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Combination of FTY720 with cisplatin exhibits antagonistic
effects in ovarian cancer cells: Role of autophagy
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Abstract. Combination therapy with different anticancer drugs
has been proven to be an effective strategy for the treatment of
various types of cancers, including ovarian cancer. We have previ-
ously reported that FTY720 exhibited potent cytotoxic effects in
ovarian cancer cells through the necrotic pathway, which differs
from the killing effect of cisplatin (CDDP). In the present study,
we report that the combination of FTY720 with CDDP yields
an unexpected antagonistic effect towards the cytotoxicity of
CDDP in a variety of ovarian cancer cell lines, including both
CDDP-sensitive and -resistant cells. The antagonistic activity of
FTY720 appears ascribable to its effect in autophagy induction.
A significant increase in baseline autophagy was observed in
CDDP-resistant ovarian cancer cells, compared with the sensi-
tive cells. Blockade of autophagy by either a pharmacological
inhibitor (3-MA) or siRNA-mediated knockdown of autophagic
gene expression enhances CDDP-induced apoptotic cell death.
Notably, by inhibiting autophagy, 3-MA can convert the combi-
nation of FTY720 with CDDP from an antagonistic into an
additive effect towards killing ovarian cancer cells. Collectively,
the findings suggest that a combination of an autophagy regu-
lator with the CDDP-based regime could effectively modulate its
efficacy for the treatment of ovarian cancer.

Introduction

Ovarian cancer remains the leading cause of death in
women with gynecological malignancies, despite significant

Correspondence to: Professor Pu Xia, Signal Transduction Program,
Centenary Institute, Sydney Medical School, University of Sydney,
Australia

E-mail: p.xia@centenary.org.au

Professor Wen Di, Department of Obstetrics and Gynecology, Renji
Hospital and Institute of Obstetrics and Gynecology, Shanghai Jiao
Tong University School of Medicine, Key Laboratory of Gynecologic
Cancer Shanghai Municipality, Shanghai, P.R. China

E-mail: diwen163@163.com

Key words: ovarian cancer, cisplatin, combination chemotherapy,
FTY720, autophagy

improvements in surgical cytoreduction and chemotherapeutic
treatment (1). One of the major obstacles to curing ovarian
cancer is the cancer exerts a high rate of drug-resistance either
inherent or acquired to chemotherapy (2). It is thus imperative
to develop more effective therapeutic strategies that circum-
vent the resistance mechanism of cancer cells.

Autophagy is a process of bulk degeneration of damaged
organelles, protein aggregates, and other macromolecules
in the cytoplasm (3). It is traditionally regarded as a cellular
response to nutrient deprivation or starvation, whereby cells
digest a portion of cytoplasm to recycle nutrients for survival
(3,4). Previous studies have suggested that autophagy is a
general response mechanism to a wide range of cellular
stresses (4,5). Autophagy either constitutes stress adaptation
machinery for cell survival in certain cellular scenarios, or
in other settings, activates an alternative pathway leading to
cellular demise. The latter is referred as autophagic cell death
(or type II cell death), although the physiological significance
of this type of cell death remains controversial (6,7). Notably,
radiation and chemotherapeutic drugs that kill cancer cells
through apoptosis were often observed to induce autophagy
in certain human cancer cells (8). However, the functional
relationship between apoptosis and autophagy and the poten-
tial cross-regulation between these two processes in cancer
chemotherapy are still largely unknown.

FTY720 (2-amino-2-[2-(4-octylphenyl)-1,3-propanediol-
hydrochloride], also known as Fingolimod, is a synthetic
analog of spingosine (9). The drug was originally developed
as an immunosuppressive agent (10), which is currently
undergoing multiple clinical trials, including prevention of
kidney graft rejection (11) and treatment of relapsing multiple
sclerosis (12). In addition, FTY720 has also shown preclinical
antitumor efficacy in various cancer models, including those
of breast, bladder, prostate, lung, liver and hematopoietic
malignancies (reviewed in ref. 13). More recently, we have
reported that FTY720 exhibited potent cytotoxic effects in
ovarian cancer cells through a mechanism differing from that
of cisplatin (CDDP), the most commonly used drug in ovarian
cancer treatment (14). Combination therapy with different
anticancer drugs has been proven to be an effective strategy
for overcoming drug resistance and achieving better outcomes
in chemotherapy of ovarian cancer. The present study was
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designed to investigate the effect of FTY720 combing with
CDDP in ovarian cancer cells. Surprisingly, the combination
yields a wide rang of antagonism towards the cytotoxicity
of CDDP in a variety of ovarian cancer cell lines, including
CDDP-sensitive and -resistant cells. This suggests that combi-
nation of FTY720 with CDDP is not an ideal combinational
regime, although they exert their own anticancer efficacy
through distinct killing mechanisms.

