV3 cells were
exposed to 1.00 mg/L cisplatin from day 0~6, and the
culture medium was replaced with fresh medium
containing the same concentration of cisplatin once
every three days.
https://www.jcancer.org
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Cell viability
SKOV3 and SKOV3/DDP cells were seeded in
96-well plates (5 × 103 cells per well). After treatment
with DDP for 24 hours, cell viability was detected by
cell counting kit-8 (CCK-8, APExBIO, USA). Briefly,
the mixture of CCK-8 test solution (10 μL) and culture
medium (100 μL) was added into each well. After
incubation for 2 h at 37℃ in the dark, the absorbance
(OD value) at 450 nm was measured to evaluate the
cell viability using a microplate reader (Multiskan
Mk3, Thermo Scientific, USA). Cells incubated with
normal culture medium were used as control. The
wells with only medium were set as blank. Cell
viability was calculated according to the following
formula:
[OD(DDP)-OD(Blank)]/[OD(Control)OD(Blank)] × 100%.

Western blot
Cells were washed three times with
Phosphate-buffered saline (PBS) and were lysed in
radioimmunoprecipitation assay (RIPA) lysis buffer
containing protease inhibitors. The whole cell lysate
of SKOV3 or SKOV3/DDP cells was collected, and
was further subjected to sonication. The total protein
concentration of cell lysate was measured with a
bicinchoninic acid (BCA) protein assay kit (#23227,
Thermo, USA). Proteins in lysate were separated by
10% SDS-poly-acrylamide gels electrophoresis and
then transferred on PVDF membrane (HATF00010,
Millipore, Billerica, MA). After blocked with 5%
bovine serum albumin for 1 h at room temperature,
the interest protein on PVDF membranes was
immunoblotted overnight with following primary
antibodies: DRP1 Rabbit mAb (1:1000; #8570, Cell
signal technology, USA), Mitofusin-2 Rabbit mAb
(1:1000; #9482S, Cell signal technology, USA),
OPA1(1:1000; ab42364, Abcam, USA), Mitofusin-1
Rabbit mAb (1:1000; #D6E2S, Cell signal technology,
USA), Cleaved Caspase-9 antibody (1:1000; #20750,
Cell signal technology, USA), Cleaved Caspase-3
antibody (1:1000; #9644, Cell signal technology, USA),
GAPDH antibody (1:2000; sc-25778, Zhongshan
Jinqiao, China), BAX antibody(1:1000; #5023, Cell
signal technology, USA) , β-actin (1:1000; AP0060,
Bioworld Technology). After washed three times with
TBST, the membranes were further incubated with
HRP-conjugated
secondary
antibody
(1:5000;
CW0103T, Cwbiotech, China) for 1 h at room
temperature. The bands were captured by using an
enhanced chemiluminescence solution (K-12045-D10,
Advansta, USA). Finally, the densitometric analysis
was
performed
using
ImageJ
software.
Chemiluminescence assay was performed with
Amersham Enhanced Chemiluminescence Prime
Western Blotting Detection reagents (CWBIO, Beijing,
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China). The immunoblot signal was detected using
the Molecular Imager®Chemi DOCTXRS+ system
(Bio-Rad Laboratories, Inc., Hercules, CA, USA) and
the density of each band was measured using ImageJ
software (National Institutes of Health, Bethesda, MD,
USA).

RNA interference
Small interference RNA was used for
knockdown of the DRP1 and MFN2 gene in SKOV3 or
SKOV3/DDP cells. For silencing DRP1 expression,
the sequences of siRNA targeted DRP1 and its
scramble are the same as our previous reported [26].
DRP1 siRNA sequence: 5′-GAGUUAUGAACGACU
CAdTdT-3′ (forward) and 5′- TGAGGCGTCAAT
AACCTCdTdT-3′
(reverse);
scramble
siRNA:
5′-UUCUCCGAACGUGUCACGUCACGUdT-3′
(forward); 5′-ACGUCACGUCGGAAdT-3′ (reverse);
MFN2 siRNA-1 sequence: 5′- CCAAAUUGCUCA
GGAAUAATT-3′ (forward) and 5′-UUAUUCCUG
AGCAAUUUGGTT-3′ (reverse); MFN2 siRNA-2
sequence:
5’-AGGTGCTCAACGCCAGGATTC-3’
(forward) and 5’-AGTCGGTCTTGCCGCTCTTCA-3’
(reverse); MFN2 siRNA-3 sequence: 5′-GGAGAU
UGAGGAGUGCAUdTdT-3′
(forward)
and
5′-AUGCACACCUCAAUCUCCdTdTdT-3′ (reverse);
Scramble RNA: 5′-UUCUCCGAACGUGUCACGUCA
CGUdT-3′ (forward), 5′-ACGUGACACGUGAAd
TdT-3′ (reverse). The optimal concentration of DRP1
siRNA and MFN2 siRNA are separately 10 nmol/L
and 20 nmol/L. For RNA interference, DRP1 siRNA
and MFN2 siRNA were separately transfected into
SKOV3
and
SKOV3/DDP
cells
using
lipofectamine2000 according to the manufacturer’s
instructions. In brief, cells were seeded in a 6-well
culture plate. The mixture of corresponding siRNA
and transfection reagent was added into the culture
well when the confluence of SKOV3 or SKOV3/DDP
cells reach 70%~80%. The culture medium was
replaced with growth medium at 6 h after
transfection, and the silencing efficiency of DRP1 or
MFN2 was evaluated using western blotting assay at
48 h after transfection. Cells transfected with scramble
RNA were used as negative control (NC).

