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Combination treatment of FTY720 and cisplatin exhibits
enhanced antitumour effects on cisplatin-resistant
non-small lung cancer cells
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Abstract. A major common medical treatment for lung
carcinoma is cisplatin (DDP)-based therapy. However, the
development or existence of chemoresistance frequently blocks
its effectiveness. Currently, autophagy is recognised as a poten-
tial anticancer strategy, although there is controversy over its
role in the development of cancer. In lung carcinoma, no studies
of autophagy induced by FTY720, a sphingosine 1-phosphate
analog and a novel immunosuppressant drug, have been
published, while apoptosis has been shown to be induced by
FTY720 in several cancer cell lines. We evaluated the effects
of FTY720 on autophagy in A549 cells and studied the related
mechanisms of cell autophagy and apoptosis in non-small cell
lung carcinoma, including both DDP-resistant and -sensitive
cells. The results revealed that FTY720 inhibited the growth
and induced apoptosis in the A549/DDP cells in a time- and
dose-dependent manner and the combination of FTY720 and
DDP further enhanced apoptosis in these cells as determined by
CCK-8 assay, western blotting and flow cytometry. Compared
with the sensitive cell line A549, DDP-resistant A549/DDP
cells showed a substantial increase in baseline autophagy as
determined by increased LC puncta, and expression of LC3-I,
LC3-II and Atg7 expression. DDP-induced apoptotic cell death
was enhanced by the blockade of either siRNA-mediated
knockdown of Atg7 genetic expression or a pharmacological
inhibitor (3-MA). Moreover, the combination of FTY720 and
DDP showed enhanced antitumour activity in vivo in lung
cancer-bearing mice. Immunohistochemistry showed that the
mice with lung carcinoma treated with FTY720 and DDP
showed decreased expression of Atg7 and Ki67. Compared
with monotherapy in vivo and in vitro, FTY720 in combination

Correspondence to: Professor Mingwei Chen, Department
of Respiratory and Critical Care Medicine, The First Affiliated
Hospital of Xi'an Jiaotong University, 277 West Yanta Road, Xi'an,
Shaanxi 710061, P.R. China

E-mail: chenmw0320@163.com

Key words: FTY720, cisplatin, resistance, autophagy, non-small
lung cancer cells

with DDP inhibited A549 cell growth more effectively. and
these findings also show the influence of FTY720 in the induc-
tion of autophagy. Overall, the results indicated that FTY720
in combination with a DDP-based regime could enhance the
effectiveness of lung carcinoma treatment.

Introduction

In China and many other countries, lung carcinoma is a leading
cause of cancer-related death (1). Nearly 70-80% of all lung
carcinoma cases are classified as non-small cell lung cancer
(NSCLC), including large and squamous cell carcinoma, as
well as adenocarcinoma (2). Currently, chemotherapeutic
agents are commonly used for the treatment of lung carcinoma.
A platinum-based compound, cisplatin (DDP), is one of the
leading chemotherapeutic agents for NSCLC treatment (3,4).
However, the development of chemoresistance frequently blocks
its effectiveness (5,6). Therefore, elucidation of the molecular
mechanisms of DDP resistance may be helpful for clinicians to
identify resistance earlier and, consequently, improve the effec-
tiveness of lung carcinoma treatment. Thus, identifying novel
agents with anticancer effects on DDP-resistant lung carcinoma
cells is desperately needed.

FTY720 [2-amino-2-[2-(4-octylphenyl)-1,3-propanediol
hydrochloride)], which is also known as Gilenya or fingolimod,
is an artificial compound based on the secondary fungal metabo-
lite myriocin (ISP-I) and is an effective immunosuppressant that
was validated as a new treatment for multiple sclerosis by the
FDA in September 2010. FTY720 is a potential treatment for
organ transplantation and cancer and has been assessed in many
types of cancer, including ovarian cancer (7), hepatocellular
carcinoma (HCC) (8), multiple myeloma (9), leukaemia (10),
glioblastoma (11) and prostate cancer (12). Studies conducted in
pre-clinical models have also been performed. Current evidence
suggests that FTY720 has effective anticancer action in carci-
noma models, but the mechanisms of cancer cell death mediated
by FTY720 have been reported to change based on cancer type.

Currently, autophagy is recognised as a potential anticancer
strategy, although there is controversy over its role in the devel-
opment of cancer (13). Autophagy was first recognised as an
evolutionarily conserved process of catabolism by which cells
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control protein turnover and eliminate damaged organelles
as well as misfolded proteins (14). It is an adaptive reaction
to multiple types of stress, including oxidative and metabolic
stress, which occurs not only in cancer cells, but also in normal
cells (15). Maintaining energy homeostasis by recycling cellular
components is the primary role of autophagy (16). The influence
of this process on cancer chemosensitivity and tumourigenesis,
including that of lung cancer, is unclear, although it promotes
the survival of normal cells.

