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Abstract
BACKGROUND: SIRT1 is a longevity gene that forestalls aging and age-related diseases including cancer, and has
recently attracted widespread attention due to its overexpression in some cancers. We previously identified the
overexpression of SIRT1 in ovarian carcinoma (OvCa) as a poor prognostic factor. However, mechanistic insights
into the function of SIRT1 in OvCa have yet to be elucidated. METHODS: Quantitative real-time reverse PCR (qRT-
PCR) and Western blotting were employed to examine the expression of SIRT1 in a panel of human OvCa cell lines.
si-RNA or sh-RNA and cDNA technologies were utilized to knockdown or overexpress SIRT1, respectively. The
effects of SIRT1 on proliferation and chemoresistance were examined using a WST-1 assay, and the underlying
mechanisms were confirmed using an apoptotic assay, and the quantification of glutathione (GSH), and reactive
oxygen species (ROS). The aggressiveness of SIRT1 was analyzed using in vitro invasion and migration assays.
RESULTS: SIRT1 was more strongly expressed in OvCa cell lines than in the immortalized ovarian epithelium at the
gene and protein levels. Stress up-regulated the expression of SIRT1 in dose- and time-dependent manners. SIRT1
significantly enhanced the proliferation (P b .05), chemoresistance (P b .05), and aggressiveness of OvCa cells by
up-regulating multiple antioxidant pathways to inhibit oxidative stress. Further study into the overexpression of
SIRT1 demonstrated the up-regulation of several stemness-associated genes and enrichment of CD44v9 via an as-
yet-unidentified pathway. CONCLUSIONS: Our results suggest that SIRT1 plays a role in the acquisition of
aggressiveness and chemoresistance by OvCa, and has potential as a therapeutic target for OvCa.
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Introduction
Ovarian carcinoma (OvCa), primarily epithelial OvCa, is the eighth
most common cause of cancer deaths in women worldwide [1]. In
Japan, the incidence of epithelial OvCa, particularly
endometriosis-associated OvCa such as clear cell carcinoma and
endometrioid carcinoma, has markedly increased and continues to
increase over that in Asian and Western countries [2].
Current treatments for OvCa include debulking surgery and

adjuvant platinum-based chemotherapy. These treatment approaches
have offered minimal survival benefits [1] due to increased recurrence
and drug resistance, which lead to treatment failures [3]. The
recurrence and drug resistance of OvCa have been linked to cancer
stem cells (CSCs) [4,5]. CSCs have been shown to possess a
self-renewal ability, multi-lineage capabilities, and resistance to
therapy by forming a significant residual of disease after therapy
[6]. Among the proposed mechanisms responsible for CSC resistance,
tolerance against oxidative stress has attracted a lot of attention [7].
Oxidative stress occurs once the production of reactive oxygen species
(ROS) outweighs a cell's defense system comprising antioxidants and
redox regulators [8]. Thus, the function-based mechanisms of CSCs
need to be elucidated in more detail in order to identify novel
therapeutic targets against chemoresistant/recurrent OvCa.
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Figure 1. A: The expression of SIRT1 protein and mRNA was evaluated by Western blot and real-time quantitative RT-PCR (qRT-PCR)
respectively. SIRT1 was more strongly expressed in OvCa cell lines than in an immortalized ovarian surface epithelium. B: The expression
of SIRT1 mRNA in ES2 cells treated with cisplatin or hydrogen peroxide (H2O2) was evaluated by real-time qRT-PCR. Cytotoxic stresses
such as cisplatin and H2O2 enhanced SIRT1 expression. C and D: The results of SIRT1 deacetylation activity assay of ES2 and
A2780CDDP cells transfected with either SIRT1 cDNA (ES2-SIRT1/A2780CDDP-SIRT1) or the corresponding empty vector (ES2-Con/
A2780CDDP-Con) as a control. SIRT1-overexpressing cells exhibited greater SIRT1 activity than control cells. CDDP treatment (5 μM for
24 hours) elevated SIRT1 activity in ES2 cells. Significance: * P b .05, significantly different from the controls.
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Sirtuins (SIRTs; SIRT1-SIRT7) are NAD (+) -dependent histone
deacetylases that forestall aging and age-associated diseases in a broad
range of organisms, from yeast to mammals [9]. SIRT1 has been
reported to modulate the enzymatic activity of normal and diseased
cells, including cancer cells [9]. Nevertheless, SIRT1 is a
double-edged sword because it functions as an oncogene as well as
a tumor suppressor [10]. SIRT1 deacetylates histone and non-histone
targets (P53), thereby regulating cell cycle progression, apoptosis, cell
senescence, and oxidative stress resistance, which allows cells to bypass
cell-cycle control, leading to tumorigenesis [11,12].

