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A B S T R A C T

Aims: The poor prognosis of ovarian cancer is mainly caused by chemotherapy resistance. Studies show that the
Bcl-2 inhibitor ABT737 can significantly improve the effect of cisplatin and induce mitochondrial pathway
apoptosis. However, the mechanism of ABT737 increases sensitivity to cisplatin by regulating mitochondrial
function remains unclear in ovarian cancer cells. Sirt3, as a histone deacetylase, is involved in the regulation of
mitochondrial function in cancers. In this study, we intend to explore the mechanistic link between Sirt3 and
mitochondrial dysfunction induced by ABT737 and cisplatin in ovarian cancer cells.
Main methods: Apoptosis was examined by flow cytometry following Annexin V and PI staining. Sirt3 activity
was assessed using Sirt3 deacetylase fluorometric assay. The mitochondrial membrane potential was examined
by flow cytometry following JC-1 staining. Overexpression and knock-down of Sirt3 were confirmed by western
blot analysis. Mitochondrial fission/fusion dynamics were detected by immunofluorescence staining or western
blot analysis.
Key findings: Cisplatin accompanied with ABT737 promoted apoptosis and decreased mitochondrial membrane
potential. ABT737 enhanced the sensitivity of ovarian cancer cells to cisplatin, which was partly achieved by
activating Sirt3 to regulate the mitochondrial fission process.
Significance: This study identified the activation of Sirt3 played an important role in increasing sensitivity of
ovarian cancer cells to cisplatin induced by ABT737. Furthermore, Sirt3 might represent a potential therapeutic
target for ovarian cancer.

1. Introduction

Ovarian cancer is a global issue for women, which has a poor
prognosis with just 40% of five-year survival rate [1]. This kind of
disease is usually diagnosed at an advanced stage as there is no effective
early screening strategy. Standard treatments for ovarian cancer in-
clude platinum-based chemotherapy and cytoreductive surgery. For the
former, the drug resistance after long-term treatment limits the efficacy
for chemotherapy [2]. Therefore, understanding the mechanism of
platinum resistance and finding approaches to overcome them are the
key directions of ovarian cancer research.

Cisplatin, as one of the platinum analogues, shows high activity on
tumor killing. This therapeutic agent has been used in

chemotherapeutics for a long time, but it has the same problem of re-
sistance like other platinum-based chemotherapy drugs. The me-
chanism of cisplatin resistance is considered to relate with promoting
drug efflux, increasing DNA damage repair, reducing cellular uptake,
and regulating MLH1 hypermethylation [3]. Some studies show that
cisplatin resistance is associated with changing mitochondrial dynamics
and prompting the expression of Bcl-2 family protein, which can be
reversed by the Bcl-2 inhibitor [4].

B-cell lymphoma 2 (Bcl-2) family proteins are main regulators of the
apoptosis process which can be classified as pro-apoptotic and anti-
apoptotic proteins [5]. The Bcl-2 family proteins are highly expressed in
many cancers [6]. Moreover, the overexpression of anti-apoptotic
members of the Bcl-2 family such as Bcl-2, Mcl-1, or Bcl-xL, can
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enhance resistance to cisplatin in various other cancer cells [7].
Therefore, Bcl-2 is regarded as the target of cancer treatment. One
strategy is to use small molecule inhibitors to interfere with the inter-
action between Bcl-2 and pro-apoptotic components [8]. By using nu-
clear magnetic resonance (NMR) screening, ABT737 was found as a
small molecule inhibitor of Bcl-2. Mechanistic studies indicated that the
function of ABT737 was realized by regulating the signals of apoptosis
rather than by directly initiating the apoptotic process [9].