In lung carcinoma, no studies of autophagy induced by
FTY720 have been published, while apoptosis has been shown
to be induced by FTY720 in several cancer cell lines. We
evaluated the effects of FTY720 on autophagy in A549 cells
and studied the related mechanisms of cell autophagy and
apoptosis, which are different cell death pathways.

Materials and methods

Cell culture and reagents. The American Type Culture Collection
(ATCC; Manassas, VA, USA) provided the human lung carci-
noma cell lines. Dulbecco's modified Eagle's medium (DMEM)
containing 20 mM HEPES buffer and 100 yxg/ml gentamycin as
well as 10% foetal bovine serum (FBS) was used to culture the
cells for all experiments. FTY720 was obtained from Echelon
Biosciences (Salt Lake City, UT, USA). Anti-Atg7, anti-GAPDH,
anti-Bax, anti-Bcl-2 and anti-cleaved caspase-9 as well as anti-
Lcs3 antibodies were purchased from Abcam (Cambridge, UK).

Cell Counting Kit-8 (CCK-8) assays. Cancer cells were seeded
in 100 ul of growth medium at a density of 8x10° cells/well in
96-well plates. Cells were treated with the indicated regents or
left untreated after incubation overnight. Then, 10 ul CCK-8
solution (CK04; Dojindo Laboratories, Kumamoto, Japan) was
added to every well for 2 h every 24 h. A microplate reader
(BioTek Instruments, Inc., Winooski, VT, USA) was used to
assess the viable cells, and absorbance was read at 595 nm.
Viable cells were analysed and compared with the non-drug-
treated group. The results are expressed as a percentage of the
control viable cells.

Flow cytometric analysis. In 60-mm plates, A549 cells were
cultured and treated with specific reagents. Control small
interfering RNA (siRNA) (siCON) or control reagents acted
as negative controls. The cells were suspended again in buffer
solution (100 mM NaCl, pH 7.4, 100 mM HEPES and 25 mM
CaCl,) with 12.5 pug of RNase, and incubated for another
30 min at 37°C for flow cytometric analysis. In the dark, 10 pl
of a propidium iodide (PI) solution (50 pg/ml) and 100 ul of
Annexin V-FITC were added to the cells for 30 min at room
temperature, and then, the cells were stained. The resultant
cells were labeled by Annexin V-FITC and PI and analyzed
on fluorescence-activated cell-sorting (FACS) Calibur
(BD Biosciences, San Jose, CA, USA) with FlowJo software
version 10. All tests were carried out 3 times.

Cell transient transfection. Transfection was carried out with
Lipofectamine 2000 Transfection Reagent in accordance
with the manufacturer's procedure (Invitrogen, Carlsbad,
CA, USA). The day before transfection, cells were seeded in
6-well plates. A 100-pmol sample of siCON or siAtg7 in 250 pl
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Opti-MEM medium (Gibco, Grand Island, NY, USA) was
mixed with 5 ul Lipofectamine 2000 dissolved in 250 pl of
the same medium and allowed to stand at room temperature
for 20 min. The resulting 500 ul transfection solutions were
then added to each well, which already contained 1.5 ml of
Opti-MEM. After 6 h, the cultures were replaced with 2 ml
fresh DMEM medium. Atg7 was targeted with siRNA duplexes
(siAtg7) targeting the following sequences: 5'-CCAACACACU
CGAGUCUUU-3' and 5'-GCCCACAGAUGGAGUAGCA-3".
A non-targeting siRNA (siCON) was used as a control with
sense (5'-UCUACGAGGC ACGAGACUU-3") and antisense
(5'-AAGUCUCGUG CCUCGUAGA-3"). siCON or siAtg7 were
synthesized by GenePharma (Shanghai, China). At 48 h after
transfection, the cells were harvested for western blot analysis.