SIRT1 plays a crucial role in maintaining the proliferation/
self-renewal abilities and pluripotency of embryonic stem cells [4,5].
Previous studies reported that the associated stemness of SIRT1 was
due to the control of p53 activity, which negatively modulates Nanog
[13] or Oct4 expression [14].
Several studies have linked SIRT1 to cancer stemness, and CSCs

have also been associated with resistance to conventional therapy.
Therefore, SIRT1 is at a crossroads in the targeting of CSCs,
recurrence, and drug resistance. A clearer understanding of the
cellular survival mechanisms utilized by SIRT1 is important for
developing novel treatment strategies to complement conventional
therapies.

In the present study, using OvCa as a cancer model, we
demonstrate the role of SIRT1 in the development of OvCa
aggressiveness and chemoresistance.
Materials and Methods

Cell Lines and Culture Conditions
Human OvCa cell lines: IGROV-1, SKOV3, OVCAR3, ES2, and

TOV112D, were purchased from ATCC (Rockville, MD), RMG1
was from Japanese Collection of Research Bioresources Cell Bank
(Osaka, Japan), and A2780 and its cisplatin-resistant derivative,
A2780CDDP were kindly donated by Dr. Takashi Tsuruo (Cancer
Chemotherapy Center, Tokyo, Japan). The immortalized ovarian
surface epithelium cell line (OSE7E) was a kind gift from
Dr. Hidetaka Katabuchi (Kumamoto University, Kumamoto,
Japan) and was maintained in Dulbecco's modified Eagles/F12
medium (Gibco, St. Louis, MO). ES2 cells were maintained in
McCoy 5A medium (Gibco, St. Louis, MO), RMG1 cells were
maintained in F12 medium (Life Technologies, Carlsbad, CA), and
A2780, A2780CDDP, OVCAR3, and IGROV-1 cells were
maintained in RPM1 1640 medium (Gibco, St. Louis, MO). All
cells were supplemented with 10% inactivated fetal bovine serum
(Gibco, St. Louis, MO) and cultured at 37 °C in a humidified
atmosphere containing 5% CO2. All cells were classified based on
histology in Supplementary Table S1.

Cell Transfection and Selection
SIRT1-specific siRNA and scrambled siRNA (control), plasmids

expressing SIRT1 short hairpin RNA (shRNA) or scrambled shRNA



Figure 2. A: The expression of SIRT1 mRNA in RMG1, A2780CDDP, TOV21G, and ES2 cells transfected with either shRNA, siRNA
sequences to knock down SIRT1 (shSIRT1 and siSIRT1), or scramble sequences as control (siCon and shCon). B: The effect of SIRT1
knockdown on cell proliferation was assessed using the WST-1 assay. Results were independently normalized by day 1. The knockdown
of SIRT1 significantly decreased proliferation in OvCa cells (RMG1, A2780CDDP, TOV21G, and ES2). C: The expression of SIRT1 mRNA in
RMG1, A2780CDDP, TOV21G, and ES2 cells transfected with SIRT1 cDNA (SIRT1) to overexpress SIRT1, or empty vector as control (Con)
D: The effect of SIRT1 overexpression on cell proliferation were assessed using theWST-1 assay. Results were independently normalized
by day 1. The overexpression of SIRT1 had no effect on the proliferation of OvCa cells. Significance: * P b .05, significantly different from
the controls.
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(control), and vectors expressing SIRT1 cDNA or an empty vector
(control) (Origene, Rockville, MD) were used. Lipofectamine 2000
(Life Technologies, Carlsbad, CA) was used for plasmid transfection
into cell lines as per the manufacturer's instructions. SIRT1-specific
shRNA and cDNA colonies were selected by puromycin (Enzo Life
Sciences, Farmingdale, NY, USA) or geneticin (EMD Millipore,
Darmstadt, Germany), respectively. The sequences for SIRT1
shRNA (1, 2, and 3) or scrambled shRNA, and SIRT1 siRNA
(A, B, and C) or scrambled siRNA are listed in Supplementary Table S2.
Unless specified, SIRT1-siRNA (sequence C) named as “siSIRT1” and
SIRT1-shRNA (sequence 1) named as “shSIRT1” were utilized.