Recently, increasing evidence has shown that Bcl-2 family proteins
can regulate the link between cancer and mitochondrial fission/fusion
dynamics [10,11]. The pro-apoptotic members of the Bcl-2 family cause
mitochondrial fission during the apoptosis process by inhibiting anti-
apoptotic Bcl-2 protein-mediated fusion [12]. Moreover, studies de-
monstrate that the overexpression of BAX and BAK protein can induce
mitochondrial fission [13]. Together, these researches show that the
Bcl-2 family plays a role in regulating mitochondrial dynamics. How-
ever, it still remains unclear how Bcl-2 family proteins influence mi-
tochondrial dynamics at the molecular level.

Sirt3 belongs to the sirtuin family of NAD+-dependent histone
deacetylases, which participates in eliminating reactive oxygen species
(ROS) and the regulation of mitochondrial proper function [14,15]. It
was reported that Kaempferol induced apoptosis by decreasing Bcl-2
and increasing Sirt3. In addition, the mitochondrial localization of Sirt3
can be observed, which suggests there is a role for Sirt3 in the apoptotic
mitochondrial pathway [16]. Recent studies show that Sirt3 is required
for apoptosis induced by silencing Bcl-2, which means Sirt3 is an es-
sential pro-apoptotic mediator for Bcl-2 regulated apoptosis [17].

Considering both Sirt3 and Bcl-2 play important regulatory roles in
regulating mitochondrial function, we intend to explore whether Sirt3
involved in the regulation of mitochondrial dysfunction which asso-
ciated with the function of Bcl-2.

2. Materials and methods

2.1. Cell line and cell culture

Human ovarian cancer cells (SKOV3) were obtained from Chinese
Academy of Sciences Shanghai Institute for Biological Sciences Cell
Resource Center. SKOV3 cells were grown in RPMI Medium 1640
(Gibco, Invitrogen, USA) supplemented with 10% fetal bovine serum
(TBD Science, Hangzhou, China), 100 U/mL penicillin and 100 μg/mL
streptomycin (Ameresco, USA), at 37 °C in humidified atmosphere of
5% carbon dioxide.

2.2. Antibodies and reagents

Antibodies against Bcl-2 (sc-130,307), BAX (sc-23,959), GAPDH (sc-
166,574) and Tom 20 (sc-136,211) were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies against Sirt3
(ab217319), DRP1 (ab184248) and MFN1 (ab57602) were obtained
from Abcam (Cambridge, MA). Anti-rabbit IgG HRP-linked antibody
(7074), anti-mouse IgG HRP-linked antibody (7076) and antibody
against Cleaved caspase 3 (9664S) were purchased from Cell Signaling
Technology (Beverly, MA). DAPI (4,6-diamidino-2-phenylindole)
(P0131) was purchased from Beyotime (Shanghai, China). Cisplatin
(P4394)and MTT [3-(4,5-Dimethyl-2-thiazolyl)-2,5- diphenyl-2H-tetra-
zolium bromide] (M2128) were obtained from Sigma-Aldrich (St. Louis,
MO, USA). ABT737 (S1002) was purchased from Selleck Chemicals
(Houston, TX, USA) and dissolved in dimethyl sulfoxide (DMSO).

2.3. Transfection assay

SKOV3 cells were plated into 6-well plates the day before trans-
fection to achieve 70%–80% confluency, and then transiently trans-
fected with pcDNA3-Sirt3 plasmid prepared in the laboratory using
Lipofectamine 2000 (Invitrogen, NY) according to the manufacturer's

instructions.

2.4. Cell viability by MTT assay

SKOV3 cells were seeded at 10000 cells per well in 96-well plates
and allowed to grow for 24 h. Cells were treated with cisplatin and/or
ABT737 for 6 h, 12 h, 24 h, 48 h. To measure cell viability after the
treatment, cells in each well were incubated with 20 μl of MTT dis-
solved in phosphate buffered saline (PBS) solution at the concentration
of 5mg/mL at 37 °C. After the incubation for 4 h, the medium was re-
moved, and 100 μl dimethyl sulfoxide (DMSO) was added into each
well to dissolve formazan in the live cells. Then the absorbance was
measured at 570 nm using an automated Microplate Reader (Bio-Rad,
CA, USA). Cell viability of each treatment group was expressed as a
percentage of the untreated control. All determinations were performed
in triplicate.