Protein extraction and western blot analysis. Cells were
washed with cold phosphate-buffered saline (PBS) and with
RIPA lysis solution [pH 7.5, 10% glycerol, 30 mM Tris-HCI,
1% Triton X-100 and 150 mM NaCl (Beyotime, Shanghai,
China)] with protease inhibitors (10 pg/ml pepstatin, 2 mM
EDTA, 100 uM phenylmethylsulfonyl fluoride, and 10 pg/ml
leupeptin), and then, they were incubated for 15 min at 4°C
after the treatment. The cells were centrifuged at 12,000 x g
for 10 min at 4°C. The Bio-Rad protein assay kit (Bio-Rad
Laboratories, Hercules, CA, USA) was used to determine the
protein concentration of the supernatant fraction according
to the manufacturer's instructions. An equivalent amount of
overall protein was aliquoted into sample solution (Invitrogen)
and boiled for 5 min. Samples were loaded onto freshly cast
12% polyacrylamide gels. The proteins were transferred
to a 0.2-um nitrocellulose transfer membrane (Millipore,
Temecula, CA, USA) after electrophoresis. Then, membranes
were blotted at 4°C with the suitable primary antibodies over-
night. After incubation with suitable conjugated secondary
antibodies, the samples were visualised via enhanced chemi-
luminescence detection (Pierce, Rockford, IL, USA). The
ImageJ Gel Analysis tool was used for densitometric analysis.

Quantitative real-time PCR. Moloney murine leukaemia
virus reverse transcriptase (Invitrogen) was used to generate
cDNA, and total RNA was obtained using TRIzol reagent
(Life Technologies, Gaithersburg, MD, USA). The following
primers were utilised for the amplification: GAPDH (antisense)
5'-GCT CAG TGT AGC CCA GGA T-3' and (sense) 5'-ACT
GCC ACC CAG AAG ACT-3'; Atg7 (antisense) 5'-CAC GGA
AGC AAA CAA CTT CAA C-3' and Atg7 (sense) 5'-ATG
ATC CCT GTA ACT TAG CCC A-3'. SYBR-Green-based
quantitative real-time PCR was used for PCR amplifica-
tion on an ABI Prism 7900 HT sequence detection system
(Applied Biosystems). The following thermocycler conditions
were used: 94°C for 3 min followed by 35 cycles of 58°C for
30 sec, 72°C for 20 sec and 94°C for 30 sec, as well as a final
extension at 72°C for 5 min. GAPDH was used as an internal
control gene.

Immunofluorescence and confocal microscopy analysis.
Cells seeded on coverslips were immobilised for 10 min with
4% (w/v) paraformaldehyde (Sigma-Aldrich, St. Louis, MO,
USA). Then, the cells were treated with 0.1% Triton X-100
(Sigma-Aldrich) for 10 min at room temperature and washed
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Figure 1. Viability of (A) A549/DDP and (B) A549 cells was inhibited by FTY720. Human lung carcinoma cells were treated with FTY720 at the indicated
concentrations (0, 5, 10, 15 and 20 xM) for 24 and 48 h, and the survival rates were examined by CCK-8 assay. FTY720 significantly decreased the viability of
the two cell lines in a time- and dose-dependent manner. All data are shown as the mean + SD of 3 independent assays. In the untreated control cells, the cell
viability was considered to be 100%; “P<0.01 vs. the indicated group; bars, SD.

with PBS and 10% (w/v) goat serum and PBS containing 1%
(w/v) bovine serum albumin (BSA) (both from Sigma-Aldrich)
for 30 min at room temperature. The cells were subsequently
incubated with primary antibodies at 4°C overnight, followed by
incubation with the appropriate secondary antibodies for 1 h at
room temperature. Coverslips were fixed via an anti-fade fixing
solution including 4',6-diamidino-2-phenylindole (DAPI; Vector
Laboratories, Burlingame, CA, USA) after the final washes with
PBS. Images were obtained using a confocal microscope (Leica
BMI-6000; Leica Microsystems, Cambridge, UK). Fields were
selected based on DAPI staining for image quantification via
Imagel software, with a minimum 8 cells/image. Quantification
of the number of LC3 dots for each cell was performed on at
least 50 cells. The number of granules was quantified with the
use of ‘analyse granule’ function.

Tumour xenografts in nude mice. Male BALB/c nude mice,
6 weeks old, were purchased from the Shanghai Experimental
Animal Centre of the Chinese Academy of Sciences. All animal
studies were performed in accordance with the guidelines of
the Institutional Animal Care and Use Committee of Xi'an
Jiaotong University. Before the experiments, all mice were
acclimatised for 1 week and were housed with a 12 h light-
dark cycle and a relative humidity of 55+5% at 25+2°C. Then,
every mouse underwent a subcutaneous flank injection with
1x107 A549/DDP cells in 0.1 ml PBS. The mice were randomly
divided into 3 treatment groups after 5 days: FTY720 (5 mg/kg
in saline, daily, gavage) plus DDP; vehicle PBS control; and
DDP (1 mg/kg in saline, daily, gavage) alone. Treatments
began on the day of random selection. Tumours were measured
every 2 days using calipers and the tumour volume (V) was
calculated with the following formula: V = width? x length/2.
Additionally, the weight of the neoplasms was calculated.
The 3 groups received treatment by oral gavage every day
starting on day 5. All animals were sacrificed on day 24. Mice
in the control and treatment groups (n=5 in each group) were
sacrificed by cervical dislocation, and their neoplastic tissues
were collected, snap-frozen and embedded in paraffin.