Western Blotting
Protein was extracted from human OvCa cell lines following a

previously described protocol [15]. Briefly, in Western blotting
assays, equal amounts of protein extracts were subjected to 10%
SDS-PAGE and then transferred to polyvinylidene difluoride
(PVDF) membranes. After blocking for 1 hour with 5% skim milk,
membranes were incubated with primary antibodies against SIRT1
(rabbit polyclonal; Cell Signaling, Danvers, MA, USA), HO-1 (rabbit
polyclonal; Cell Signaling, Danvers, MA, USA), xCT (rabbit
polyclonal; Abcam, USA), CD44v9 (rat monoclonal; Cosmo Bio,
Tokyo, Japan), thioredoxin (rabbit polyclonal; Proteintech, USA),
and beta-actin (ACTB) (mouse monoclonal; Sigma-Aldrich, St.
Louis, MO, USA). Their corresponding peroxidase-labeled secondary
antibodies were used for Western blotting. Detection was performed
using ECL reagents (Amersham, Piscataway, NJ, USA) according to
the manufacturer's guidelines.

SIRT1 Activity Assay
SIRT1 deacetylation activity was measured using a SIRT1 Activity

Assay Kit (Fluorometric) (Abcam) as described previously [16] and
analyzed in a microplate reader according to the manufacturer's
guidelines. For this experiment, SIRT1 protein was concentrated by
immunoprecipitation using protein A agarose beads (Santa Cruz,
Dallas, TX, USA). OvCa cells with either endogenous low SIRT1
mRNA expression (ES2 cells), or high SIRT1 mRNA expression,
with known cisplatin resistance (A2780CDDP cells) were selected for
analyzing SIRT1 activity.

PCR Analysis
Total RNA was isolated using TRIzol reagent (Life Technologies),

and complementary DNA (cDNA) synthesis and quantitative PCR
(qPCR) were performed as previously described [16] using the
PrimeScript RT-PCR kit (Takara Bio, Shiga, Japan) according to the
manufacturer's instructions. The sequences of primers used were as



Figure 3. A: Effects of SIRT1 overexpression on the tumor formation ability. Representative photographs and graphic illustrations of ES2
cells with the overexpression of SIRT1 by SIRT1 cDNA (ES2-SIRT1) or an empty vector as control (ES2-Con). Tumor formation ability was
assessed using the soft agar colony formation assay. The overexpression of SIRT1 (ES2-SIRT1) significantly increased the colony
formation of ES2-SIRT1 cells over that of the control (ES2-Con), and the number of colonies was significantly decreased by the SIRT1
inhibitor (EX 527) in both ES2-SIRT1 and ES2-Con. B: Effects of SIRT1 overexpression on the expression of stemness associated genes.
The mRNA levels for ES2-SIRT1 and ES2-Con were analyzed for the association with stemness-associated genes (Oct4, Nanog, Lin28,
Sox2, Smo and Bmi-1) on a quantitative real-time PCR analysis (qRT-PCR). The qRT-PCR results show a significant increase in the mRNA
levels of Nanog, Lin28, Sox2, Smo and Bmi-1 following the overexpression of SIRT1. Significance: * P b .05.
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follows: SIRT1 5’TCA GTG TCA TGG TTC CTT TGC-3′
(Forward), 5′-AAT CTG CTC CTT TGC CAC TCT-3′ (Reverse),
ACTB 5′-GAC AGG ATG CAG AAG GAG ATT ACT-3′
(Forward), and 5′ –TGA TCC ACA TCT GCT GGA AGG T-3′
(Reverse) [16], and other primer sequences are listed in Supplementary
Table S2 [8,17,18]. The Fold changes in target genes against the
housekeeping gene (ACTB) were assessed using the ΔΔ cycle threshold
(2-ΔΔCt) method. Data was representative of three independent
experiments with eight replicates.

Drug Treatments
Anticancer drugs: paclitaxel (PTX) (Wako, Osaka, Japan) and

cisplatin (CDDP) (Sigma-Aldrich, St. Louis, MO, USA), and a
SIRT1 inhibitor (EX527) (Selleckchem, TX, USA) were dissolved in
dimethylformamide (DMFA). In in vitro experiments, various concen-
trations of PTX and CDDP were added to cells for a fixed period
between 0 to 72 hours and cytotoxicity was analyzed accordingly.