Plasmid transfection
The full length cDNAs of human MFN2 were
obtained by RT-PCR using total isolated RNA from
SKOV3 cells, and subcloned into the mammalian
expression plasmid pcDNA3.1 (Invitrogen). The
pcDNA3.1-MFN2 plasmid was confirmed by
sequencing. The empty vectors and MFN2 plasmid
were transfected into SKOV3 cells using lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA) according to
the manufacturer's instructions. The infection
https://www.jcancer.org
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medium containing lipofectamine 2000 was replaced
by growth medium at 6 h after transfection.

Mitochondrial imaging and analysis
To label mitochondria, SKOV3 and SKOV3/DDP
cells were transfected with pDsRed2-Mito. The
transfection procedure was conducted according to
the manufacturer’s instructions of Lipofectamine 2000
(Invitrogen) as described previously [30]. At 24 h after
transfection, mitochondrial morphology was detected
under a Zeiss confocal microscope (LSM 800; Carl
Zeiss Microscopy, Germany) by visualizing the
fluorescent signal of DsRed2 with excitation at 545nm.
The mitochondrial length was measured and
analyzed using ZEN 2.3SP1. For each group,
approximately 270 mitochondria from four different
random fields were measured.

Detection of intracellular ROS level
The intracellular ROS level in SKOV3 and
SKOV3/DDP cells was measured using the
fluorescent probe 2’,7’-dichlorodihydrofluorescein
diacetate assay kit (DCFH-DA, Sigma-Aldrich, USA)
according to the manufacturer’s instructions. Briefly,
SKOV3 or SKOV3/DDP cells were incubated with 10
μM of DCFH-DA for 30 min at 37℃ in the dark after
treatment with or without DDP (4mg/L) for 24 h.
Then, cells were washed three times with PBS and
harvested. The mean fluorescence intensity was
detected as intracellular ROS level using flow
cytometry (DxFLEX, Beckman Coulter Biotechnology)
with the excitation at 488 nm and emission at 525 nm.
Data analysis was carried out using GraphPad Prism
9.0 (GraphPad Software, Inc., La Jolla, CA).

Measurement of mitochondrial membrane
potential (Δψm)
Tetramethylrhodamine methyl ester (TMRE,
Invitrogen) staining was used to detect the
mitochondrial membrane potential (Δψm) as
described previously [30]. In brief, cells were
incubated with 100 nM TMRE for 20 min in darkness
at 37 ℃ after treatment with or without 4 mg/L DDP
(purchased from Sigma, USA) for 24 h. Then cells
were washed twice with PBS, and mean fluorescence
intensity of TMRE in cells were detected as
mitochondrial membrane potential using flow
cytometry (DxFLEX, Beckman Coulter Biotechnology)
with the excitation at 543 nm and emission at 560 nm.
Data analysis was carried out using GraphPad Prism
9.0 (GraphPad Software, Inc., La Jolla, CA).

Measurement of intracellular ATP level
The intracellular ATP level was detected in the
lysate of SKOV3 or SKOV3/DDP cells using the
enhanced ATP assay system bioluminescence
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Detection Kit (Promega, Madison, WI, USA). Cells
were harvested and lysed in a 2% trichloroacetic acid
and 2 mM EDTA solution at 48 h after RNA
interference. The lysate was subjected to a 12000×g
centrifuge at 4 ℃ for 5 min, the supernatant was used
for intracellular ATP assay. According to the
manufacturer’s instructions, 20 μl supernatant in each
sample and ATP test solution were co-incubated at
room temperature for 3-5 min, then ATP level was
measured using a microplate reader (Multiskan Mk3,
Thermo Scientific, USA). Then, the ATP level was
normalized to the protein content in each sample
(indicated as nmol/mg of protein).

Transwell assay
After transfected with DRP1 siRNA and MFN2
siRNA for 24 hours, cells were trypsinized and
reseeded on the upper chamber at a density of 2 × 10 4
cells in 200 μl of the medium. The lower chamber
contained 500 μl complete medium with 10% FBS. 24
h later, the cells on the upper chamber were gently
removed with a cotton swab. The migrated cells on
the nether surface were fixed with 4% PFA for 10 min
at room temperature and stained with crystal violet
for 30 min. The migrated cells were further
photographed under a microscope, and counted in at
least three random fields. All assays were
independently repeated at least three times.