Materials and methods

Cell lines and reagents. Human ovarian carcinoma cell
lines A2780, 2008, SKOV-3 and IGROV-1 were cultured in
DMEM medium supplemented with 10% heat-inactivated
fetal calf serum, penicillin (100 U/ml) and streptomycin
(100 pg/ml) at 37°C in a humidified atmosphere of 5% CO,.
FTY720 and SKI-II (4-[4-(chlorophenyl)-2-thiazolyllamino-
phenol) were purchased from Cayman (Ann Arbor, MI, USA).
Cis-diaminedichloroplatinum (CDDP), 3-methyladenine
(3-MA) and all other chemicals were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Cell viability assay. Cells (3,000 cell/well) were seeded in
three to four replication into 96-well plates and incubated with
or without FTY720 at the indicated concentration for a desired
time period. After the indicated treatments, cell viability
was assessed using the MTS (3-(4, 5-dimethylthiazol-2-yl)-
5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt; Sigma) assay as described previously (15). The
absorbance intensity of the MTS product is directly propor-
tional to the number of viable cells in culture when cell number
is between 2,000 and 200,000; otherwise the exponential
dependence was determined. The cell viability was expressed
as a percentage of absorbance in cells with indicated treat-
ments to that in cells with vehicle control treatment.

Clonogenic assay. Cells were treated for 24 h with the indi-
cated drugs, washed and incubated in drug-free media for
14 days. Cells were fixed with 70% methanol and stained with
crystal violet. Colonies, defined as clusters of =50 cells, were
scored manually with the aid of a Nikon TS100 inverted micro-
scope. Clonogenic survival was expressed as the percentage of
colonies formed in drug-treated wells with respect to vehicle
alone. Under standard conditions, >100 colonies were formed
in untreated control cells following 14 days of incubation.

Combined drug effect analysis. The multiple drug effect anal-
ysis of Chou and Talalay was used to evaluate combined drug
effects, which is based on the median-effect principle (16). The
combination index (CI) and dose-reduction index (DRI) were
calculated for determining the mode of interaction (synergism,
antagonism and additive effect) between FTY720 and CDDP
as described by Chou and Talalay (16,17). CompuSyn software
was applied for above drug combination analysis as described
previously (18).

Immunoblot analysis. Equal amounts of proteins collected
from cell lysates were resolved by 8-15% SDS-PAGE using
a NuPAGE system (Invitrogen, Carlsbad, CA, USA) and then
transferred onto PVDF membranes according to the manu-
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facturer's instructions. After blocking with 5% non-fat milk
in PBS containing 0.1% Tween-20, the PVDF membranes
were probed with primary antibodies against Beclin-1,
LC-3 (Novus Biologicals, Littleton, CO, USA) and p-actin
(Sigma) at 4°C overnight, followed by horseradish peroxidase-
conjugated proper second antibodies. The immunoreactivities
were detected with enhanced chemiluminescence Plus kit
(GE Healthcare, Piscataway, NJ, USA). Densitometry was
performed on a Kodak Imager.

Fluorescence microscope. The subcellular localization of
LC3 was examined in cells overexpressing GFP-LC3 (gift
from Dr M.J. Zhao, Shanghai Institutes for Biological Science,
China) by fluorescence microscopic analysis. Cells displaying
adiffuse distribution of GFP-LC3 in the cytoplasm and nucleus
were considered non-autophagic, whereas cells presenting
intense GFP-LC3 punctations with no nuclear GFP-LC were
classified as autophagic formation. Autophagy was quantified
by counting the percentage of GFP-LC3-transfected cells
showing accumulation of GFP-LC3 in puncta (=100 cells were
counted for each experiment).