Cell Proliferation and Chemoresistance Assay (WST-1)
The WST-1 assay was performed to analyze the proliferation and

chemoresistance of ovarian carcinoma cells. As previously described
[19], cells at a density of 500–6000 cells/well were seeded on 96-well
microplates. After confirmation of cells attaching to the bottom of
wells, WST-1 assay was performed for 4 consecutive days in order to
evaluate proliferation. To evaluate chemoresistance, the anti-cancer
drugs or the selective SIRT1 inhibitor (EX527) were added into
culture media, and thenWST-1 assay was performed after 72 hours of
incubation. These assays were done using WST-1 reagent (Roche
Diagnostics, Basel, Switzerland) at 37 °C for 2.5 hours, optical
density (at 450 nm) was measured using microplate reader
(SYNERGY HT, Bio-Tek, Winooski, VT), and the viability rate
was calculated. Data was representative of three independent
experiments with 16 replicates.

Glutathione (GSH) and ROS Assays
Cells were seeded in dark-colored, flat-bottomed 96-well plates. In

GSH assays, cells at a density of 5 x 103 cells/well were treated with
GSH-Glo reagent (Promega, Madison, WI, USA) as stipulated by the
manufacturer and luminescence was analyzed in a microplate reader.
In ROS assays, cells at a density of 2 x 104 cells/well were stained with
10 μM of dichlorodihydrofluorescein diacetate (DCF-DA) (Sigma-
Aldrich, St. Louis, MO, USA) for 45 minutes, treated with a ROS
inducer (5 μM of CDDP) and/or ROS scavenger [5 or 10 mM of
N-Acetyl-L-cysteine (NAC) (Wako, Osaka, Japan)] for 4 hours, and



Figure 4. A–C: The effects of SIRT1 knockdown. SIRT1 knockdown (sh/siSIRT1) significantly attenuated chemoresistance of both
cisplatin and paclitaxel compared with control (sh/siCon) in RMG1 (A), A2780CDDP (B) and TOV21G (C). D: The effect of SIRT1 inhibitor,
EX527. EX527 attenuated cisplatin- and paclitaxel-resistance in RMG1 cells. E and F: The effect of SIRT1 overexpression. SIRT1
overexpression (SIRT1) significantly enhanced the chemoresistance compared with control (Con) of ES2 (E) and A2780CDDP (F).
Significance: * P b .05, significantly different from the controls.
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then analyzed in a microplate reader. We utilized a previously described
protocol for GSH and ROS analyses [18]. Data was representative of
three independent experiments with 4 replicates.

Soft Agar Colony Formation Assay
Agar was prepared as previously described [16]. Briefly, the bottom

of each 60 mm dish (Corning, New York, NY, USA) was prepared by
adding 3 ml of agar medium (1.5 ml of 1% agar and 1.5 ml of McCoy
5A with 20% FBS) with EX527 (10-6 M) or vehicle (0 M) and kept
at room temperature to solidify. ES2-Con and ES2-SIRT1 cells
pretreated with EX527 or vehicle for 24 hours were resuspended in
McCoy with 10% FBS and EX527 or vehicle at a density of 1500
cells/ml, 1 ml of resuspended cells were mixed with 2 ml of agar
medium containing EX527 or vehicle, and 2 ml of that mixture was
layered on the top of the solidified bottom agar in each 60 mm-dish
(1000 cells/dish) and maintained at 37 °C for 4 weeks. Then, the
dishes were stained with crystal violet (0.04%), and the number of
colonies was quantified. The data was representative of three
independent experiments with 3 replicates.

In Vitro Migration and Invasion Assays
Migratory and invasive assays were performed as previously

described [20]. Briefly, Matrigel inserts (Corning BioCoat Matrigel
Invasion Chamber) were rehydrated as per the manufacturer's
instructions, and a control membrane (Corning BioCoat Control
Insert (No ECM)) was used for the migration assay. Cells (1 x 104)
with serum-free medium were placed onto the upper chamber,
medium with 10% FBS was placed into the lower chamber as a
chemoattractant, and cells were incubated at 37 °C for 24 hours in a
5%CO2 incubator. Cells remaining on the upper side of the filter were
wiped off with a cotton swab, and cells that had migrated to the
underside of the membrane were fixed and stained (Diff-Quick,
Sysmex, Kobe, Japan) as per the manufacturer's instructions and
counted in four randomly selected microscopic fields. Migration and
invasive activities were expressed as the mean number of migrated or
invaded cells in four randomly selected high-power fields per chamber.
The data was representative of three independent experiments.