Wound healing assay
The wound healing assay was performed as the
previously reported [31]. In brief, cells were seeded on
35-mm wells, and cultured in the complete growth
medium. Then, the monolayer of cells was scratched
with a constant width by a 200-μl pipette tip. After a
scratch, cells were washed twice with PBS to remove
the suspended cells and further cultured in a medium
without FBS. The wound closure was photographed
at 0 h, 24 h, 48 h after scratch, and the wound healing
percentage was measured using GraphPad Prism 9.0
(GraphPad Software, Inc., La Jolla, CA). The wound
healing percentage = (0 hour’s width-N hours’
width)/ (0 hour’s width) * 100%, N=24 or 48.

Statistical analysis
All data are shown as the mean ± SD. Data were
analyzed using either t-test to compare two conditions
or ANOVA to compare multiple conditions, and
p<0.05 was considered to be significant.

Results
The mitochondrial dynamics mediated by
DRP1 and MFN2 are different between SKOV3
and SKOV3/DDP cells
In

both

SKOV3

and

SKOV3/DDP

cells,

https://www.jcancer.org
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treatment with DDP for 24 h reduced the cell viability
in a dose-dependent manner (Fig. 1A). In addition, the
IC50 of DDP against SKOV3 cells and SKOV3/DDP
cells was 1.44 mg/L and 6.41 mg/L, respectively (Fig.
1B). These results indicate that SKOV3/DDP cells are
more resistant to DDP than SKOV3 cells. To examine
the role of mitochondrial dynamics in DDP resistance
in ovarian cancer cells, we first examined the

expression of mitochondrial dynamics-related
proteins including MFN1, MFN2, DRP1, and OPA1 in
SKOV3 and SKOV3/DDP cells. Compared to SKOV3,
the expression of mitochondrial fission protein DRP1
was downregulated, while mitochondrial fusion
protein MFN2 was upregulated in SKOV3/DDP cells
(Fig. 1C and 1D). Next, pDsRed2-Mito was transfected
to SKOV3 and SKOV3/DDP cells to label
mitochondria. Consistent with the
expression level of DRP1 and
MFN2, mitochondria appeared as
elongated
tubular
network
structures in SKOV3/DDP cells
(Fig.
1E).
The
average
mitochondrial
length
in
SKOV3/DDP was significantly
longer than that in SKOV3 cells
(Fig.
1F).
The
differential
expression of DRP1 and MFN2
between
SKOV3
and
SKOV3/DDP cells suggests its
possible role in the development
of DDP chemoresistance. To
explore
the
underlying
mechanism, the expression of
mitochondrial dynamics related
proteins was further examined in
SKOV3 cells at day 0~6 under
DDP stress. As shown in Fig. 2,
DRP1 was downregulated in
SKOV3 cells at day 4 and day 6
after treated with 1mg/L DDP. In
contrast, mitochondrial fusion
protein MFN2 was upregulated at
day 4~6 after DDP treatment,
MFN1
and
OPA1were
upregulated at day 6 after DDP.
To examine the role of DRP1- or
MFN2-mediated
mitochondrial
dynamics in the chemoresistance
of SKOV3 cells to DDP,
knockdown of DRP1 by siRNA or
overexpression of MFN2 were
conducted in SKOV3 cells (Fig.
Figure 1. The expression of mitochondrial dynamics related proteins in SKOV3 and SKOV3/DDP
3A, 3B and Fig. 4C). Intriguingly,
cells. (A) The cisplatin dose-response curve in SKOV3 and SKOV3/DDP cells. Two cell lines were exposed to DDP
knockdown
of
DRP1
or
at different concentrations (0.01, 0.05, 0.1, 0.5, 1, 5, 10 mg/L) for 24 hours. Cell viability was determined by CCK-8
assay kit. (B) The IC50 of cisplatin against SKOV3 and SKOV3/DDP cells was calculated according to the cisplatin
overexpression
of
MFN2
dose-response curve. (C) The western immunoblotting of DRP1, MFN1, 2 and OPA1 in SKOV3 and SKOV3/DDP
significantly increased the IC50 of
cells. The total proteins in whole cell lysate of two cell lines were separated by SDS-PAGE electrophoresis, and the
expression levels of DRP1, MFN1, MFN2, and OPA1 were detected using western blotting assay. β-actin was used as
DDP against SKOV3 cells (Fig.3C
the endogenous reference. (D) The densitometric analysis of DRP1, MFN1, MFN2, and OPA1 in (C) was performed
and 3D). These results suggest that
from three independent experiments. The relative expression level of each protein is indicated as a normalization of
the ratio of mitochondrial dynamics-related protein/β-actin in each sample to the control. (E) Mitochondrial
mitochondrial fusion mediated by
morphology in SKOV3 and SKOV3/DDP cells. The pDsRed2-Mito was transferred into SKOV3 and SKOV3/DDP cells
upregulated
MFN2
and
to label mitochondria. The red fluorescence signal of DsRed was detected as mitochondrial morphology in cells under
a confocal microscope, scale bar=20 μm. A1’ and A2’ show mitochondria with higher magnification in the inserted
downregulated
DRP1
might
boxes, scale bar = 5 μm. (F) The difference in average length of mitochondria between SKOV3 and SKOV3/DDP cells.
facilitate the development of DDP
The length of 270 mitochondria in each group was measured and the average length was calculated from three
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 (SKOV3 vs. SKOV3/DDP). Abbreviations: DDP, cisplatin.
chemoresistance in ovarian cancer.
https://www.jcancer.org
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Figure 2. Alteration in the expression of mitochondrial dynamics-related proteins in SKOV3 cells under cisplatin stress. (A, C, E, G) The western
immunoblotting of mitochondrial dynamics-related proteins in SKOV3 cells under cisplatin stress. The whole cell lysates of SKOV3 cells treated with 1mg/L cisplatin for 0 d, 2
d, 4 d, and 6 d were separated by SDS-PAGE electrophoresis, and the expression of DRP1, MFN1, MFN2 and OPA1 were detected using western blotting assay. β-actin was used
as the endogenous reference. (B, D, F, H) The densitometric analysis of DRP1, MFN1, MFN2, and OPA1 in (A, C, E, G) was performed from three independent experiments. The
relative expression level of each protein is indicated as a normalization of the ratio of mitochondrial dynamics-related protein/β-actin in each sample to the control. *p < 0.05,
**p < 0.01 vs. 0 d.

