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ABSTRACT

Loss of p53 function due to human papillomavirus (HPV) infection induces
resistance to apoptosis in cervical cancer cells. Tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), which induces apoptosis in a p53-independent
manner, may provide an alternative strategy for treating cervical cancer. Survivin, an
antiapoptotic protein that is highly expressed in cancer cells, regulates apoptosis and
the cell cycle. Here, we investigated the therapeutic potential of targeting survivin,
while focusing on the TRAIL-induced apoptosis pathway. The viability and cell cycle
of HPV16-positive CaSki and SiHa cells were assessed after survivin knockdown by
small interfering RNA (si-survivin). E-cadherin expression was also assessed after
si-survivin treatment, using western blotting. SiHa (a TRAIL-resistant cell line)
was used for further studies. The small molecule YM155 and resveratrol (RVT; a
polyphenol with the potential to suppress survivin expression) were used as survivin
inhibitors. The effects of si-survivin and survivin inhibitors on TRAIL- or cisplatin
(CDDP)-induced apoptosis were analyzed by annexin-V staining. si-survivin treatment
decreased cell viability and led to G2/M arrest, accompanied by morphological changes
and E-cadherin upregulation in both CaSki and SiHa cells. si-survivin and YM155
synergistically sensitized TRAIL-resistant SiHa cells to TRAIL-induced apoptosis
(p < 0.05). However, si-survivin and YM155 only slightly increased CDDP-induced
apoptosis. RVT markedly enhanced TRAIL-induced apoptosis by suppressing survivin
expression. Targeting of survivin expression might be an ideal strategy for cervical
cancer treatment as it would decrease viable cell number and enhance apoptosis
sensitivity. Further, combination therapy with TRAIL, rather than CDDP, may be
compatible with the proposed survivin-targeting strategy.
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INTRODUCTION

Cervical cancer is the third most commonly
diagnosed cancer and the fourth leading cause of cancer
death globally among female individuals [1]. For recurrent
or locally advanced cervical cancer, cisplatin (CDDP)-based
chemotherapy is reported to be the most effective treatment;
however, the response rate is not sufficient, ranging from
20% to 50%, and the expected overall survival is only 10 to
17.5 months [2, 3].

Human papillomavirus (HPV) infection is responsible
for most cases of invasive cervical cancer [4]. The HPV
oncoproteins E6 and E7 suppress the function of the tumor
suppressor genes p53 and the retinoblastoma gene product
pRb, respectively. The HPV E6 gene product binds to p53
and targets it for rapid degradation via a cellular ubiquitin
ligase [5]. As a consequence, the essential function of
p53, which controls cell cycle, apoptosis, and DNA repair,
is abrogated [5, 6]. Considering the low response rate to
chemotherapy and the unique characteristics of p53-
abrogated cervical cancer, strategies to enhance the response
to CDDP and development of other types of combination
therapies are urgently required.

Tumor necrosis factor-related apoptosis-inducing
ligand (TRAIL) is a member of the TNF superfamily.
TRAIL induces apoptosis in a pS3-independent manner, and
it has strong antitumor activity with minimal cytotoxicity to
normal cells [7-9]. Recombinant TRAIL (dulanermin) and
TRAIL-receptor agonists (mapatumumab, drozitumab, and
conatumumab) have already been tested in some clinical
trials [10]. It therefore shows great promise for treatment
of cervical cancer.

Hougardy et al. demonstrated that the HPV16-
positive cervical cancer cell line SiHa is resistant to
TRAIL-induced apoptosis, whereas the HPV16-positive
line CaSki is sensitive [11].

As a strategy for treatment of cervical cancer,
we previously proposed combination therapy with the
STAT3 inhibitor S31-201 and tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL), and tested this
strategy using SiHa cells [12]. Decreased STAT3 activation
results in sensitization to TRAIL-induced apoptosis, even
in the TRAIL-resistant cervical cancer cell line SiHa
[12]. However, given the normal role of STAT3 in cell
proliferation, survival, development, and differentiation
[13, 14], inhibition of STAT3 activation might disrupt
normal biological responses.

In this context, we focused on survivin, an important
antiapoptotic molecule that is usually overexpressed
only in malignant cells [15]. Survivin, a member of the
inhibitor of apoptosis (IAP) gene family, is known to
regulate apoptosis and the cell cycle [16, 17]. Survivin is
expressed in the embryonic lungs and fetal organs during
development but is undetectable in most normal adult
tissues [17, 18]. Compared to terminally differentiated
tissue, most cancer cells express survivin at higher

levels [18, 19]. Therefore, survivin is considered an ideal
target for cancer therapy. The survivin inhibitor YM155
(sepantronium bromide) is a small imidazolium-based
compound (1-(2-methoxyethyl)-2-methyl-4,9-dioxo-3-
(pyrazin-2-ylmethyl)-4,9-dihydro-1 H-naphthimidazolium
bromide) whose mechanism of action involves a 2-kb
promoter region of the survivin gene [20]. It has been
tested in some clinical trials [20, 21] and is an attractive
option as a molecular targeting agent in a clinical setting.