Apoptosis Analysis
Cell apoptosis analyses were performed using the Annexin V Fluos

staining kit (Roche Diagnostics, Basel, Switzerland) or Aposcreen
Annexin V-PE (Southern Biotech, Birmingham, USA) for
GFP-incorporated cell lines as per the manufacturer's protocol.
Briefly, cells were collected and washed twice with cold PBS and
resuspended in a 100 μl suspension of binding buffer with Annexin V
and Propidium iodide (PI) or 7-Amino-Actinomycin D (7AAD) and
incubated at room temperature for 15 min. Samples were then
diluted with 400 μl of binding buffer and analyzed on a flow
cytometer (BD FACS CANTO Becton, Dickinson, and Company).
Data was representative of three independent experiments.



Figure 5. A: Effects of SIRT1 knockdown on cisplatin-induced apoptosis. The apoptosis analysis showed the percentage of apoptotic
cells with (+) or without (−) the cisplatin (CDDP) treatment. The knockdown of SIRT1 significantly increased cisplatin-induced apoptosis
in both ES2 and A2780CDDP cells. B: Effects of SIRT1 overexpression on cisplatin-induced apoptosis. The overexpression of SIRT1
(SIRT1) significantly decreased cisplatin-induced apoptosis compared with control (Con) in both ES2 and A2780CDDP cells. C: DCF-DA
fluorescence levels indicating ROS activity in OvCa cells with (+) or without (−) CDDP. SIRT1 knockdown significantly increased ROS
activity. Significance: * P b .05.
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Statistical Analysis
Statistical analyses using SPSS Statistical software (IBM, Armonk,

NY, USA) and the graphing software Excel (Microsoft, USA) were
employed to analyze all data. We utilized the Student's t-test to
compare mean values between two data sets and an ANOVA test to
compare more than two data sets. All values were reported as the
mean ± SD.

Results

SIRT1 was More Strongly Expressed in OvCa Cell Lines Than
in OSE7E Cells

The expression of SIRT1 was assessed in a panel of OvCa cell lines
and OSE7E cells. Western blotting and PCR results showed that the
expression of SIRT1 was markedly stronger in OvCa cells than in
OSE7E cells (Figure 1A). The expression of SIRT1 was up-regulated
after exposure to various stressors such as cisplatin and hydrogen
peroxide (Figure 1B) in dose- and time-dependent manners.
Furthermore, the deacetylation activity of SIRT1 was up-regulated
by the forced expression of SIRT1 (Figure 1, C and D) and cellular
exposure to stress (Figure 1C). These results indicated that the
elevated expression of SIRT1 by stresses or cDNA transfection
enhanced the deacetylation activity of SIRT1 in OvCa cells.

SIRT1 Knockdown Decreased the Proliferation of OvCa Cells
In order to analyze the function of SIRT1 in OvCa, the

expression of SIRT1 was knocked down by either SIRT1-specific
siRNA or shRNA (Figure 2A and Supplementary Figure S3A). The
effects of SIRT1 on proliferation were measured by the WST-1 assay,
and the results obtained revealed that the proliferation of
SIRT1-silenced cells (si-SIRT1 and sh-SIRT1) was significantly
lower than that in control cells (si-Con and sh-Con) (RMG1,
A2780CDDP, and TOV21G, ES2 cells, P b .05; Figure 2B)
(Supplementary Figure S3B). In an attempt to confirm these results,
we overexpressed SIRT1 using SIRT1 cDNA to generate stable
SIRT1-overexpressing RMG1, A2780CDDP, TOV21G and ES2
cells (−SIRT1) or corresponding empty vector (−Con) (Figure 2C and
Supplementary Figure S3C). In contrast to our expectations, the
overexpression of SIRT1 had no effect on the proliferation of OvCa
cells until 72 hours. (Figure 2D).

Effects of SIRT1 on Tumor Formation Ability and The
Expression of Stemness-Associated Genes

We performed soft-agar colony formation assays to further examine
the effects of SIRT1 overexpression on proliferation. In ES2 cells, the
overexpression of SIRT1 significantly increased colony formation
abilities over those of the controls (Figure 3A, P b .05), and this effect
was canceled out by the addition of the selective SIRT1 inhibitor,
EX527. Then we analyzed the effect of SIRT1 on the expression of
several stemness-associated genes (Oct4, Nanog, Lin28, Sox2, Smo,
and Bmi-1) in ES2 cells. The qRT-PCR showed a significant increase
in the mRNA levels of these genes except for Oct4 following the
overexpression of SIRT1 (Figure 3B, P b .05). These results suggest
that SIRT1 enhanced the tumor formation ability and increased the
expression of several stemness-associated genes in OvCa cells.