2.5. Colony formation assay

SKOV3 cells were seeded at 1000 cells per well in 6-well plates.
After the treatments with cisplatin or/and ABT737, cells were allowed
to continue growing. Plates were placed in an incubator and left them
there until cells in control dishes have formed sufficiently large clones.
After the treatment for 2 weeks, medium was removed, and cells were
gently washed in PBS once, fixed and stained in a mixture of 6% glu-
taraldehyde and 0.5% crystal violet for 2 h. The mixture of glutar-
aldehyde and crystal violet was removed and cells were rinsed several
times with water.

2.6. Western blot analysis

SKOV3 cells were treated with cisplatin and/or ABT737 for 12 h.
Then cells were lysed in cell lysis buffer (1% Triton X-100, 10mM Tris-
HCl, 0.015M NaCl, 1 mM PMSF, 1mM EDTA, 10 μg/mL of each leu-
peptin and pepstatin A) and incubated on ice for 30min. The lysates
were centrifuged at 12000 g for 10min at 4 °C, the protein levels of
supernatant were quantified with a Pierce BCA kit (Thermo Fisher
Scientific, USA) according to the manufacturer's instructions. Proteins
were separated on 8–10% polyacrylamide gels, transferred onto PVDF
membranes, and blocked with 5% skim milk in Tris-buffered saline with
0.1% Tween 20 (0.1% TBS-T) for 1 h at room temperature. The mem-
branes were then probed with diluted primary antibodies overnight at
4 °C, followed by the anti-rabbit-HRP or anti-mouse-HRP secondary
antibody respectively for 1 h at room temperature. Secondary anti-
bodies were detected with Pierce ECL (Thermo Fisher Scientific) re-
agents. Signals were examined by a chemiluminescence detection kit
(GE Healthcare, USA). All blots were corrected for loading using
GAPDH expression.

2.7. Measurements of apoptosis and mitochondrial membrane potential by
flow cytometry

SKOV3 cells were seeded at cells 5× 105 per well in 6-well plates.
After 24 h incubation, cisplatin and/or ABT737 were added to the
SKOV3 cells to culture for a further 12 h. After the treatments, cells
were trypsinized and stained by Annexin V (BD Biosciences, San Diego,
CA) and PI (Cell Cycle and Apoptosis Analysis Kit, Beyotime) to mea-
sure the cells experiencing apoptosis according to the manufacturer's
protocol. The cells were analyzed using a flow cytometer.
Mitochondrial membrane potential (MMP) measurement was detected
using JC-1 Mitochondrial Potential Sensors (Invitrogen, USA). After
dying with JC-1, the decrease of red/green fluorescence intensity ratio
indicates the mitochondrial depolarization. The process was followed
by manufacturer's instructions using flow cytometry.
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2.8. Mitochondria isolation and measurement of Sirt3 activity

Mitochondria were extracted using the Mitochondria Isolation Kit
(Beyotime Biotechnology, Shanghai, China) after SKOV3 cells treated
by agents for 12 h. The process of mitochondria isolation was followed

by manufacturer's instructions. The mitochondrial isolation buffer was
used to resuspend the pallet. Sirt3 activity was assessed using a Sirt3
Deacetylase Fluorometric Assay Kit (Cyclex, Japan) according to the
manufacturer's instructions.