Numerous studies have reported that increased
survivin expression levels are correlated with poor
prognosis in cervical cancer [22, 23]. Kogo et al.
demonstrated that microRNA218 contributed to more
aggressive tumor formation via survivin overexpression
and that survivin knockdown reduced the invasive ability of
cervical cancer cells [24]. Given these findings, survivin is
expected to be an ideal target for cervical cancer treatment.
Moreover, survivin has been reported to contribute to
TRAIL resistance, and survivin suppression has been found
to enhance TRAIL-induced apoptosis [25, 26].

Although the contribution of survivin to the
modulation of invasiveness has been well demonstrated
in cervical cancer cells [24], whether survivin can serve as
a therapeutic target for the purpose of inducing apoptosis
remains unknown. In this study, we demonstrated the
therapeutic potential of targeting survivin, focusing on the
induction of apoptosis.

RESULTS

Survivin knockdown induced G2/M arrest
accompanied by morphological changes and
E-cadherin upregulation in cervical cancer cell
lines

Because survivin has been reported to control
mitosis and the cell cycle, as well as cell proliferation [18],
we first investigated the effect of survivin on cell viability
by determining cell counts after survivin knockdown.
Survivin knockdown (si-survivin) significantly decreased
the number of viable cells in both CaSki and SiHa cells
(CaSki:0.30 [+0.08] fold (p = 0.001), SiHa: 0.46 [+0.12]
fold (p = 0.002); Figure 1A). Then, we investigated
the effect of survivin knockdown on the cell cycle.
Knockdown of survivin expression resulted in G2/M arrest
in both cell lines (Figure 1B). Survival of CaSki cells was
dependent on survivin expression to a greater extent than
survival of SiHa cells; survivin downregulation led to an
increased number of sub-G1 populations, indicating that
it increased the number of apoptotic cells (Figure 1B).
We also investigated the effect in the HeLa cell line, an
HPV18-positive cervical cell line, to confirm that the
effect was not specific to HPV16-positive cervical cancer
cell lines such as SiHa and CaSki. Survivin suppression
decreased the number of viable cells and induced G2/M
arrest in HeLa cells as well (Supplementary Figure 1).
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Kogo et al. previously demonstrated that survivin
is responsible for the invasive ability of cervical cancer
cells [24]. Therefore, we investigated morphological
changes, as well as modulation of E-cadherin, an
epithelial-mesenchymal transition (EMT) marker,
following knockdown of survivin expression. E-cadherin
was upregulated by survivin inhibition, accompanied
by morphological changes in both cell lines (Figure 1C
and 1D).

Survivin knockdown and TRAIL combination
therapy decreased viable cell number

We investigated whether knockdown of survivin
expression and TRAIL combination therapy affected
viable cell number. Survivin knockdown and TRAIL
combination therapy synergistically suppressed viable
cell numbers, more effectively than TRAIL monotherapy
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(the p-value of interaction effect evaluated by two-way
ANOVA was 0.0214) (Figure 2).

si-survivin and the survivin-specific inhibitor
YM15S synergistically enhanced sensitivity to
TRAIL-induced apoptosis

We investigated whether knockdown of survivin
expression affected TRAIL-induced apoptosis in TRAIL-
resistant SiHa cells. We found that TRAIL induced
apoptosis in only 9.10 [£1.17]% of SiHa cells (Figure 3A).
However, knockdown of survivin expression markedly
boosted TRAIL-induced apoptosis in SiHa cells. (si-
survivin alone 14.8 [+4.07]%, si-survivin + TRAIL
46.34 [£3.88]%.) The two-way ANOVA demonstrated
that the p-value of interaction effect of combination
therapy was 0.0083, indicationg that the effect was
synergistic, rather than additive. We also tested another
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Figure 1: Effects of survivin suppression on viability, cell cycle, and E-cadherin expression in cervical cancer cell lines.
(A) Viability of CaSki and SiHa cells after survivin knockdown. CaSki and SiHa cells were transfected with survivin-specific siRNA
(si-survivin) for 48 h and then adherent cells were counted to assess their viability. The experiment was performed in triplicate. The cell
numbers were normalized relative to control cells. Data are provided as mean (=SEM) values. The data were analyzed using Student’s
t-test.”P < 0.05. (B) Flow cytometric analysis of the cell cycle after survivin knockdown. CaSki and SiHa cells were transfected with
survivin-specific siRNA (si-survivin) for 48 h and then the cell cycle was analyzed. The mean of three independent experiments is shown.
(C) Effects of survivin knockdown on the morphology of CaSki and SiHa cells. CaSki and SiHa cells were transfected with survivin-
specific siRNA (si-survivin) for 48 h and then the image was captured using a fluorescence microscope. Scale bars indicate 100 um. (D)
E-cadherin expression after survivin knockdown. CaSki and SiHa cells were transfected with survivin-specific siRNA (si-survivin) for 48
h and lysed in cell lysis buffer. Then, E-cadherin expression was analyzed by western blotting.

www.impactjournals.com/oncotarget

Oncotarget



siRNA sequence against survivin and confirmed that the
result was consistent with the results shown in Figure 3A
(Supplementary Figure 2).