RNA interference. Chemically synthesized scrambled RNAi
oligonucleotides and siRNA targeting human Beclin 1 and
LC3 were purchased from GenePharma (Shanghai, China).
The siRNA corresponding to human cDNA sequence are:
Beclin 1, GAA TGT CAG AAC TAC AAA CGC TGT T; LC3,
GAA GGC GCU UAC AGC UCA A. The siRNA transfection
was performed using Hiperfect reagent (Qiagen, Germantown,
MD, USA) according to the manufacturer's protocol. The
expression levels of targeted genes were detected by western
blot assays after 36-48-h transfection.

Statistical analysis. SPSS11.0 software package was used to
perform statistical analysis. Unpaired Student's t-tests were used
for comparison between two groups. For multiple comparisons,
results were analyzed by ANOVA followed by the Dunnet's
test. A p<0.05 was considered statistically significant.

Results

FTY720-induced cytotoxicity in ovarian cancer cells is cell
density-dependent. Our previous study reported that FTY720
exhibits a potent cytotoxic effect in ovarian cancer cells via
non-apoptotic programmed cell death pathways, which is
distinct from the CDDP-mediated apoptotic cell death (14).
In an attempt to further characterize the killing mechanism
of FTY720, we investigated the influence of cell density on
the cytotoxicity of FTY720 in ovarian cancer cells. Consistent
with our previous report, FTY720 induced cell death in
subconfluent cultures in a dose-dependent manner in ovarian
cancer cells (Fig. 1). However, the sensitivity to FTY720 was
significantly reduced when the treatment was conducted on
cells reaching confluence. Moreover, almost no cell death
was observed in over-confluent cultures treated with FTY720
(Fig. 1). In contrast, CDDP induced cell death was independent
of the cell density, irrespective of cellular sensitivity to CDDP
(Fig. 1A). These observations further strengthen the notion
that FTY720 functions through a distinct pathway to CDDP in
killing of ovarian cancer cells.
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Figure 1. FTY720 induces cytotoxicity in ovarian cancer cells dependent on cell density. OV2008 (A) and A2780 (B) ovarian cancer cell lines were plated
with different cell densities and treated with various doses of FTY720 (5, 7.5 and 10 M) or CDDP (10 #M). Cell viability was then determined post 12-h
treatment. Data are expressed as the percentage (%) of control group without treatment and represented means + SD from three independent experiments.
p<0.05, confluent cultures compared with sub-confluent or over-confluent cultures.
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Figure 2. Combined effect of FTY720 with CDDP in ovarian cancer cells. (A) OV2008, IGROV-1, A2780 and SKOV-3 cells were cultured reaching confluence
and treated for 24 h with increasing concentrations of CDDP (2.5, 5.0, 10, 20 and 40 uM, respectively for D1-D5) and/or FTY720 (1.25, 2.5, 5, 10 and 20 M,
respectively for D1-D5). The percentages of cell death were measured by MTS assay. All values represent the means with bars as SD of three samples in an
independent experiment, which were repeated three times with similar results. (B) Combination index (CI) of CDDP and FTY720 on various ovarian cancer
cells was calculated as described (16,17). Here fa in X-axis denotes fraction affected (e.g., fa of 0.5 is equivalent to a 50% of cell death).

Combination of FTY720 with CDDP exhibits an antagonistic
effect on the cytotoxicity in ovarian cancer cells. Combination
of CDDP with other therapeutic agents that exert different
killing mechanisms has becoming the predominate trend for
better clinical outcomes of platinum-based chemotherapy in
ovarian cancer patients (19,20). Thus, we evaluated the effect of
FTY720 in combination with CDDP in both CDDP-sensitive