Fig. 1. ABT737 sensitized SKOV3 cells to cisplatin.
(A) Ovarian cancer cells were treated with cisplatin (2.5 μg/mL) and/or ABT737 (20 μM) for 6 h, 12 h, 24 h, and 48 h. The viability of SKOV3 cells was determined by
MTT assay. The data are presented as the percentage of cell number compared with the control group; *p < 0.05 vs. control. **p < 0.01 vs. control. (B) In colony
formation assay, SKOV3 cells were treated with cisplatin (2.5 μg/mL) and/or ABT737 (20 μM) in 6-well plates for two weeks. (C) Cells were treated with cisplatin
(2.5 μg/mL) and/or ABT737 (20 μM) for 12 h or 24 h. Apoptosis was analyzed by flow cytometry after stained with Annexin V/PI. (D) Apoptosis data are expressed as
mean ± SEM of three independent experiments; **p < 0.01 vs. control. (E) Protein lysates were prepared after 12 h treatment with cisplatin (2.5 μg/mL) and/or
ABT737 (20 μM). Western blot analysis was performed with Bcl-2, BAX, Cleaved caspase 3, and GAPDH antibodies. GAPDH was used as the loading control. (F)
Quantitation of Bcl-2, BAX, Cleaved caspase 3. The data are expressed as mean ± SEM of three independent experiments; **p < 0.01 vs. control.

Fig. 2. Cisplatin accompanied with ABT737 up-regulated Sirt3 activity and affect mitochondrial membrane potential.
(A) Protein lysates were prepared after 12 h treatment with cisplatin (2.5 μg/mL) and/or ABT737 (20 μM). Western blot analysis was performed with Sirt3 and
GAPDH antibodies. GAPDH was used as the loading control. The data are expressed as mean ± SEM of three independent experiments. (B) Mitochondrial fractions
were prepared after 12 h treatment with cisplatin (2.5 μg/mL) and/or ABT737 (20 μM). Western blot analysis was performed with Sirt3, Tom 20, and GAPDH
antibodies. Tom 20 was used as the loading control. GAPDH in total cell lysate was used as the positive control. The data are expressed as mean ± SEM of three
independent experiments; **p < 0.01 vs. control. (C) Sirt3 activity was assessed using a Sirt3 Deacetylase Fluorometric Assay Kit after the treatment of cisplatin
(2.5 μg/mL) and/or ABT737 (20 μM) for 12 h. The data are expressed as mean ± SEM of three independent experiments; **p < 0.01 vs. control. (D) SKOV3 cells
were treated with cisplatin (2.5 μg/mL) and/or ABT737 (20 μM) for 12 h. JC-1 was used to assess mitochondrial membrane potential. The data were obtained by flow
cytometry. (E) The MMP data are expressed as mean ± SEM of three independent experiments; **p < 0.01 vs. control.
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Fig. 3. Activity of Sirt3 was involved in apoptosis and mitochondrial membrane potential.
(A) High level of Sirt3 mRNA was measured by qRT-PCR. The gene was normalized to GAPDH. **p < 0.01 vs control cells. (B) SKOV3 cells were transfected with
Sirt3 overexpression plasmid. Western blot analysis was performed with Sirt3, BAX, Bcl-2, and GAPDH antibodies. GAPDH was used as the loading control. (C) After
transfected with Sirt3 overexpression plasmid, mitochondria were collected by Mitochondria Isolation Kit. The activity of Sirt3 was assessed using a Sirt3 Deacetylase
Fluorometric Assay Kit. The data are expressed as mean ± SEM of three independent experiments; **p < 0.01 vs. control. (D) Quantitation of Sirt3, BAX, and Bcl-2.
The data are expressed as mean ± SEM of three independent experiments; **p < 0.01 vs. control. (E) Apoptosis was analyzed by flow cytometry after stained with
Annexin V/PI. (F) Apoptosis data are expressed as mean ± SEM of three independent experiments; **p < 0.01 vs. control. (G) JC-1 was used to assess MMP. The
data were obtained by flow cytometry. (H) The MMP data are expressed as mean ± SEM of three independent experiments; **p < 0.01 vs. control.
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2.9. RNA isolation and quantitative real-time PCR