SIRT1 Enhanced the Chemoresistance of OvCa Cells
In order to investigate, the effects of SIRT1 on sensitivity against

anti-cancer drugs, cell viability following a treatment with cisplatin or
paclitaxel was measured using the WST-1 assay. The chemosensitivity
of SIRT1-silenced cells (si- or sh-SIRT1) towards cisplatin and



Figure 6. A: Glutathione (GSH) levels in OvCa cells. GSH is one of the major antioxidants. Among OvCa cell lines, intracellular GSH level
was significantly decreased by SIRT1-knockdown (si/shSIRT1) compared with control (si/shCon) in TOV21G cells. B and C: Western
blotting showed the expression of CD44v and xCT, involved in the synthesis of GSH, and other antioxidative enzymes such as heme
oxygenase-1 (HO-1) and thioredoxin (TRDX) in OvCa cell lines. Knockdown of SIRT1 by siRNA or shRNA (B) and EX527 (a SIRT1 inhibitor)
(C) decreased expression of these antioxidative proteins. In contrast, overexpression of SIRT1 by SIRT1 cDNA increased expression of
antioxidative proteins in ES2, and these effects of SIRT1 were canceled out by EX527 (C). Significance: * P b .05.
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paclitaxel was greater than that of control cells (si- or sh-Con) (Figure
4, A–C, P b .05) in a dose-dependent manner. The inhibition of
SIRT1 by EX527 (1 and 2 μM) significantly increased the
chemosensitivity of RMG1 cells to cisplatin and paclitaxel,
respectively (Figure 4D, P b .05).
In addition, SIRT1-overexpressing cells (ES2-SIRT1 and

A2780CDDP-SIRT1) exhibited weaker sensitivity to cisplatin
(P b .05) and paclitaxel (P b .05) than their controls (ES2-Con
and A2780CDDP-Con) (Figure 4, E and F). Taken together, these
results suggest that SIRT1 enhanced the chemoresistance of OvCa
cells.

SIRT1 Enhanced the Chemoresistance of OvCa Cells by
Inhibiting Apoptotic Cell Death
We were unable to demonstrate the effects of SIRT1 on

well-known survival and apoptotic factors, including phospho-Akt,
Bcl-2, BAX, or others (data not shown). Thus, we performed
apoptotic assays utilizing Annexin V and PI/7AAD staining methods
to evaluate the percentage of apoptotic cells. We found that
cisplatin-induced apoptosis was greater in SIRT1-knockdown
OvCa cells than in control cells (Figure 5A, P b .05). In order to
confirm the above results, we utilized SIRT1-overexpressing ES2 and
A2780CDDP cells. As expected, SIRT1-overexpressed cells had a
significantly lower number of apoptotic cells than control cells (Figure
5B, P b .05).

Effects of SIRT1 on Oxidative Stress
In order to investigate the underlying mechanisms for increases in

SIRT1-associated cell growth and chemoresistance in more detail, we
examined the effects of SIRT1 on oxidative stress. We analyzed ROS
production by OvCa cells. DCF-DA fluorescence, indicating ROS
production, was significantly stronger in SIRT1 knockdown cells



Figure 7. A: Effects of SIRT1 knockdown by siRNA transfection on the migration and invasion of ES2 cells. SIRT1 knockdown
(ES2-siSIRT1) significantly decreased the invasion and migration compared with control (ES2-siCon). B: Effects of SIRT1 overexpression
by cDNA transfection on the migration and invasion of ES2 cells. SIRT1 overexpression (ES2-SIRT1) significantly enhanced the invasion
and migration compared with control (ES2-Con). Significance: * P b .05.
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than in control cells (Figure 5C, P b .05). This effect of SIRT1
knockdown on ROS production was canceled by the treatment with
ROS scavenger, NAC (Supplementary Figure S5A). Furthermore, the
CDDP treatment synergistically increased ROS production in
RMG1 and TOV21G. Similarly, the overexpression of SIRT1
significantly decreased ROS production in ES2 and A2780CDDP
cells (Supplementary Figure S4, P b .05). The treatment with 10
mM of NAC reduced ROS production of ES2-Con to the same level
as ES2-SIRT1 (Supplementary Figure S5B). In addition, the
treatment of NAC canceled the reduction of cell viability by
CDDP (Supplementary Figure S5C).