(OV2008 and IGROV-1) and -resistant (A2780 and SKOV-3)
ovarian cancer cells. As reported previously (14), treatment
with either FTY720 or CDDP resulted in a dose-dependent
cytotoxicity in these ovarian cancer cell lines, although A2780
and SKOV-3 cells exhibited resistance to CDDP to a certain
degree (Fig. 2A). However, combination of FTY720 and
CDDP did not yield any additive cytotoxic effects on these
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Figure 3. Difference in autophagy levels between CDDP-sensitive and refractory cells. (A) OV2008, SKOV-3, A2780 and IGROV-1 cells were treated with
vehicle or indicated concentration of CDDP for 24 h. LC3-II formation was then determined by immunoblot analysis. Similar results were obtained in three
independent experiments. (B) OV2008 or A2780 cells were transiently transfected with enhanced green fluorescent protein-labeled LC3 (pEGFP-LC3) and
visualized by fluorescence microscopy post 24-h transfection. The representative images of GFP-LC3 staining are shown (left panels) and the percentage of
GFP-positive cells presenting typical GFP-LC3 puncta (>5 puncta per cell) is depicted (right panel). Data are means + SD of three independent experiments

(=100 cells were counted in each experiment).

ovarian cancer cells (Fig. 2A). For detailed analysis of the
combinational drug effect, we determined the mass-action law
parameters, including Dm, m and r values, which represent
the potency, shape of dose-effect curve and the conformity
to the mass-action law, respectively, for each drug and their
combinations (Table I). These Dm and m values were then
used to calculate the combination index (CI) values based
on the Chou-Talalay method, where CI <1, =1 and >1, indi-
cate synergism, additive effect and antagonism, respectively
(16,17). The CI-fa (fraction affected) curves of FTY720/CDDP
combination show the CI values ranging from 0.97 to 1.51 at
different effect levels from ICs, to IC,, (Fig. 2B), indicating an
extensive range of antagonism in the combinational treatment.

CDDP-resistant cells exhibit increased levels of autophagy.
We have previously reported that in addition to its cytotoxic
effect, FTY720 induces autophagy in ovarian cancer cells
(14). We thought that the antagonistic effect of FTY720 in
the combination with CDDP might be attributed to autophagy
formation. To test this hypothesis, we firstly investigated the
potential role of autophagy in ovarian cancer cells response
to CDDP. Interestingly, the CDDP-resistant cells, SKOV3 and
A2780, exhibited a significant increase in baseline levels of
autophagy, as determined by LC3 expression and its lipida-
tion status (LC3-II), compared with the sensitive OV2008 and
IGROV-1 cells (Fig. 3A). The increased levels of autophagy
in the resistant cells remained following CDDP treatment
(Fig. 3A). To further confirm the difference in autophagy
levels between CDDP-resistant and sensitive cells, we trans-

Table I. Dose-effect relationship parameters of FT'Y720 or/and
CDDP against various ovarian cancer cell lines.

Cell lines Compound m  Dm M) r n
OV2008 FTY720 2416 11.15 0912 5
CDDP 1.193 14.83 0988 5
FTY720+CDDP 1.627 16.02 0984 5
IGROV-1 FTY720 1.555 9.26 0917 5
CDDP 0.980 15.74 0907 5
FTY720+CDDP 0.995 13.86 0995 5
A2780 FTY720 2.486 10.10 0951 5
CDDP 1.564 2521 0940 5
FTY720+CDDP 2.103 2298 0976 5
SKOV-3  FTY720 2244 9.63 0990 5
CDDP 1.164  48.10 0979 5
FTY720+CDDP 1.405 20.07 0966 5

The parameters m, Dm and r signify the shape of the dose-effect
curve, the potency (ICs,) and conformity of the data to the mass-action
law. n, is the number of sets of dose-effect relationship experiments
that were carried out. m and Dm values were calculated as described

(16,17).

fected GFP-LC3 into A2780 and OV2008 cells and monitored
the accumulation of GFP-LC3 puncta in the transfected cells.
As seen in Fig. 3B, the resistant A2780 cells showed a signifi-
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Figure 4. Effect of autophagy inhibition on the sensitivity of ovarian cancer
cells to CDDP treatment. (A) OV2008, IGROV-1, A2780 and SKOV-3 cells
were treated for 24 h with increasing concentrations of CDDP (0, 5 and
10 #M) in the absence or presence of 3-MA (5 mM) and then the cell viability
was measured by MTS assays. (B) A2780 cells were transfected with specific
siRNAs targeting human Beclin 1 or LC-3 and scrambled control siRNA
for 48 h and expression levels of Beclin 1 LC3-I and LC3-II were deter-
mined by immunoblot assays (top panels). Cell viability (bottom panels) was
determined in the siRNA-transfected cells exposed to CDDP (10 M) for an
additional 24 h. Data are means + SD from three independent experiments
("p<0.01).