RNA fraction was isolated from ovarian cancer cells using Trizol
reagent (Invitrogen, USA). cDNA was obtained by reverse transcription
with PrimeScript RT Reagent Kit (TaKaRa, Dalian, China). For quanti-
tative PCR analysis, cDNA were amplified using SYBR Green PCR
Master Mix (Bio-Rad, USA) on 7500 RealTime PCR Instrument (Applied
Biosystems). Each sample was tested in triplicate. ΔΔCT method was
employed to determine the fold change in gene expression level.
Melting curves were used to verify specificity of real-time PCR. The
expression of Sirt3 gene and the control GAPDH gene was determined
by quantitative real-time PCR. All reactions were run in triplicate. The
PCR primers were as follows: Sirt3 F: 5′-ACCCAGTGGCATTCCAGAC-3′
and R: 5′-GGCTTGGGGTTGTGAAA GAAG-3′; GAPDH F: 5′-CAATGAC
CCCTTCATTGACC-3′ and R: 5′-GACAAGC TTCCCGTTCTCAG-3′.

2.10. Immunofluorescence staining and confocal laser microscopy

The expression of DRP1, MFN1 and Tom 20 was tested by
Immunofluorescence staining. SKOV3 cells seeded on chamber slides in

six-well plate were incubated for 12 h, and we treated the cells with
cisplatin and/or ABT737 for 12 h. Cells were fixed with 4% paraf-
ormaldehyde at 4 °C overnight, followed by washing three times with
PBS. 0.5% Triton X-100 was adopted to permeate cells for 10min. Cells
were blocked with 5% bovine serum albumin (BSA) in PBS at room
temperature for 30min, then incubated with the primary antibody for
1 h followed by three times washing with PBS. Samples were incubated
with another primary antibody for 1 h, then washed for three times
with PBS and incubated in secondary antibody in the dark for 2 h fol-
lowed by stained with DAPI (0.5 μg/mL) for 10min at room tempera-
ture. Finally, cells were observed and the fluorescent images were
captured by a Nikon laser scanning confocal microscope.

2.11. siRNA targeting Sirt3 knock-down

Knock-down Sirt3 expression in SKOV3 cell lines was performed
siRNA targeting Sirt3. SKOV3 cells were transfected with 50 nM Sirt3
siRNA (Si-Sirt3: 5′-CCAGT GGCATTCCAGACTT-3′) (Shanghai
GenePharma Co., Ltd., China) or control siRNA (Shanghai GenePharma
Co., Ltd., China) using Lipofectamine 2000 (Life Technologies).

Fig. 4. Cisplatin accompanied with ABT737 promoted mitochondrial fission in SKOV3 cells.
(A) Immunofluorescence of Tom 20 (green) and DRP1 (red) in SKOV3 cells after 12 h treatment with cisplatin (2.5 μg/mL) and/or ABT737 (20 μM). The DRP1 co-
localization with mitochondria was observed by confocal microscopy (bar, 20 μm). (B) Immunofluorescence of Tom 20 (green) and MFN1 (red) in SKOV3 cells after
12 h treatment with cisplatin (2.5 μg/mL) and/or ABT737 (20 μM). The MFN1 co-localization with mitochondria was observed by confocal microscopy (bar, 20 μm).
(C, D) Mitochondrial fractions and cytosolic fractions were prepared after 12 h treatment with cisplatin (2.5 μg/mL) and/or ABT737 (20 μM). Western blot analysis
was performed with DRP1, Tom 20, and GAPDH antibodies. Tom 20/GAPDH was used as the loading control. The data are expressed as mean ± SEM of three
independent experiments; **p < 0.01 vs. control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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2.12. Statistical analysis

The results were represented as mean values ± standard deviation
(S.D) and data were evaluated separately for at least three independent
experiments. Student's t-test was used for statistical analyses. Statistical
analysis was performed with SPSS 22.0 (SPSS Inc., Chicago, IL). The *p
value < 0.05 was considered significant and **p < 0.01 was con-
sidered extremely significant.