Immunohistochemistry. Based on a standard protocol,
neoplasms were immobilized in formalin promptly and
implanted in paraffin. On a cryotome, tissue sections were
cut at a 5-ym thickness. In activity antigen retrieval solu-
tion (10 mM citric buffer, pH 6.0), neoplasm sections were

rehydrated, deparaffinised and heated in a microwave for
20 min for immunohistochemistry. Endogenous peroxidase
was inactivated with 3% hydrogen peroxide solution. At room
temperature, slides were blocked in 10% normal goat serum
(Sigma-Aldrich) in PBS for 1 h. Subsequently, the slides were
incubated with primary antibody against Atg7 (1:50 dilution,
rabbit polyclonal antibody) or Ki67 (1:50 dilution, rabbit poly-
clonal antibody) (both from Abcam, Cambridge, MA, USA)
overnight in a humidity chamber at 4°C. A secondary antibody
(1:50 dilution, goat-anti-rabbit IgG; Abcam) was incubated
with the slides for 1 h at room temperature after washing
with PBS. Then, cells were stained with 3,3'-diaminobenzi-
dine (DAB) and cultured with strepavidin-biotin complex for
30 min at 37°C. Sections were rinsed with Tris-buffered saline
(TBS) 3 times for 10 sec after the culture. Photomicrographs
were captured on a Leica microscope assembled with a CCD
camera before counterstaining with a quick staining kit
(Zhongshan Jingiao Biotechnology, Beijing, China).

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation (SD). Two-tailed homoscedastic Student's t-test
was used to determine the significance of differences between
two groups. All data were assessed with SPSS statistical soft-
ware (for Windows, version 18.0; SPSS, Inc., Chicago, IL, USA).

Results

FTY720inhibits the growth of A549/DDP and A549 cells. A549
and A549/DDP cells were exposed to various concentrations of
FTY720 (0,5, 10, 15 and 20 M) for 24 and 48 h. Cell survival
was detected with CCK-8 assays. The findings indicated that
A549 and A549/DDP cell viability was inhibited by FTY720
in a time- and dose-dependent manner (Fig. 1; P<0.01). After
FTY720 treatment, the ICs, value of the A549 and A549/DDP
cells was 17.21+4.23 and 10.98+1.45 uM, respectively.

FTY720 induces A549/DDP cell apoptosis in a time- and dose-
dependent manner. The cisplatin-resistant A549/DDP cells
were treated with 0, 5, 10 and 20 yuM FTY720 for 24 h, and
10 uM FTY720 for 0, 12, 24 and 48 h. After treatment with
FTY720 at 5, 10 and 20 M, respectively, for 24 h, the cell apop-
tosis rate was 4.17+1.02, 54.46+8.23 and 70.27+9.45%, which
was significantly different from the group that was not treated
with FTY720 (1.02+0.54%) (Fig. 2A; P<0.01). There was an
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Figure 2. FTY720 induces the apoptosis of A549/DDP cells in a time- and dose-dependent manner. (A) A549/DDP cells were treated with FTY720 at the
indicated concentrations (0, 5, 10 and 2.0 uM) for 24 h. The apoptotic rates of cells were quantified. (B) A549/DDP cells were treated with 10 uM FTY720 for
0, 12,24 and 48 h. Cell apoptosis was analysed at different time points by flow cytometry. The rates of cell apoptosis were quantified. (C) A549/DDP cells were
treated with FTY720 at the indicated concentrations (0, 5, 10 and 20 yM) for 24 h. (D) A549/DDP cells were treated with FTY720 for 0, 12, 24 and 48 h. The
levels of cleaved caspase-9, Bcl-2 and Bax were assessed by western blotting. The data are presented as the mean of independent assays; “P<0.01; bars, SD.
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Figure 3. FTY720 combined with DDP enhances the apoptosis rate of A549/DDP cells. (A and B) A549/DDP cells were treated with FTY720 (10 M) com-
bined with DDP (10 xg/ml) or DDP or FTY720 alone for 24 h. (C) A549/DDP cells were treated with DDP or FTY720 alone or FTY720 (10 #M) in combination
with DDP (10 pg/ml) for 24 h. The levels of cleaved caspase-9, Bax and Bcl-2 were assessed by western blot experiments. Data are presented as the mean + SD
from 3 independent assays; ““P<0.01; bars, SD.