SIRT1 Knockdown Decreased the Ability of OvCa Cells to
Counteract Oxidative Stress

In order to gain mechanistic insights into how SIRT1
counteracts oxidative stress in OvCa, we analyzed cellular GSH
levels and performed a Western blotting analysis for the cancer stem
cell marker (CD44v9) and regulators of oxidative stress. The
knockdown of SIRT1 significantly suppressed the cellular levels of
GSH, a major antioxidant, compared with those in control cells in the
TOV21G cell line (Figure 6A), suggesting that SIRT1 contributes to
reductions in ROS by increasing cellular GSH levels in these cells.
However, no significant difference was observed in other cell lines.
Western blotting revealed that the knockdown of SIRT1
down-regulated the cancer stem cell marker CD44v9, a
glutamate-cystine transporter system xCT, and the oxidative
regulators: hemeoxygenase-1 (HO-1) and thioredoxin (TRDX)
(Figure 6B). These results suggested that the knockdown of SIRT1
directly interfered with the CD44v9/xCT pathway, thereby
regulating GSH levels inside cancer cells, which in turn, controlled
ROS. Furthermore, the knockdown of SIRT1 also down-regulated
the antioxidants HO-1 and TRDX, further emphasizing its role in
breaking the synergistic defenses played by these antioxidants
against ROS. Similar results were obtained using SIRT1
up-regulated cells (Figure 6C). The selective SIRT1 inhibitor
(EX527) recapitulated the effects of the genetic knockdown of
SIRT1 (Figure 6C). EX527 had effect on the activity of SIRT1 and
not on the expression of SIRT1. In order to confirm these results, we
performed qRT-PCR on CD44, xCT, and antioxidant genes
(Supplementary Fig. S6A and B), and the results obtained were
similar. It is important to note that the regulation of antioxidant
genes and enrichment of CD44 by SIRT1 occurred at the protein
and gene levels. These results were consistent with SIRT1
up-regulating multiple antioxidant pathways and enriching
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CD44v9, thereby enhancing the OvCa capacity for ROS defenses
and, hence, tumor development.

SIRT1 Overexpression Promoted the Aggressiveness of OvCa
Cells
Cell migration and invasion assays demonstrated that the

knockdown of SIRT1 (siRNA) significantly decreased the number
of migrated cells on control inserts (without matrigel) and impaired
cell invasion through matrigel more than the control (Figure 7A, P b
.05). Similarly, SIRT1-overexpressing cells (ES2-SIRT1) had mark-
edly higher the numbers of migrated cells and invaded cells (Figure
7B, P b .05) than control cells (ES2-Con). These results show that
SIRT1 enhanced the invasiveness and migration ability of OvCa cells
in vitro. Based on our in vitro experiments, we selected ES2 cell line,
the most invasive and aggressive OvCa cell line, which was consistent
with a previous study [21], and transduced it with vectors expressing
SIRT1 (ES2-SIRT1) or an empty vector (ES2-Con). These results
show that SIRT1 enhanced the aggressiveness of OvCa cells.
Discussion
Increases in the recurrence and drug resistance of OvCa maybe
attribute to CSCs, forming a significant residual of disease after
therapy [4]. Our results favor a model in which SIRT1 inhibits
oxidative stress by maintaining the stemness of CSC-like cells, thereby
driving ovarian tumorigenesis. The present study showed that SIRT1
is more strongly expressed in a panel of OvCa cell lines than in an
immortalized ovarian surface epithelium at the gene and protein
levels. These results were consistent with our clinical data analysis, in
which SIRT1 was more strongly expressed in OvCa tissues than in the
normal ovarian epithelium, and SIRT1 was an independent
prognostic predictor of overall survival regardless of the tumor stage
[22]. We also identified the expression of SIRT1 in endometrial
carcinoma as a poor prognostic factor [16]. The overexpression of
SIRT1 is not only limited to gynecological cancers, it has been
previously reported in various cancer types [23–28], and the function
of SIRT1 (tumor promoter or suppressor) remains controversial
[29,30]. The function of SIRT1 was recently reported to be
tissue-dependent [31], and our results herein demonstrate that
SIRT1 functions as an oncogene in OvCa.
SIRT1 has been reported to increase the aggressiveness of various