We then investigated the effect of the survivin
inhibitor YM155 on TRAIL-induced apoptosis. We found
that 20 nM YM155 also sensitized SiHa cells to TRAIL-
induced apoptosis (TRAIL alone 4.56 [£0.91]%, YM155
alone 6.21 [£1.06]%, YM155 + TRAIL 48.0 [+12.8]%;
the p-value of interaction effect evaluated by two-way
ANOVA was 0.043; Figure 3B).

We next invtigated the effect of survivin knockdown
on TRAIL-induced apoptosis in HeLa cells, which are
reported to be moderately sensitive to TRAIL [11].
Approximately half of the cells (57.5 [+4.78]%) underwent
apoptosis following treatment with 100 ng/ml of TRAIL.

Si-survivin and TRAIL combination therapy additively
induced apoptosis in as many as 87.5 [£1.60]% of cells
(Supplementary Figure 3). The two-way ANOVA analysis
demonstrated that the effect was not synergistic but rather
additive (the p-value of interaction effect evaluated by
two-way ANOVA was 0.2396).

si-survivin and the survivin-specific inhibitor
YM155 did not enhance CDDP-induced
apoptosis

We next investigated the effect of survivin on
CDDP-induced apoptosis in SiHa cells. Knockdown of
survivin with small interfering RNA (siRNA) only slightly
increased CDDP-induced apoptosis in SiHa cells; the
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TRAIL*si-survivin 1 1 2.21 8.1295 0.0214

Figure 2: Effect of survivin suppression and TRAIL combination therapy on cell viability in TRAIL-resistant SiHa
cells. SiHa cells were transfected with survivin-specific siRNA (si-survivin) for 48 h and then treated with TRAIL (100 ng/mL) for an
additional 24 h. Adherent cells were counted to assess cell viability. The experiment was performed in triplicate. Cell numbers were
normalized relative to control cells. Data are provided as mean (=SEM) values. Two-way ANOVA results are provided below. Asterisk ()
indicates that the p-value of the interaction effect was < 0.05. Nparm: number of parameters, DF: degree of freedom, SS: sum of squares.
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effect was not synergistic (CDDP alone 2.53 [+0.36]%,
si-survivin alone 3.15 [£0.37]%, si-survivin + CDDP
5.83 [£0.71]%; the p-value of interaction effect evaluated
by two-way ANOVA was 0.2413; Figure 4A). We also
assessed YM155 in relation to CDDP-induced apoptosis
and found that its effects were not sufficient to enhance
CDDP-induced apoptosis in SiHa cells (CDDP alone 3.16
[£0.62]%, YM155 alone 7.06 [+1.00]%, YM155 + CDDP
17.9 [£5.30]%; the p-value of interaction effect evaluated
by two-way ANOVA was 0.2037; Figure 4B).

As CDDP is known to suppress cell viability [27],
we also investigated the effect of survivin suppression
and CDDP combination therapy by analyzing cell
viability. However, it did not produce a synergistic effect
(Supplementary Figure 4).

RVT suppressed survivin expression

RVT, a phytoalexin polyphenol produced naturally
by several plants, is known to inhibit survivin expression,
as well as STAT3 activation [28]. Zhang et al. previously
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reported that RVT inhibited STAT3 signaling in cervical
cancer cell lines, including SiHa cells [29]. We confirmed
that RVT inhibited STAT3 activation in SiHa cells (data
not shown). We previously demonstrated that RVT
enhanced TRAIL-induced apoptosis in endometriotic
cells by suppressing survivin expression [30]. We then
hypothesized that, in addition to STAT3 inhibition, RVT
could enhance TRAIL-induced apoptosis in SiHa cells by
suppressing survivin expression. We investigated whether
RVT suppressed survivin expression in SiHa cells. RVT
suppressed survivin expression in SiHa cells at both
mRNA and protein levels (Figure 5A and 5B).

RVT enhanced TRAIL-induced apoptosis in
TRAIL-resistant SiHa cells

Because RVT effectively suppressed survivin
expression and STAT3 activity in SiHa cells, we next
investigated the effects of RVT on TRAIL-induced
apoptosis in SiHa cells. RVT alone barely induced
apoptosis in SiHa cells, although pretreatment with RVT
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Figure 3: Effects of survivin suppression on TRAIL-induced apoptosis in TRAIL-resistant SiHa cells. (A) Effects of
survivin knockdown on TRAIL-induced apoptosis in SiHa cells. SiHa cells were transfected with control siRNA or survivin-specific
siRNA for 48 h, and then treated with TRAIL (100 ng/mL) or not treated for an additional 15 h. The proportion of apoptotic cells was
evaluated using annexin-V—fluorescein isothiocyanate (FITC) and propidium iodide (PI) double staining, followed by flow cytometry. The
results show the mean of three independent experiments (= SEM). Two-way ANOVA results are provided below in the column. Asterisks
(*) indicate that the p-value of the interaction effect was < 0.05. (B) Effect of the survivin inhibitor YM 155 on TRAIL-induced apoptosis in
SiHa cells. SiHa cells were treated with YM 155 (20 nM) for 24 h, and then treated with TRAIL (100 ng/mL) or not treated for an additional
15 h. The proportion of apoptotic cells was evaluated as described in Figure 3A. Two-way ANOVA results are provided below. Asterisks