Figure 3. The sensitivity of SKOV3 cells to DDP after knockdown of DRP1 or overexpression of MFN2. (A) The expression level of MFN2 in SKOV3 cells
transfected with MFN2 plasmid was detected using western blotting assay. β-actin was used as the endogenous reference. (B) The densitometric analysis of MFN2 in (A) was
performed from three independent experiments. The relative expression level of MFN2 is indicated as a normalization of the ratio of MFN2/β-actin in each sample to the control.
(C) After transfected with DRP1 siRNA for 48 h or MFN2 plasmid for 24 h, SKOV3 cells were exposed to DDP at different concentrations (0, 0.01, 0.05, 0.1, 0.5, 1, 5, 10 mg/L)
for 24 hours. Cell viability was determined by CCK-8 assay kit. (D) The IC50 of cisplatin against SKOV3 cells was calculated according to the cisplatin dose-response curve. *p
< 0.05, **p < 0.01 vs. Control.
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Figure 4. The silencing efficiency of DRP1 and MFN2 in SKOV3 and SKOV3/DDP cells by siRNA. (A, C, E) The expression of DRP1 and MFN2 in SKOV3 and
SKOV3/DDP cells transfected with DRP1 siRNA and MFN2 siRNA was detected using western blotting assay. β-actin was used as the endogenous reference. (B, D, F) The
densitometric analysis of DRP1 and MFN2 in (A, C, E) was performed from at least three independent experiments. The relative expression level of each protein is indicated as
a normalization of the ratio of interest protein/β-actin in each sample to the control. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. Control.

Knockdown of DRP1 or MFN2 using siRNA
changes mitochondrial morphology and ATP
production in SKOV3 or SKOV3/DDP cells
To explore the role of mitochondrial dynamics
mediated by DRP1 and MFN2 in DDP
chemoresistance, silencing DRP1 and MFN2 using
siRNA was conducted in SKOV3 and SKOV3/DDP
cells, respectively. The siRNA used for silencing DRP1
is the same as reported in our previous study [2]. To
silence MFN2, three siRNAs targeting MFN2 and a
scramble siRNA were synthesized. As shown in Fig.
4C and 4D, 10~50 nM of siRNA efficiently decreased
the expression of DRP1 in SKOV3 cells to
approximately 40%~50%. Thus, 10 nM of DRP1
siRNA was used in the following experiments. In
addition, the silencing efficiency of siRNA-1~3
targeting MFN2 was examined in SKOV3/DDP cells.
It was found that the silencing efficiency of siRNA-3
targeting MFN2 was the best (Fig. 4A and 4B). The
silencing efficiency of siRNA-3 in different
concentrations was also evaluated. As shown in Fig.
4E and 4F, 20~50 nM of siRNA-3 had a similar
silencing efficiency on MFN2. Therefore, 20 nM of
siRNA-3 was used for silencing MFN2 in
SKOV3/DDP cells in the following experiments.
Next, we further examined the effect of DRP1 siRNA