cancer cells by regulating pathways related to cell growth, genome
integrity, and cell death [9]. Therefore, we dissected the mechanisms
of SIRT1 mediating OvCa chemoresistance and aggressiveness. The
expression of SIRT1 was enhanced following exposure to cytotoxic
stress (Figure 1B), and the forced expression of SIRT1 further
increased the deacetylation activity of SIRT1 (Figure 1, C–D). The
significant increase of SIRT1 deacetylation activity was observed by
the forced expression of SIRT1 but not observed by the endogenous
increase of SIRT1 mRNA with CDDP (Figure 1, B and C),
suggesting that SIRT1 may be mainly involved in the intrinsic drug
resistance, rather than the acquired resistance. Furthermore, the
inhibition of SIRT1 significantly reduced the proliferation of OvCa
cells, as reported previously [27]. Cisplatin and paclitaxel sensitivities
were both increased by SIRT1 knockdown and decreased by SIRT1
overexpression. These findings were consistent with previous findings
[26,32]. Taken together, these results demonstrate that SIRT1 is
involved in OvCa cell growth and resistance to chemotherapy. The
overexpression of SIRT1 (SIRT1 cDNA) did not affect the
proliferation of OvCa cells (Figure 2D). We speculate that this was
because the cellular level of SIRT1 in OvCa cells was sufficient for
growth; hence, the forced expression of SIRT1 had no additive effect.

A literature search on the mechanisms underlying chemoresistance
directed us to how a subset of CSCs evades chemotherapy by
counteracting oxidative stress-induced apoptosis [33]. The present
study revealed that the ROS scavenger, NAC, attenuated the
cytotoxic effect of CDDP (Supplementary Fig. S5). As expected,
SIRT1 inhibited apoptotic cell death by down-regulating oxidative
stress (ROS). A large number of studies have reported that excessive
ROS production is detrimental to cancer cells because it disrupts the
cancer signaling pathways that promote proliferation, migration, and
invasion [34,35]. Therefore, cancer cells avoid the harmful effects of
ROS by actively utilizing multiple antioxidant systems [34], for
example, the most abundant antioxidant system (GSH). This finding
has only been confirmed in one OvCa cell line (TOV21G). In
contrast to previous findings our results failed to elucidate the
functions of GSH in attenuating ROS in RMG1, ES2, and
A2780CDDP cell lines; however, our results did show that SIRT1
posit ively up-regulated the CD44v9/xCT pathway, a
glutamate-cystine transporter system. We speculate that another
antioxidant pathway besides GSH may be involved, as was described
by Harris et al., that cancer cells require GSH for the initial stages of
cancer initiation, but not thereafter, partly due to utilizing another
pathway: thioredoxin [34]. This finding that is consistent with our
results. The present study is the first to propose a possible link
between SIRT1, GSH, and CD44v9/xCT in OvCa; however, this
requires further clarification in future studies.

Increasing evidence has suggested the SIRT1 family's stem cell-like
abilities [4,5]. Our results are consistent with this finding because
SIRT1 promoted the formation of colonies and increased the
expression of several stemness-associated genes. To date, accumulated
evidence has also identified CD44 as a cell surface marker for CSCs
derived from solid tumors, for example, colon, breast, ovary and
pancreatic cancers [36,37]. Furthermore, the expression of CD44,
particularly the variant isoform (CD44v9), leads to defenses against
ROS [8]. On the other hand, our Western blotting analysis showed
that the knockdown of SIRT1 also down-regulated the oxidative
regulators HO-1 and thioredoxin. Consistent with our results, several
studies have shown that CSCs up-regulate antioxidant pathways,
thereby controlling ROS generated from oxidative stress, leading to
resistance and ultimately cancer cell growth [33,34,38], which further
confirms the finding by Harris et al. that thioredoxin replaced the
utilization of GSH in established tumors [34].

The present study revealed that SIRT1 facilitated the aggressive-
ness of OvCa cells through increases in the migration, invasion, and
tumorigenicity. Several reports have shown that SIRT1 promoted
EMT in several cancers through the transcription repression of
epithelial genes including E-cadherin while increasing the expression
of mesenchymal genes including N-cadherin and vimentin, resulted
in promoting aggressiveness [39,40]. Repression of E-cadherin by
SIRT1 was observed in ES2 in our study (data not shown).

In conclusion, our results show that SIRT1 is more strongly
expressed in OvCa cells than in the immortalized ovarian surface
epithelium. Further analyses revealed that SIRT1 enriched the
CSC pool and played a pertinent role in the chemoresistance of
OvCa by counteracting oxidative stress. Taken together, our
results indicate that the targeting of SIRT1 offers a novel
therapeutic target against CSCs, ultimately reducing the che-
moresistance burden of OvCa.
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