(*) indicate that the p-value of the interaction effect was < 0.05.
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Figure 4: Effects of survivin suppression on CDDP-induced apoptosis in SiHa cells. (A) SiHa cells were transfected with
control siRNA or survivin-specific siRNA for 48 h and then treated with CDDP (20 uM) or not treated for an additional 24 h. The proportion
of apoptotic cells was evaluated as described in Figure 3A. The results show the mean of three independent experiments (+SEM). The data
were analyzed using two-way ANOVA. n.s.: the interaction effect was not significant. (B) SiHa cells were treated with YM155 (20 nM) for
24 h and then treated with CDDP (20 uM) or not treated for an additional 24 h. The proportion of apoptotic cells was evaluated as described
in Figure 3A. The results show the mean of three independent experiments (:SEM). The data were analyzed using two-way ANOVA. n.s.:
the interaction effect was not significant.
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Figure 5: Effects of resveratrol (RVT) on survivin expression in SiHa cells. (A) SiHa cells were treated with RVT (100 uM) for
24 h. Total RNA was reverse transcribed and the mRNA levels of survivin were measured via quantitative reverse transcription polymerase
chain reaction. The expression level was normalized relative to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The mean
(+SEM) values of three independent experiments are shown, and data were analyzed by Student’s ¢-test. “P < 0.05. (B) SiHa cells were
treated with RVT (100 uM) for 24 h and then lysed in cell lysis buffer. Subsequently, survivin expression was analyzed by western blotting.
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synergistically enhanced TRAIL-induced apoptosis (TRAIL
alone 5.08 [£1.41]%, RVT alone 3.60 [+0.30]%, RVT +
TRAIL 40.1 [+£8.98]%; the p-value of interaction effect
evaluated by two-way ANOVA was 0.0389; Figure 6).

DISCUSSION

We analyzed the therapeutic potential of targeting
survivin, focusing on the TRAIL-induced apoptosis
pathway. We found that survivin downregulation led to
G2/M arrest in the HPV16-positive cervical cancer cell
lines CaSki and SiHa. Survivin downregulation also led
to morphological changes accompanied by E-cadherin
upregulation. Survivin knockdown and survivin inhibition

enhanced TRAIL-induced apoptosis in TRAIL-resistant
SiHa cells (Figure 3). However, survivin knockdown
or inhibition only additively enhanced CDDP-induced
apoptosis in SiHa cells (Figure 4). RVT suppressed
survivin expression and enhanced TRAIL-induced
apoptosis in SiHa cells (Figures 5 and 6).

In the current study, survivin knockdown with
siRNA led to G2/M arrest in CaSki and SiHa cells. At the
end of the S phase, the activated cyclin B/CDK1 complex
triggers entry into mitosis [31]. Survivin is induced by this
activated complex and contributes to appropriate creation
of the mitotic spindle [32]; its expression reaches a peak in
the G2/M phase [18]. Abnormal formation of the mitotic
spindle by knockdown of survivin expression may have

SiHa

60 -
*
50 A
S
~— 40 -
%)
©
o
L2 30 A
)
(@]
)
o
8. 20 ~
<<
10 -
a1l m
TRAIL - + - +
RVT - - + 4
Source Nparm  DF SS F ratio Prob>F
TRAIL 1 1 1084.71 8.4462 0.0197
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Figure 6: Effects of resveratrol (RVT) on TRAIL-induced apoptosis in SiHa cells. SiHa cells were treated with RVT (100
puM) for 24 h, and then treated with TRAIL (100 ng/mL) or not treated for an additional 15 h. The proportion of apoptotic cells was
evaluated using annexin-V—fluorescein isothiocyanate (FITC) and propidium iodide (PI) double staining, followed by flow cytometry. The
results show the mean of three independent experiments (= SEM). Two-way ANOVA results are provided below. Asterisks (*) indicate that

the p-value of the interaction effect was < 0.05.
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caused cell cycle arrest in the G2/M phase in the CaSki
and SiHa cells, which is consistent with the results of other
studies [33, 34].

Modulation of the invasive ability of cervical
cancer cells by survivin was demonstrated by Kogo et al;
the invasive ability was found to decrease on survivin
suppression [24]. EMT, characterized by loss of cell
polarity and morphological alterations, is a key step in
cancer invasion [35]. Therefore, we focused on the effect of
survivin knockdown on E-cadherin, a primary EMT marker.
Survivin knockdown with siRNA led to upregulation
of E-cadherin, accompanied by morphological changes
(Figure 1C and 1D). This result indicates that survivin may
control the invasive ability of cervical cancer cell lines
through modulation of E-cadherin expression.