cant increase in the number of cells with puncta fluorescence,
whereas the majority of GFP-LC3 transfected OV2008 cells
displayed a diffused distribution of fluorescence. Together,
these findings indicated that CDDP-resistant ovarian cancer
cells exhibit elevated levels of autophagy compared to CDDP-
sensitive cells.
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Blockage of autophagy augments CDDP-induced cell
death. To examine the role of autophagy in the cytotoxic
effect of CDDP in ovarian cancer cells, we employed the
pharmacological inhibitor, 3-methyladenine (3-MA), that
has been demonstrated to effectively block the formation of
autophagosome (21). Notably, treatment with 3-MA resulted
in a significant increase in CDDP-induced cell death in
either CDDP-sensitive or -resistant cells (Fig. 4A). In order to
exclude off-target effects of the chemical inhibitor 3-MA, we
used siRNA to specifically knock-down the expression of LC3
and Beclin 1, known to be crucial for autophagy formation and
function (22). As shown in Fig. 4B, transfection of A2780 cells
with either Beclin 1- or LC3-siRNA significantly decreased
the target protein expression, compared with the control
siRNA-transfected cells. In line with the 3-MA experimental
data, silencing of Beclin 1 or LC3 expression significantly
enhanced cellular response to CDDP killing effect (Fig. 4B,
bottom panels). Furthermore, inhibition of autophagy by
3-MA reverses the antagonism of FTY720 into a significant
additive killing effect in its combination with CDDP in either
the CDDP-sensitive OV2008 cells or the resistant A2780
cells (Fig. 5A). This observation was further confirmed by
long-term colony formation assays (Fig. 5B). Collectively,
these data suggest that autophagy is capable of affecting cell
response to CDDP treatment and that blockade of autophagy
renders ovarian cancer cells susceptible to the cytotoxicity of
either CDDP or FTY720 or their combination.

Discussion

Drug resistance is still a major obstacle to successful treatment
of ovarian cancer. While platinum-based chemotherapy has
achieved a high response rate, the great majority relapses and
develops resistance to further chemotherapy (19,20). As such,
CDDP combination therapy with multiple drugs or multiple
modalities that overcome drug resistance is one of the major
strategies for achieving better therapeutic outcomes of ovarian
cancer (2).

FTY720, a synthetic analog of sphingosine, has been shown
to have a powerful therapeutic potential in the treatment of
various types of cancers (13). In our previous studies, we found
that FTY720 exerts a potent cytotoxic effect against ovarian
cancer cells via the apoptosis-independent programmed cell
death pathway accompanied with autophagy formation (14).
The FTY720-induced cytotoxicity is also demonstrated to be
clearly distinct from CDDP-mediated apoptotic cell death in
ovarian cancer cells (14). Such a difference has been further
demonstrated by the present study, showing that FTY720-
induced cell death is cell density-dependent, whereas CDDP
killing effect is independent of cell density (Fig. 1). We
expected that the distinct killing mechanisms of FTY720 and
CDDP might lead to a potent and effective combination of these
two agents for treatment of ovarian cancer cells. Surprisingly,
the combination index analysis revealed that FTY720/CDDP
combination exhibited a broad rang of antagonism in both
CDDP-sensitive (OV2008 and IGROV-1) and -resistant (A2780
and SKOV-3) ovarian cancer cells, with CI ranging from 0.97
to 1.51 for ICs, to IC,,. This suggests that the combination of
FTY720 with CDDP does not produce a favorable interaction
for their cytotoxicity in ovarian cancer cells in vitro or in vivo.
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Figure 5. Autophagy inhibition modulates the combined effect of FT'Y720 with CDDP in ovarian cancer cells. (A) OV2008 and A2780 cells were exposed to
increasing concentrations of CDDP (2.5, 5.0, 10, 20 and 40 uM, respectively for D1-D5) and/or FTY720 (1.25,2.5,5, 10 and 20 uM, respectively for D1-D5) for
24 h in the absence or presence of 3-MA (5 mM) and then cell viability was determined. (B) Clonogenic survival assays were conducted in OV2008 and A2780
cells treated for 24 h with vehicle, CDDP (5 uM), FTY720 (2.5 uM) or combination of CDDP and FTY720 in the absence or presence of 3-MA (2.5 mM) as
described in Materals and methods. Data are means + SD of triplicates. “p<0.05, “p<0.01; presence vs absence of 3-MA.