3. Results

3.1. ABT737 sensitized SKOV3 cells to cisplatin

To detect the antitumor effect of cisplatin accompanied with
ABT737 in SKOV3 cells, MTT assay and colony formation assay were
conducted. MTT assay results showed that cisplatin or ABT737 alone
inhibited the viability of ovarian cancer cells. There was a dramatic
decrease of viability when the cells were treated with cisplatin and
ABT737 together (Fig. 1A). The colony formation assay showed that the
combination of two drugs had no colony in SKOV3 cells (Fig. 1B).

We then investigated whether ABT737 combined with cisplatin in-
duced apoptosis in SKOV3 cells. The flow cytometry analysis revealed
that cells treated with cisplatin and ABT737 resulted in a profound
increase in apoptosis (Fig. 1C and D). In addition, western blot for Bcl-
2, BAX, and Cleaved caspase 3 confirmed the increase of mitochondrial
pathway apoptosis in SKOV3 cells when these two drugs were used
together (Fig. 1E and F). These results demonstrated that cisplatin ac-
companied with ABT737 inhibited viability and induced mitochondrial
pathway apoptosis in SKOV3 cells.

3.2. Cisplatin accompanied with ABT737 up-regulated Sirt3 activity and
affect mitochondrial membrane potential

Sirt3, a mitochondrial protein, is required for apoptosis induced by
silencing Bcl-2 [17]. We then investigated whether cisplatin combined
with ABT737 was able to influence the expression of Sirt3. There was
no significant difference in the protein expression of Sirt3 (Fig. 2A), but
the expression of Sirt3 was increased in mitochondria (Fig. 2B). GAPDH
was not detected, which proved that mitochondrial fractions were
isolated successfully (Fig. 2B). We further detected the NAD+-depen-
dent histone deacetylases activity of Sirt3 in mitochondria. The enzyme
activity of Sirt3 increased significantly after being treated with cisplatin
and ABT737 (Fig. 2C).

ABT737 as an inhibitor of Bcl-2/Bcl-xl can induce BAX/BAK acti-
vation and eventually result in changes in the permeability of the mi-
tochondrial outer membrane as well as activation of caspase pathway
and apoptosis [18]. We next investigated the influence on the mi-
tochondrial membrane under the treatment of these two drugs. Cis-
platin or ABT737 alone had an impact on mitochondrial membrane
potential (MMP), while ABT737 combined with cisplatin had an ex-
tremely significant decline of MMP (Fig. 2D and E). These data in-
dicated that cisplatin accompanied with ABT737 increased the ex-
pression and enzyme activity of Sirt3 in mitochondria and depolarized
the mitochondrial membrane.

3.3. Activity of Sirt3 was involved in apoptosis and mitochondrial
membrane potential

To further determine the function of activated Sirt3 in cell death and
mitochondrial dysfunction, we evaluated the effect of Sirt3 by over-
expressing Sirt3 in SKOV3 cells. The mRNA and protein expression of
Sirt3 had a significant increase in transfected cells (Fig. 3A, B and D).
Meanwhile, the enzyme activity of Sirt3 was increased in Sirt3 over-
expression cells (Fig. 3C).

Significant upregulation in apoptosis could be seen in Sirt3 over-
expression cells (Fig. 3E and F). Less Bcl-2 and more BAX protein ex-
pression were observed in Sirt3 overexpression cells (Fig. 3B and D).
These results indicated that excessive activation of Sirt3 promoted
mitochondrial pathway apoptosis, which might be a feedback effect on
the expression of Bcl-2 and BAX. Moreover, excessive activation of Sirt3
could also decrease the mitochondrial membrane potential (MMP)
(Fig. 3G and H).

3.4. Cisplatin accompanied with ABT737 promoted mitochondrial fission in
SKOV3 cells

Recently, studies have shown that cancer biology can be regulated
by mitochondrial fission/fusion dynamics, which can be associated
with Bcl-2 family proteins and Sirt3. To investigate mitochondrial dy-
namics in SKOV3 cells, we used MFN1 and DRP1 to detect the mi-
tochondrial fusion and fission respectively. The translocase of the outer
mitochondrial membrane 20 (Tom 20) was used to locate the outer
membrane of mitochondria.