Survivin is a central regulator of cell apoptosis.
Therefore, we investigated the effects of survivin
suppression on the apoptosis of cervical cancer cells.
Knockdown of survivin itself did not induce apoptosis of
SiHa cells. Several reports have demonstrated that, although
knockdown of survivin itself does not induce apoptosis, it
influences the sensitivity to additional apoptotic stimuli
[30]. Here, TRAIL and CDDP were chosen as the additional
apoptotic stimuli. Among cervical cancer cell lines, SiHa
has been reported to show the greatest resistance to TRAIL-
induced apoptosis [11]; it is also resistant to CDDP [36].
Downregulation of survivin using siRNA or the survivin
inhibitor YM155 synergistically enhanced the sensitivity
to TRAIL-induced apoptosis and only slightly enhanced
CDDP-induced apoptosis (Figures 3 and 4).

Differences in the mechanisms by which each
apoptotic stimulus intracellularly induces apoptosis
might be responsible for the difference in the contribution
of survivin to TRAIL- and CDDP-induced apoptosis.
Subsequent activation of the caspase-8 pathway is
indispensable for TRAIL-induced apoptosis; therefore, the
balance between proapoptotic signaling and antiapoptotic
signaling determines cell death fate [37]. In CDDP-
induced apoptosis, abnormal DNA structure induces
DNA damage—dependent apoptosis [38]. In this case,
enhancement of DNA damage sensors would be much
more effective than suppression of antiapoptotic molecules
for boosting apoptosis [39].

In the current study, RVT also suppressed survivin
expression in SiHa cells (Figure 5A and 5B). RVT has
been reported to be a potent inhibitor of STAT3 activation
[28, 40]. STAT3 is known to be a transcription factor for
survivin [14]. We previously reported that suppression of
phosphorylated STAT3 (pSTAT3) also enhanced TRAIL-
induced apoptosis in SiHa cells [12]. In our experiment,
RVT also suppressed STAT3 activation (data not shown).
Taken together, these co-suppressive effects of RVT might
cooperatively enhance TRAIL-induced apoptosis in SiHa
cells (Figure 6).

In contrast to TRAIL-induced apoptosis, RVT did
not influence CDDP-induced apoptosis in CaSki or SiHa

cells (data not shown). As discussed earlier, this difference
between TRAIL- and CDDP-induced apoptosis might
be caused by differences in the mechanism underlying
apoptosis.

In conclusion, we propose that targeting of survivin
expression, to decrease the viable cell number and
enhance sensitivity to apoptosis, might be an ideal strategy
for cervical cancer treatment. TRAIL-based combination
therapy may be compatible with strategies for directly or
indirectly targeting survivin.

MATERIALS AND METHODS

Antibodies and reagents

For western blotting, the following antibodies were
used at the dilution indicated: mouse anti-alpha tubulin
sc-8035 (1:500), rabbit anti-survivin (CS#2808; 1:1000;
Cell Signaling Technologies, Massachusetts, USA), and
mouse anti-E-cadherin (BD610181; 1:500, BD, California,
USA). YM155 was purchased from Merck Millipore
(Darmstadt, Germany), resveratrol (RVT) from Sigma
Aldrich (Montana, USA), and recombinant human TRAIL
from R&D Systems (Minnesota, USA).

Cell culture

The HPV16-positive cervical cancer cell lines
CaSki and SiHa (purchased from ATCC, Virginia, USA)
were maintained in Dulbecco’s Modified Eagle Medium
supplemented with 10% FBS (Life Technologies,
California, USA) and antibiotics (Antibiotic-Antimycotic
Mixed Stock Solution; Nacalai Tesque, Kyoto Japan). The
cells were grown in a humidified tissue culture incubator
at37° Cin 5% CO,,.

Cell proliferation assay

To analyze the effect of survivin knockdown on
cell proliferation, adherent viable cells were counted by
trypsinization. Cell counting was performed by counting
the number of cells in 1 mL of collected medium by using
trypan blue staining. Cell number was normalized relative
to the number of control cells.

Cell cycle analysis

Cell cycle analysis was performed as previously
described [41]. Cells were seeded in 10-cm dishes and
transfected with survivin-specific siRNA for 48 h. Floating
and adherent cells were collected by trypsinization and
washed twice with PBS.

Cells were resuspended in cold 70% ethanol and
maintained at 4° C overnight. After they were washed
twice with PBS, they were incubated in RNase A (0.25
mg/mL; Sigma Aldrich) for 30 min at 37° C, followed
by staining with propidium iodide (PI; 50 pg/mL; Sigma
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Aldrich) at 4° C for 30 min in the dark. The cells were
then analyzed using flow cytometry (BD FACSCalibur
HG, New lJersey, USA). The cell cycle distribution
was analyzed using Cell Quest Pro ver. 3.1. (Beckman
Coulter Epics XL, California, USA). Three independent
experiments were performed.