Instead, the combination of FTY720 and CDDP results in an
antagonistic effect, although these two individual drugs induce
cell death through strikingly different mechanisms.

In an attempt to investigate the possible mechanisms by
which FTY720 antagonizes the cytotoxicity of CDDP, we
examined the role of autophagy, as it has been suggested to
be an important protective mechanism against anticancer ther-
apies (8). Indeed, the ability of FTY720 to induce autophagy
formation and enhance autophagic flux in ovarian cancer cells
has been demonstrated by our earlier studies (14). Therefore,
we thought that the antagonism resulted from the combination
of FTY720 with CDDP may be ascribable to the protective
role of autophagy in refractory response to CDDP treatment.
This notion is supported by our findings. The CDDP-resistant
SKOV3 and A2780 cells exhibit a significantly higher level
of autophagy than that in the sensitive OV2008 and IGROV-1
cells under both basal and drug-stimulated conditions, as
determined by the expression levels of LC3-1I and GFP-fussed
LC3 translocation (Fig. 3). Notably, inhibition of autophagy
by using small-molecule inhibitor 3-MA strengthened the
cytotoxicity of CDDP in all ovarian cancer cells that we
tested. The sensitizing effects of 3-MA appear independent
of cellular responsiveness to CDDP (Fig. 4). Blockage of
autophagy formation by the siRNA-mediated knockdown
of LC3 and Beclin 1 expression significantly enhanced the
killing effect of CDDP. Moreover, inhibition of autophagy
by 3-MA converted the combination of FTY720 with CDDP
from an antagonistic into an additive effect towards to killing
ovarian cancer cells (Fig. 5). These observations not only
confirm the effect of FTY720 in autophagy induction, but
also suggest that autophagy is, at least partially, responsible

for the antagonistic of FTY720 in its combination with
CDDP. Interestingly, a recent study showed that combination
of FTY720 with milatuzumab, an anti-CD74 mADb, resulted
in a significant synergistic effect in treatment of mantle cell
lymphoma cells (23). The synergistic effect of FTY720 was
suggested to be ascribable to its function in blockage of
autophagic flux and disruption of the autophagic-lysosomal
degradation of CD74 (23). The inhibitory effect of FTY720
on autophagy in the lymphoma cells strikingly conflicts with
the findings that FTY720 induces autophagy formation and
promotes autophagic flux in ovarian cancer cells and other
neoplastic cells, as reported from our studies and others
(14,24-26). This discrepancy may suggest that the effect of
FTY720 on autophagy is cell type-dependent. Notably, there
is accumulating evidence showing autophagy can func-
tion as either a pro-survival or a pro-death mechanism in a
highly context-dependent manner (6). As such, the actions of
FTY720 on autophagy should be taken into account in evalu-
ation of the anticancer efficacy of FTY720, especially in its
combination with other chemotherapeutic agents.

There is considerable evidence indicating that autophagy
is often induced in response to various stress conditions,
such as exposure to anticancer drugs or other cytotoxic
agents (8,27-29). Under these conditions, autophagy has been
suggested to play an important cytoprotective role for cell
survival (3,29,30). Indeed, inhibition of autophagy has been
shown to enhance the anticancer efficacy of various anticancer
therapies (8,31,32). Along with these observations, our findings
further support the concept that inhibition of autophagy may
represent a promising strategy for the treatment of refractory
cancers, including ovarian cancer.
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