Immunofluorescence analysis showed that the expression of DRP1
markedly increased and no significant change on MFN1 in mitochon-
dria when SKOV3 cells were treated with cisplatin and ABT737 to-
gether (Fig. 4A and B). Moreover, most DRP1 was co-localized with
mitochondria. The mitochondrial fission was also examined by western
blot. DRP1 expression increased in mitochondria and decreased in cy-
toplasm after the combination of these two drugs (Fig. 4C and D).

3.5. Activity of Sirt3 promoted mitochondrial fission in SKOV3 cells

Furthermore, we investigated whether the activation of Sirt3 could
also influence the mitochondrial fission and fusion.
Immunofluorescence analysis showed that the activation of Sirt3 in-
creased the expression of DRP1 and that most DRP1 was co-localized
with mitochondria, which meant excessive Sirt3 caused the fission
mediated by DPR1 (Fig. 5A). There was no significant difference on
MFN1 expression and co-location with mitochondria between Sirt3
overexpressed cells and control cells (Fig. 5B). The mitochondrial fis-
sion was also examined by western blot. DRP1 expression increased in
mitochondria and decreased in cytoplasm after overexpression of Sirt3
in SKOV3 cells (Fig. 5C and D).

3.6. Knock-down Sirt3 expression could partially reverse the antitumor
effect of cisplatin accompanied with ABT737

To verify that ABT737 enhanced ovarian cancer cells sensitivity to
cisplatin through the activation of Sirt3, we knocked down Sirt3 in
SKOV3 cells (Fig. 6A). We found that Si-Sirt3 prevented the increase of
enzyme activity of Sirt3 when induced by cisplatin and ABT737

Fig. 5. Activity of Sirt3 promoted mitochondrial fission in SKOV3 cells.
(A) Immunofluorescence of Tom 20 (green) and DRP1 (red) in Sirt3 overexpressed cells and SKOV3 control cells. The DRP1 co-localization with mitochondria was
observed by confocal microscopy (bar, 20 μm). (B) Immunofluorescence of Tom 20 (green) and MFN1 (red) in Sirt3 overexpressed cells and SKOV3 control cells. The
MFN1 co-localization with mitochondria was observed by confocal microscopy (bar, 20 μm). (C, D) Mitochondrial fractions and cytosolic fractions were prepared
after transfected with Sirt3 overexpression plasmid for 24 h. Western blot analysis was performed with DRP1, Tom 20, and GAPDH antibodies. Tom 20/GAPDH was
used as the loading control. The data are expressed as mean ± SEM of three independent experiments; **p < 0.01 vs. control. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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(Fig. 6B).
The flow cytometry analysis revealed that Si-Sirt3 inhibited the

apoptosis of ovarian cancer cells induced by cisplatin and ABT737
(Fig. 6C and E). Moreover, the down-regulation of mitochondrial
membrane potential (MMP) was partially reversed by Si-Sirt3 (Fig. 6D
and F). In addition, the knock-down of Sirt3 reduced the expression of
DRP1 in mitochondria induced by cisplatin and ABT737, the opposite
effect could be observed in cytoplasm (Fig. 6G and H).

All these results indicated that ABT737 enhanced ovarian cancer
cells' sensitivity to cisplatin by increasing the activation of Sirt3, which
induced the mitochondrial fission dynamics and increased the mi-
tochondrial pathway apoptosis.

4. Discussion

Ovarian cancer is one of the malignant tumors in the female re-
productive system with a poor prognosis [19]. Platinum-based che-
motherapy, a standard treatment for ovarian cancer, can be used at all
stages of the disease [20]. As platinum's analogue, cisplatin has been
employed for decades to treat ovarian cancer. However, the resistance
of cisplatin is the main obstacle to its treatment.