Detection of apoptosis by staining with
annexin-V FITC

Cells (4 x 10°/well) were cultured in 60-well plates
for 24 h before treatment. Then, they were transfected with
siRNA for 48 h or YM155 for 24 h, with an additional
15-18 h of TRAIL treatment. The cells were trypsinized,
washed with PBS, and then analyzed after double staining
with the Annexin-V Apoptosis Detection Kit (Abcam,
Massachusetts, USA). The apoptotic cell population was
analyzed using flow cytometry. All experiments were
performed three times.

Immunoblotting

Immunoblotting was performed as previously
described [12]. Cells were lysed by incubation in lysis
buffer (Cell Signaling Technologies) containing a protease-
inhibitor cocktail (Nacalai Tesque) and a phosphatase-
inhibitor cocktail (Roche, Mannheim, Germany) on ice for
5 min and sonicated briefly. Then, they were centrifuged
at 14,000 rpm at 4° C for 10 min, and the supernatant was
used for analysis. For SDS-PAGE, 20 ng of protein lysate
was loaded in each well. For immunoblotting, 0.45 um
polyvinylidene difluoride (PVDF) membranes (Merck
Millipore) were used. The membranes were blocked in 5%
milk/TBS-T (TBS containing 0.1% Tween-20) for 1 h at
22-26° C followed by incubation with the primary
antibodies diluted in 5% milk/TBS-T or 5% bovine
serum albumin (BSA)/TBS-T for an appropriate duration
according to the manufacturer’s instructions. After the
membranes were washed several times with TBS-T, they
were incubated with secondary antibodies conjugated with
horseradish peroxidase (HRP) in 5% milk/TBS-T at 22—
26° C for 1 h. The blots were developed using Immobilon
Western Chemiluminescent HRP substrate (Merck
Millipore) according to the manufacturer’s instructions.

Transfection

siRNA transfections were performed using
Stealth RNAi against survivin (BIRC5) (HSS179403,
HSS179404) and non-targeting siRNA (Stealth RNAi
siRNA Negative Control; Med GC, Life Technologies)
as a control. When 60-70% confluency was achieved,
the transfections were performed using Lipofectamine
RNAIMAX (Life Technologies), Opti-MEM Reduced
Serum Medium (Life Technologies), and siRNAs (final
concentration, 20 nmol/L), according to the manufacturer’s

instructions. After 5 h of incubation, the transfection
medium was changed to normal culture medium without
antibiotics. The cells were incubated for 48 h and then
analyzed for each experiment. The transfection sequence
was repeated at least three times.

RT-qPCR

Total RNA was extracted from cells using the Blood/
Cultured Cell Total RNA Mini Kit (FAVORGEN, Ping
Tung, Taiwan), followed by reverse transcription using
ReverTra Ace gPCR RT Master Mix (Toyobo, Osaka, Japan)
according to the manufacturer’s instructions. cDNA was
amplified for 40 cycles in a Light Cycler 480 (Roche) using
LightCycler 480 SYBR Green I Master reagent (Roche).
Expression of survivin was normalized to that of GAPDH
mRNA (internal standard) by the AACt method. The primer
pairs were as follows (final concentration 0.5 pM): human
survivin, 5'-GGACCACCGCATCTCTACAT-3" and 5'-GC
ACTTTCTTCGCAGTTTCC-3'; human GAPDH, 5'-GAAA
GGTGAAGGTCGGAGTC-3" and 5-GAAGATGGTGATG
GGATTTC-3'. Three independent experiments were
performed.

Cell imaging

The effect of survivin knockdown was assessed
using a fluorescence microscope (BZ-9000; Keyence,
Osaka, Japan).

Statistical analysis

Data are presented as the mean + standard error of
the mean (SEM). Statistical analyses were performed
using Student’s #-test with JMP software (SAS, North
Carolina, USA). P < 0.05 was considered significant.
Two-way factorial analysis of variance tests (two-way
ANOVA) were performed with JMP software to assess
whether combination therapy produced an additive effect
or a synergistic effect. The p-value of interaction effect is
demonstrated at the last line of each column in each figure
(Figures 2—4, 6 and Supplementary Figures 2,3) When the
p-value of the interaction effect was < 0.05, the effect was
considered synergistic.

Author contributions

HN performed the experiments and wrote the
manuscript. SB performed the experiments. AT supervised
the experiments and wrote the manuscript. KK supervised
the experiments and interpreted the data. AK, MY, AF,
JO, MS, T1, HN, HF, AY, SE, KT, MMU, KA, TA, OWH,
KO, TN, YO, and TF contributed reagents, materials, and
experimental techniques. All authors read and approved
the final manuscript.

www.impactjournals.com/oncotarget

Oncotarget



ACKNOWLEDGMENTS

We thank Editage (www.editage.com) for English

language editing.

CONFLICTS OF INTEREST

The authors have no conflicts of interest to disclose.

FUNDING

This work was financially supported by a Grant-

in Aid for Young Scientific Research (B) (grant number:
16K20173 to S. Eguchi).

REFERENCES

10.

. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D.