and MFN2 siRNA on mitochondrial morphology in
SKOV3 and SKOV3/DDP cells, respectively. As
expected, mitochondrial morphology appeared in
elongated tubules, the average length was
significantly increased in SKOV3 cells after silencing
DRP1. In contrast, silencing MFN2 in SKOV3/DDP
cells shifted mitochondria from tubules to the
fragmented or punctate dot-like shape, the average
length of mitochondria was significantly decreased
(Fig. 5). In addition, mitochondria are the main energy
plants for ATP generation in mammalian cells [32, 33].
Given the different mitochondrial dynamics mediated
by DRP1 and MFN2 between SKOV3 and
SKOV3/DDP cells, we measured the ATP level in two
cell lines. Unexpectedly, the ATP level was much
lower in SKOV3/DDP cells than that in SKOV3 cells.
Although silencing DRP1 had no significant effect on
the ATP level in SKOV3 cells, silencing MFN2
dramatically increased the ATP level in SKOV3/DDP
cells (Fig. 5C). According to the results above,
silencing DRP1 and MFN2 by siRNA provides a
reliable means to manipulate mitochondrial dynamics
in SKOV3 and SKOV3/DDP cells, and it is also
important for exploring the role of mitochondrial
dynamics mediated by DRP1 and MFN2 in the
development of DDP chemoresistance in ovarian
cancer.
https://www.jcancer.org
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Figure 5. Knockdown of DRP1 or MFN2 changed mitochondrial morphology and ATP level in SKOV3 or SKOV3/DDP cells. (A) Mitochondrial morphology in
SKOV3 or SKOV3/DDP cells transfected with or without the related siRNA. pDsRed2-Mito was transferred into SKOV3 and SKOV3/DDP cells. The fluorescence signal of
pDsRed2-Mito was detected as mitochondrial morphology in cells under a confocal microscope, scale bar=20 μm. A1’, A2’, A3’ and A4’ show mitochondria with higher
magnification in the inserted boxes, scale bar = 5 μm. (B) The length of 270 mitochondria in each group was measured and the average length was calculated from three
independent experiments. (C) The intracellular ATP level in SKOV3 and SKOV3/DDP cells transfected with or without the targeting siRNA. At 48 h after transfection, the
intracellular ATP level in two cell lines was detected using a commercial ATP assay kit under the microplate reader, and the ATP level was normalized to the protein content in
each sample. * p < 0.05, * p < 0.01, *** p < 0. 001.

Mitochondrial dynamics mediated by DRP1
and MFN2 is involved in mitochondrial
membrane potential and ROS production in
SKOV3 and SKOV3/DDP cells
Mitochondrial dynamics are also important for
the maintenance of mitochondrial functions including
mitochondrial membrane potential and production of
intracellular ROS [34]. Next, we examined the role of
DRP1 and MFN2-mediated mitochondrial dynamics
in DDP-induced mitochondrial membrane potential
and intracellular ROS. It was found that DRP1 siRNA
effectively attenuated the DDP-induced disruption of
mitochondrial membrane potential in SKOV3 cells
(Fig. 6A and 6B), while MFN2 siRNA significantly
aggravated DDP-induced disruption of mitochondrial
membrane potential in SKOV3/DDP cells (Fig. 6C
and 6D). Moreover, DRP1 siRNA significantly
attenuated the DDP-induced intracellular ROS

production in SKOV3 cells (Fig. 7A and 7B), while
MFN2 siRNA markedly increased the DDP-induced
intracellular ROS production in SKOV3/DDP cells
(Fig. 7C and 7D). These results suggest that
mitochondrial dynamics mediated by DRP1 and
MFN2 may influence mitochondrial response to DDP
in ovarian cancer cells.

Mitochondrial dynamics mediated by DRP1
and MFN2 affects the migratory capability of
SKOV3 and SKOV3/DDP cells
As mentioned above, mitochondrial dynamics
mediated by DRP1 and MFN2 influence the level of
ATP and ROS in ovarian cancer cells. Since cell
migration is an energy-consuming process, and is also
regulated by the increased intracellular ROS [35], we
evaluated the migratory capability of SKOV3 and
SKOV3/DDP cells using wound healing and
transwell assay. The results of the wound healing
https://www.jcancer.org
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assay showed the percent wound closure of
SKOV3/DDP was significantly lower than that of
SKOV3 at 24 h after scratch, although no significant
difference between two cell lines was detected at 48 h
(Fig. 8A and 8C). In transwell assay, the migrated
SKOV3 cells were also more than the migrated
SKOV3/DDP cells. Intriguingly, DRP1 siRNA
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significantly reduced the migrated SKOV3 cells, while
MFN2 siRNA dramatically increased the number of
migrated SKOV3/DDP cells (Fig. 8B and 8D). These
results suggest that the mitochondrial dynamics
mediated by DRP1 and MFN2 may affect the
migratory capability of both SKOV3 and
SKOV3/DDP cells.

Figure 6. Mitochondrial dynamics mediated by DRP1 and MFN2 regulates the level of mitochondrial membrane potential in SKOV3 and SKOV3/DDP
cells after cisplatin. (A, C) The effect of DRP1 siRNA and MFN2 siRNA on DDP-induced disruption of mitochondrial membrane potential in SKOV3/DDP cells. After the
indicated treatments, cells were stained with TMRE to label mitochondrial membrane potential, and then mitochondrial membrane potential was evaluated by flow cytometry.
(B, D) Ten thousand cells in each group were analyzed and the mean fluorescence intensity of TMRE in each group was measured from three independent experiments. ***p <
0.001 vs NC (Vehicle); #p< 0.05.
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Figure 7. Mitochondrial dynamics mediated by DRP1 and MFN2 regulates the intracellular ROS level in SKOV3 and SKOV3/DDP cells after cisplatin. (A,
C) Effect of mitochondrial dynamics mediated by DRP1 and MFN2 on DDP-induced intracellular ROS production in SKOV3 and SKOV3/DDP cells. After the indicated
treatments, cells were stained with DCFH-DA, and then the intracellular ROS was measured by flow cytometry. (B, D) Ten thousand cells in each group were analyzed and the
mean fluorescence intensity of DCFH-DA in each group was measured from three independent experiments. ***p < 0.001 vs NC (Vehicle); ##p< 0.01.