Overexpression of Bcl-2 can enhance resistance to cisplatin in
cancer cells. Therefore, Bcl-2 is regarded as a target of cancer treatment
[21]. Several small molecule antagonists of Bcl-2 have been identified
and synthesized these days, such as GX15–070, AT 101, Gossypol,
Isoxazolidine, ABT-737 and ABT-263 [22]. It has been reported that the
anti-tumor effect of cisplatin can be significantly improved by accom-
panying it with ABT737 in ovarian cancer [4,23]. Our results showed
that compared with ABT737 or cisplatin alone, the combination sig-
nificantly inhibited the cell viability and increased the mitochondrial
pathway apoptosis (Fig. 1). They further suggested that mitochondrial
dysfunction induced by ABT737 increased the sensitivity of cisplatin to
SKOV3 cells.

Reports have shown that Bcl-2 family proteins can regulate the link
between cancer and mitochondrial dynamics [24]. Mitofusin 1/2
(MFN1/2) proteins are involved in the fusion process of outer mem-
branes, whereas OPA1 is responsible for inner membranes [10]. Mi-
tochondria dynamin-related protein 1 (DRP1) plays an essential role in
regulating mitochondrial fission by recruitment onto mitochondria,
which promotes mitochondrial membrane constriction and subsequent
mitochondrial fragmentation [25]. Our results showed that cisplatin,
when accompanied with ABT737, induced the fission of mitochondria.

Sirt3 is a NAD+-dependent protein deacetylase related to mi-
tochondrial biogenesis and mitochondrial dynamics [26,27]. In our
experiments, there was no significant difference in the protein expres-
sion of Sirt3 under the treatment of cisplatin and ABT737 (Fig. 2A). But
the expression and enzyme activity of Sirt3 in mitochondria were in-
creased (Fig. 2B and C).

To further illustrate whether the activity of Sirt3 is associated with
cell death and mitochondrial dysfunction, Sirt3 overexpression plasmid
was transfected into SKOV3 cells. The mRNA expression, protein ex-
pression, and the enzyme activity of Sirt3 were increased in Sirt3

overexpression cells (Fig. 3A-D). Results showed that increasing acti-
vation of Sirt3 induced apoptosis, decreased mitochondrial membrane
potential, and promoted the fission process of mitochondria, which was
similar to our findings in the combination of cisplatin and ABT737.
However, the effect of Sirt3 overexpression on mitochondrial function
alone was weaker than that of cisplatin and ABT737, indicating com-
bination treatment was partly achieved by activating Sirt3 to regulate
the mitochondrial fission.

We knocked down Sirt3 expression in SKOV3 cells (Fig. 6A) re-
vealing that the loss of Sirt3 partially reversed apoptosis and the down-
regulation of mitochondrial membrane potential (MMP) caused by
cisplatin and ABT737 (Fig. 6B-F). In addition, the knock-down of Sirt3
reduced the activity of Sirt3 when induced by the combination of two
drugs showing that the activation of Sirt3 is one of the key pathways for
the treatment of cisplatin and ABT737.

Human Sirt3 exists in two forms, a full-length (FL) protein of 44 kDa
peptide and a processed form [28]. Sirt3 localizes to the mitochondria
and the nucleus under normal cell growth conditions. The degradation
of FL Sirt3 is mediated by the ubiquitin-proteasome pathway through
the ubiquitin protein ligase SKP2 activity [29]. Studies show that Sirt3
is transferred from the nucleus to the mitochondria upon cellular stress
as well as overexpression of Sirt3 itself [30]. In this study, we found
that the change of Sirt3 activity was caused when Sirt3 was transferred
into the mitochondria under the treatment of cisplatin and ABT737,
which means that Sirt3 can be a key factor in this process.

In summary, our research shows that the activation of Sirt3 is an
important factor in increasing the sensitivity of ovarian cancer cells to
cisplatin when induced by Bcl-2 inhibitor ABT737. This promotes mi-
tochondrial fission and increases the mitochondrial pathway apoptosis.
Meanwhile, our findings suggest that the activation of Sirt3 is an at-
tractive therapeutic target for ovarian cancer.
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