Global cancer statistics. CA Cancer J Clin. 2011; 61:69-90.
Monk BJ, Sill MW, McMeekin DS, Cohn DE,
Ramondetta LM, Boardman CH, Benda J, Cella D. Phase
III trial of four cisplatin-containing doublet combinations
in stage VB, recurrent, or persistent cervical carcinoma:
a Gynecologic Oncology Group study. J Clin Oncol. 2009;
27:4649-4655.

. Tewari KS, Sill MW, Long HJ 3rd, Penson RT, Huang H,

Ramondetta LM, Landrum LM, Oaknin A, Reid TIJ,
Leitao MM, Michael HE, Monk BJ. Improved survival with
bevacizumab in advanced cervical cancer. N Engl J Med.
2014; 370:734-743.

Walboomers JM, Jacobs MV, Manos MM, Bosch FX,
Kummer JA, Shah KV, Snijders PJ, Peto J, Meijer CJ,
Muiioz N. Human papillomavirus is a necessary cause
of invasive cervical cancer worldwide. J Pathol. 1999;
189:12-19.

Thomas M, Pim D, Banks L. The role of the E6-p53
interaction in the molecular pathogenesis of HPV.
Oncogene. 1999; 18:7690-7700.

Burd EM. Human Papillomavirus and Cervical Cancer. Clin
Microbiol Rev. 2003; 16:1-17.

Pitti RM, Marsters SA, Ruppert S, Donahue CJ, Moore A,
Ashkenzai A. Induction of apoptosis by Apo-2 ligand, a new
member of the tumor necrosis factor cytokine family. J Biol
Chem. 1996; 271:12687-12690.

. Zhang L, Fang B. Mechanisms of resistance to TRAIL-

induced apoptosis in cancer. Cancer Gene Ther. 2005;
12:228-237.

Wiley SR, Schooley K, Smolak PJ, Din WS, Huang CP,
Nicholl JK, Sutherland GR, Smith TD, Rauch C, Smith CA,
Goodwin RG. Identification and characterization of a
new member of the TNF family that induces apoptosis.
Immunity. 1995; 3:673-682.

Lemke J, von Karstedt S, Zinngrebe J, Walczak H. Getting
TRAIL back on track for cancer therapy. Cell Death Differ.
2014; 21:1350-1364.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Hougardy BM, Maduro JH, van der Zee AG, de Groot DJ,
van den Heuvel FA, de Vries EG, de Jong S. Proteasome
inhibitor MG132 sensitizes HPV-positive human cervical
cancer cells to thTRAIL-induced apoptosis. Int J Cancer.
2006; 118:1892-1900.

Nakamura H, Taguchi A, Kawana K, Kawata A, Yoshida M,
Fujimoto A, Ogishima J, Sato M, Inoue T, Nishida H,
Furuya H, Tomio K, Eguchi S, et al. STAT3 activity
regulates sensitivity to tumor necrosis factor-related
apoptosis-inducing ligand-induced apoptosis in cervical
cancer cells. Int J Oncol. 2016; 49:2155-2162.

Levy DE, Lee CK. What does Stat3 do? J Clin Invest. 2002;
109:1143-1148.

Zhang HF, Lai R. STAT3 in Cancer-Friend or Foe? Cancers
(Basel). 2014; 6:1408—1440.

Mobahat M, Narendran A, Riabowol K. Survivin as a
preferential target for cancer therapy. Int J Mol Sci. 2014;
15:2494-2516.

Altieri DC. Survivin, versatile modulation of cell division
and apoptosis in cancer. Oncogene. 2003; 22:8581-8589.
Fukuda S, Pelus LM. Survivin, a cancer target with an
emerging role in normal adult tissues. Mol Cancer Ther.
2006; 5:1087-1098.

Mita AC, Mita MM, Nawrocki ST, Giles FJ. Survivin:
key regulator of mitosis and apoptosis and novel target for
cancer therapeutics. Clin Cancer Res. 2008; 14:5000-5005.
Ambrosini G, Adida C, Altieri DC. A novel anti-apoptosis
gene, survivin, expressed in cancer and lymphoma. Nat
Med. 1997; 3:917-921.

Kelly RJ, Thomas A, Rajan A, Chun G, Lopez-Chavez A,
Szabo E, Spencer S, Carter CA, Guha U, Khozin S,
Poondru S, Van Sant C, Keating A, et al. A phase 1/
II study of sepantronium bromide (YMI155, survivin
suppressor) with paclitaxel and carboplatin in patients with
advanced non-small-cell lung cancer. Ann Oncol. 2013;
24:2601-2606.

Clemens MR, Gladkov OA, Gartner E, Vladimirov V,
Crown J, Steinberg J, Jie F, Keating A. Phase II, multicenter,
open-label, randomized study of YM155 plus docetaxel
as first-line treatment in patients with HER2-negative
metastatic breast cancer. Breast Cancer Res Treat. 2015;
149:171-179.

Lee JP, Chang KH, Han JH, Ryu HS. Survivin, a novel anti-
apoptosis inhibitor, expression in uterine cervical cancer
and relationship with prognostic factors. Int J Gynecol
Cancer. 2005; 15:113-119.