The mitochondrial dynamics mediated by
DRP1 and MFN2 participates in DDP-induced
intrinsic apoptosis pathway in SKOV3 and
SKOV3/DDP cells
Intracellular ROS, as an active second
messenger, regulates a variety of cellular activities

including oxidative stress and intrinsic apoptosis
pathway (also known as mitochondrial apoptosis
pathway) [36, 37]. Mitochondrial dynamics mediated
by DRP1 and MFN2 affects DDP-induced ROS
production in SKOV3 and SKOV3/DDP cells (Fig. 7).
Thus, we examined whether mitochondrial dynamics
https://www.jcancer.org
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mediated by DRP1 and MFN2 contributes to DDP
chemoresistance through inhibiting the intrinsic
apoptosis pathway in ovarian cancer cells. First, the
expression of intrinsic apoptosis-related proteins
including BAX, Cleaved Caspase-3/9 was examined.
As shown in Fig. 9A and 9B, 4 mg/L DDP increased
the expression of pro-apoptotic protein BAX, cleavage
of Caspase-3 and Caspase-9 in SKOV3 and
SKOV3/DDP cells. Knockdown of DRP1 by siRNA
significantly alleviated DDP-induced upregulation of
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BAX and cleavage of Caspase-3/9 in SKOV3 cells (Fig.
9C~9E). In contrast, silencing MFN2 markedly
aggravated DDP-induced upregulation of BAX and
cleavage of Caspase-3/9 in SKOV3/DDP cells (Fig.
9F~9H). These results suggest that mitochondrial
dynamics mediated by DRP1 and MFN2 may
contribute to DDP chemoresistance in ovarian cancer
cells via participating in the intrinsic apoptosis
pathway.

Figure 8. Mitochondrial dynamics mediated by DRP1 and MFN2 regulates the migratory capability of SKOV3 and SKOV3/DDP cells. (A, C) Migratory
capability of SKOV3 and SKOV3/DDP cells was examined by wound healing assay. Cells in each group was photographed under a microscope at 0h, 24h, 48h after scratch, scale
bar=400μm (A). The percent wound closure of each cell line at 24 h and 48 h after scratch was calculated from at least three fields in four independent experiments (C). (B) The
migratory capability of SKOV3 and SKOV3/DDP was evaluated by Transwell assay. Scale bar=100μm. (D) The number of migrated cells in each group was calculated in three
different fields from three independent experiments. *p < 0.05, ***p <0.001.
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Figure 9. Effects of mitochondrial dynamics mediated by DRP1 and MFN2 on DDP-induced intrinsic apoptosis pathway in SKOV3 and SKOV3/DDP cells.
(A, B) The expression of pro-apoptotic protein BAX and cleavage of Caspase-3/9 was examined by western blotting assay in SKOV3 and SKOV3/DDP cells. After the indicated
treatments, the pro-apoptotic protein BAX and cleavage of Caspase-3/9 in each group were detected by immunoblotting, and β-actin was used as the endogenous reference.
(C-H) The densitometric analysis of BAX and Cleaved Caspase-3/9 in (A) and (B) was performed from at least three independent experiments. The relative expression level of
each protein is indicated as a normalization of the ratio of interest protein/β-actin in each sample to the control. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. NC (Vehicle); # p < 0.05.

Discussion
Ovarian cancer becomes the second leading
cause of female gynecologic cancer death in the world
[1]. The high mortality of ovarian cancer is mainly due
to the lack of early diagnosis and the development of
chemoresistance
[38].
As
the
first
line
chemotherapeutic agent, DDP chemoresistance is the
key cause of ovarian cancer recurrence, and is also a
big challenge for the treatment of ovarian cancer [39].
It is well documented that the increased DDP efflux,
cytosolic inactivation of DDP and enhanced DNA
repair are complicated in DDP chemoresistance [4, 5].
In the present study, mitochondria, the target of DDP,
were also found to participate in the development of
DDP resistance in ovarian cancer cells. Human