Lu H, Gan M, Zhang G, Zhou T, Yan M, Wang S. Expression
of survivin, caspase-3 and p53 in cervical cancer assessed
by tissue microarray: correlation with clinicopathology and
prognosis. Eur J Gynaecol Oncol. 2010; 31:662—666.
Kogo R, How C, Chaudary N, Bruce J, Shi W, Hill RP,
Zahedi P, Yip KW, Liu FF. The microRNA-218~Survivin
axis regulates migration, invasion, and lymph node metastasis

WWw

.impactjournals.com/oncotarget

13460

Oncotarget



25.

26.

27.

28.

29.

30.

31.

32.

in cervical cancer. Oncotarget. 2015; 6:1090-100. https://doi.
org/10.18632/oncotarget.2836.

He SQ, Rehman H, Gong MG, Zhao YZ, Huang 7Y,
Li CH, Zhang WG, Chen XP. Inhibiting survivin expression
enhances TRAIL-induced tumoricidal activity in human
hepatocellular carcinoma via cell cycle arrest. Cancer Biol
Ther. 2014; 6:1258-1268.

Kazuhiko N, Keisuke H, Tatsuki I, Kazuhiko A, Katsumi E,
Ishii N. Survivin downregulation by siRNA sensitizes
human hepatoma cells to TRAIL-induced apoptosis. Oncol
Rep. 2006; 16:389-392.

St Germain C, Niknejad N, Ma L, Garbuio K, Hai T,
Dimitroulakos J. Cisplatin induces cytotoxicity through the
mitogen-activated protein kinase pathways and activating
transcription factor 3. Neoplasia. 2010; 12:527-538.
Varoni EM, Lo Faro AF, Sharifi-Rad J, Iriti M. Anticancer
molecular mechanisms of resveratrol. Front Nutr. 2016; 3:8.
Zhang P, Li H, Yang B, Yang F, Zhang LL, Kong QY,
Chen XY, Wu ML, Liu J. Biological significance and
therapeutic implication of resveratrol-inhibited Want,
Notch and STAT3 signaling in cervical cancer cells.
Genes Cancer. 2014; 5:154—-164. https://doi.org/10.18632/
genesandcancer. 15.

Taguchi A, Koga K, Kawana K, Makabe T, Sue F,
Miyashita M, Yoshida M, Urata Y, [zumi G, Tkamura M,
Harada M, Hirata T, Hirota Y, et al. Resveratrol enhances
apoptosis in endometriotic stromal cells. Am J Reprod
Immunol. 2016; 75:486-492.

Malumbres M, Barbacid M. Cell cycle, CDKs and cancer:
a changing paradigm. Nat Rev Cancer. 2009; 9:153-166.
O’Connor DS, Wall NR, Porter AC, Altieri DC. A p34cdc2
survival checkpoint in cancer. Cancer Cell. 2002; 2:43-54.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Huang J, Lyu H, Wang J, Liu B. Influence of survivin-
targeted therapy on chemosensitivity in the treatment of
acute myeloid leukemia. Cancer Lett. 2015; 366:160—172.
Sarthy AV, Morgan-Lappe SE, Zakula D, Vernetti L,
Schurdak M, Packer JC, Anderson MG, Shirasawa S,
Sasazuki T, Fesik SW. Survivin depletion preferentially
reduces the survival of activated K-Ras-transformed cells.
Mol Cancer Ther. 2007; 6:269-276.

Tsai JH, Yang J. Epithelial-mesenchymal plasticity in
carcinoma metastasis. Genes Dev. 2013; 27:2192-2206.
Saxena A, Yashar C, Taylor DD, Gercel-Taylor C. Cellular
response to chemotherapy and radiation in cervical cancer.
Am J Obstet Gynecol. 2005; 192:1339-1403.

Kruyt FA. TRAIL and cancer therapy. Cancer Lett. 2008;
263:14-25.

Dasari S, Tchounwou PB. Cisplatin in cancer therapy:
molecular mechanisms of action. Eur J Pharmacol. 2014;
740:364-378.

Roos WP, Thomas AD, Kaina B. DNA damage and the
balance between survival and death in cancer biology. Nat
Rev Cancer. 2016; 16:20-33.

Kotha A, Sekharam M, Cilenti L, Siddiquee K, Khaled A,
Zervos AS, Carter B, Turkson J, Jove R. Resveratrol
inhibits Src and Stat3 signaling and induces the apoptosis
of malignant cells containing activated Stat3 protein. Mol
Cancer Ther. 2006; 5:621-629.

Kashiyama T, Oda K, Tkeda Y, Shiose Y, Hirota Y, Inaba K,
Makii C, Kurikawa R, Miyasaka A, Koso T, Fukuda T,
Tanikawa M, Shoji K, et al. Antitumor activity and
induction of TP53-dependent apoptosis toward ovarian
clear cell adenocarcinoma by the dual PI3K/mTOR
inhibitor DS-7423. PLoS One. 2014; 9:¢87220.

www.impactjournals.com/oncotarget

13461

Oncotarget