ovarian cancer cell line SKOV3 and its DDP-resistant
cell line SKOV3/DDP were used in this study. As
shown in Fig. 1A and 1B, SKOV3/DDP cells were
more resistant to DDP, and the IC50 of DDP against
SKOV3/DDP was also higher. Compared with
parental SKOV3 cells, upregulation of MFN2 and
downregulation of DRP1 were detected in the
resistant SKOV3/DDP cells (Fig. 1C and 1D).
Consistent with the expression profile of
mitochondrial
dynamics-related
proteins,
mitochondrial fusion was markedly enhanced in
SKOV3/DDP cells (Fig. 1E and 1F). To explore the
role of mitochondrial dynamics in the development of
DDP resistance, the expression of mitochondrial
dynamics-related proteins was further examined in
SKOV3 cells under DDP stress. It was found that DDP
https://www.jcancer.org
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stress induced downregulation of DRP1 and
upregulation of all mitochondrial fusion proteins
including MFN1, MFN2 and OPA1 (Fig. 2). However,
the upregulation of MFN1 and OPA1 was not
detected in the resistant SKOV3/DDP cells (Fig. 1).
Although it is unclear why the expression profile of
mitochondrial dynamics-related proteins was
different between the resistant SKOV3/DDP cells and
the parental SKOV3 cells under DDP stress, there are
some explanations for this phenomenon. First, the
parental SKOV3 cells were subjected to DDP stress for
only 6 days, the short duration of DDP stress can only
simulate the process of chemoresistance in a limited
extent. As a result, there might be some differences
between the resistant SKOV3/DDP and SKOV3 under
DDP stress. Second, it is possible that mitochondrial
fusion protein MFN1 and OPA1 also participate in the
development of DDP resistance at the early stage, but
are not involved in the maintenance of DDP
resistance. Therefore, the consistent alterations of
DRP1 and MFN2 in both SKOV3/DDP and SKOV3
under DDP stress strongly suggest its crucial role in
the development of DDP chemoresistance in ovarian
cancer. To further investigate the role of
mitochondrial dynamics in the development of DDP
resistance, knockdown of DRP1 or overexpressions of
MFN2 were conducted in SKOV3 cells. It was found
that knockdown of DRP1 increased the IC50 of DDP
against SKOV3 cells from 1.41 mg/L to 2.98 mg/L,
and overexpression of MFN2 increased the IC50 of
DDP against SKOV3 cells to 4.54 mg/L (Fig.3C and
Fig.3D). It seems that the effect of MFN2-mediated
mitochondrial fusion is more evident than that of
DRP1 siRNA. Thus, these results suggest that
mitochondrial dynamics mediated by DRP1 and
MFN2 may be involved in cisplatin resistance of
ovarian cancer.
Mitochondria are the powerhouses providing
most ATP for cells, and the high dynamic organelles
as well [40]. Mitochondrial dynamics plays an
important role in maintenance of mitochondrial mass
and function, and is also involved in a variety of
cellular activities including proliferation, migration
and apoptosis [41-43]. Some large GTPases are
identified as mediators of mitochondrial dynamics.
Dynamin-related protein 1 (DRP1) and Fis1 regulate
mitochondrial fission, while Mitofusion (MFN1, 2)
and OPA1 mediate the fusion of mitochondrial outer
and inner membrane, respectively [44-46]. Herein, the
enhanced mitochondrial fusion mediated by
upregulated MFN2 and downregulated DRP1 were
detected in the resistance SKOV3/DDP cells (Fig. 1E,
1F and Fig. 5). Compared with SKOV3 cells, the
weaker migratory capability was detected in
SKOV3/DDP cells. Intriguingly, knockdown of
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MFN2 in SKOV3/DDP cells increased the migration
capability, while silencing DRP1 in SKOV3 cells had
an opposite effect (Fig. 8). The role of mitochondrial
dynamics mediated by DRP1 and MFN2 in migration
of ovarian cancer cells is consistent with the previous
studies [47, 48]. It was reported that mitochondrial
fission regulated the migration of malignant oncocytic
thyroid tumor cells, breast cancer cells and lung
cancer cells [49-51]. DRP1-dependent mitochondrial
fission was found to promote the migration of breast
cancer cells through regulating the formation of
lamellipodia [50]. Moreover, NF-κB-inducing kinase
also stimulates the migration of cancer cells via
activating DRP1-dependent mitochondrial fission
[52]. However, the role of mitochondrial dynamics
mediated by DRP1 and MFN2 in ATP level of ovarian
cancer cells is contrary to the previous studies [47, 53].
In this study, mitochondrial fusion mediated by
upregulated MFN2 and downregulated DRP1 in
SKOV3/DDP cells led to lower ATP level.
Knockdown of MFN2 significantly increased the ATP
level in SKOV3/DDP cells, although silencing DRP1
had no significant effect on the ATP level in SKOV3
cells (Fig. 5C). In agreement with this study,
overexpression of MFN2 and knockdown of DRP1 in
KPC cells also was reported to reduce oxidative
phosphorylation and ATP production [54]. Contrarily,
lacking MFN1, 2, or the knockdown of OPA1 in
mouse embryonic fibroblasts led to defects in multiple
respiratory
complexes,
reduce
oxidative
phosphorylation and ATP production [55]. In HeLa
cells, silencing DRP1 induced a decrease in
mitochondrial respiration and intracellular ATP level
[56]. In our opinion, it seems that the SKOV3/DDP
cells are in a quiescent state with low ATP level and
low migratory capability similar to cancer stem cells.
Cancer stem cells are in a quiescent state with low
proliferative capability and keep resistant to
chemotherapy agents [57, 58]. The quiescent state will
be beneficial to the survival of the resistant
SKOV3/DDP in extremely hard environments.
Second, the different effects of mitochondrial
dynamics on intracellular ATP generation might be
derived from the cell context, although it remains to
be elucidated. Anyway, our data and the previous
studies suggest that the balanced mitochondrial
fission and fusion are important for the maintenance
of mitochondrial function and ATP generation.
Moreover, mitochondrial membrane potential is
also important for the maintenance of mitochondrial
function. Mitochondrial membrane potential derived
from the electron transport chain facilitates the
conversion of ADP to ATP [59]. In this study, DDP
treatment significantly reduced mitochondrial
membrane potential in both SKOV3 and SKOV3/DDP
https://www.jcancer.org
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cells. It is well known that excessive fission may lead
to mitochondrial defects including disruption of
mitochondrial membrane potential. Thus, knockdown
of MFN2 aggravated the DDP-induced collapse of
mitochondrial membrane potential in SKOV3/DDP
cells, while silencing DRP1 attenuated the
DDP-induced disruption of mitochondrial membrane
potential in SKOV3 cells (Fig. 6). It also implied that
mitochondrial dynamics mediated by DRP1 and
MFN2 may be involved in the DDP-induced damage
to electron transport chain in ovarian cancer cells. As
the main source of intracellular ROS derives from the
mitochondrial electron transport chain [60], the
alteration of mitochondrial dynamics may influence
the production of intracellular ROS. In this study,
knockdown of MFN2 aggravated DDP-induced ROS
in SKOV3/DDP cells, while silencing DRP1 alleviated
DDP-induced ROS in SKOV3 cells (Fig. 7). ROS is an
active second messenger, which participates in a
variety of cellular activities including intrinsic
apoptosis [37], inflammation signals [61], autophagy
[62], and so on. High intracellular ROS inhibits the
proliferation of cancer cells and induces the G2/M cell
cycle arrest [63]. The increased ROS production also
sensitizes the advanced serous ovarian cancer to DDP
[64]. Consistent with the previous studies,
knockdown of DRP1 in SKOV3 cells not only
alleviated DDP-induced ROS production, but also
decreased the expression of pro-apoptotic protein
BAX and cleavage of Caspase-3 and Caspase-9 after
DDP. In contrast, knockdown of MFN2 in
SKOV3/DDP cells aggravated DDP-induced ROS
production, and increased the expression of BAX and
cleavage of Caspase-3 and Caspase-9 (Fig. 9). These
results suggest that mitochondrial fission mediated by
DRP1 facilitates the activation of the intrinsic
apoptosis pathway after DDP, while mitochondrial
fusion mediated by MFN2 promotes the DDP
resistance in ovarian cancer cells through inhibiting
the intrinsic apoptosis. However, it is still unclear
how DRP1 is downregulated and MFN2 is
upregulated in the resistant SKOV3/DDP cells. In our
view, there are some clues for the underlying
mechanism of how the expression of mitochondrial
dynamics related proteins is changed in DDP resistant
ovarian cancer cells. First, it was reported that some
noncoding RNAs were involved in the DDP
chemoresistance of ovarian cancer. For instance,
miR-21-5p was found to directly downregulate the
expression of DRP1[65] and miR-21-3p facilitates
resistance of ovarian cancer to platinum treatment
[66]. Thus, it cannot exclude the possibility that some
noncoding
RNAs
can
enhance
the
DDP
chemoresistance in ovarian cancer cells through
regulating the expression of mitochondrial dynamics
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related proteins. Second, atractylenolide III protects
against cerebral ischemic injury through preventing
neuroinflammation
mediated
by
JAK2/STAT3/DRP1-dependent mitochondrial fission
[67]. This study implies the possible relationship
between the transcription factor STAT3 and DRP1.
Therefore, it will also be interesting to investigate
whether DDP affects the activity of the transcription
factor STAT3 and regulates the STAT3/DRP1 axis in
DDP-resistant ovarian cancer cells.
In conclusion, our data in the present study
indicate that the mitochondrial dynamics mediated by
DRP1 and MFN2 is involved in the development of
DDP chemoresistance in ovarian cancer through
influencing the intracellular level of ATP and ROS, the
disruption of mitochondrial membrane potential and
intrinsic apoptosis (Fig. 10). Knockdown of DRP1
increases mitochondrial fusion, and facilitates the
resistance of ovarian cancer cells to DDP. Silencing
MFN2 stimulates mitochondrial fission, and sensitizes
the resistant ovarian cancer cells to DDP. Therefore, it
provides a new strategy to sensitize cancer cells to
DDP chemotherapy or prevent DDP chemoresistance
by targeting mitochondrial dynamics.

Figure 10. The diagram showing the role of mitochondrial dynamics
mediated by DRP1 and MFN2 in the DDP chemoresistance in ovarian
cancer. Cisplatin uptake into cells by copper influx transporter (CTR) or organic
cation transporter (OCT) insults mitochondrial functions with enhanced ROS level,
mitochondrial membrane potential (MMP) disruption and then triggers the intrinsic
apoptosis of ovarian cancer cells by upregulating BAX and Cleaved Caspase-3/9.
Downregulation of DRP1 and upregulation of MFN2 facilitate mitochondrial fusion,
thereby preventing DDP-induced ROS production, MMP disruption and the intrinsic
apoptosis, which promotes the chemoresistance of ovarian cancer to cisplatin.
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