increase in A549/DDP cell apoptosis after 12-48 h of treatment ~ manner. We assessed protein expression in A549/DDP cells and
with FTY720. The findings showed that A549/DDP cell apop-  found that the Bcl-2 protein level was downregulated while the
tosis was induced by FTY720 in a time- and dose-dependent  levels of cleaved caspase-9 and Bax were upregulated following
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Figure 4. Difference in autophagy levels between A549/DDP and A549 cells. (A) LC3 antibody-stained A549/DDP or A549 cells. The percentage of LC3-
positive cells showing representative LC3 puncta (>5 puncta/cell) is shown (right panel), and typical images of LC3 staining are presented (left panels). Data
are the mean + SD of 3 independent assays (=100 cells were counted in every assay). (B) Western blot analysis of the expression levels of Atg7, LC3-II and
LC3-1. (C and D) Cells were transfected with siCON or Atg7 siRNA, and the Atg7 expression was assessed by western blotting and real-time PCR. GAPDH

was used as a loading control; “P<0.01; bars, SD..

FTY720 treatment (Fig. 2C and D), further confirming that
AS549/DDP cell apoptosis was induced by FTY720.

FTY720 combined with DDP enhances the cell apoptosis
of A549/DDP cells. The cisplatin-resistant A549/DDP cells
were treated with a combination of FTY720 (10 M) and
DDP (10 pg/ml). The apoptosis rates of the A549/DDP cells
were 31.82+7.56, 23.90+4.32 and 60.07+6.56% for the DDP
monotreatment, control and combination treatment groups,
respectively, after 1 day. However, the combination treatment
group showed increased apoptosis compared to the monotreat-
ment and control groups (Fig. 3A and 3B; P<0.01). Furthermore,
expression levels of Bax, cleaved caspase-9 and Bcl-2 were
determined using western blot analysis after the combination
treatment. The findings indicated that the combination of the
two agents resulted in a significantly greater decrease in Bcl-2
and increase in Bax and cleaved caspase-9 than that of either
drug alone (Fig. 3C; P<0.01). Collectively, those findings indi-
cated that DDP in combination with FT'Y720 showed increased
efficacy through apoptosis induction in A549/DDP cells.

DDP-resistant cells exhibit increased levels of autophagy. We
considered that autophagy formation may be a mechanism
underlying DDP resistance. First, we determined the potential
effect of DDP on autophagy in lung carcinoma cells to verify
this assumption. Notably, we observed accretion of LC puncta
in the A549/DDP cells via immunofluorescence (Fig. 4A).

Based on the number of cells with fluorescent puncta, a substan-
tial increase was observed in the resistant A549/DDP cells.
However, in A549 cells, the marker LC3 showed a dispersed
distribution via fluorescence. Compared with the sensitive
A549 cells, A549/DDP, which is a DDP-resistant cell line,
showed a substantial increase in baseline levels of autophagy,
as determined by LC3 expression, confirming the difference
in autophagy levels between DDP-sensitive and -resistant
cells (Fig. 4B). Western blot analyses were carried out to assess
the effect on autophagy and Atg7 in chemoresistance. Increased
Atg7 induction was displayed in the A549/DDP cells with
high levels of autophagy as shown in Fig. 4B (middle panel).
Compared with the DDP-sensitive cells, DDP-resistant lung
carcinoma cells showed increased levels of autophagy.

Silencing of Atg7 sensitises chemoresistant cells to drug
treatment. We used siRNAs to knockdown the Atg7 expres-
sion to further verify that Atg7 promotes drug resistance
of lung carcinoma cells. One siRNA was used. Western blot
analysis and real-time PCR showed that Atg7 expression was
inhibited by the siRNA at both the mRNA and protein level
(Fig. 4C and D). We knocked down the expression of Atg7
and subsequently treated the A549/DDP cells with 3-MA or
FTY720. After the treatment, cell apoptosis was assessed at
24 h. Compared with siCON, Atg7 knockdown resulted in an
increase in the apoptosis rate of the A549/DDP cells. Compared
with cells treated with siAtg7 alone for 1 day after treatment,
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Figure 5. Silencing of Atg7 sensitises chemoresistant cells to agent treatment. (A and B) After diverse treatments, the rate of apoptosis was examined by FACS
analysis for 24 h. (C) A549/DDP cells were treated with FTY720, 3-MA or siAtg7 for 24 h, and subsequently, the cell lysates were collected. The protein
expression of LC3-I/11, cleaved caspase-9 and Bcl-2 was assessed by western blotting. The protein expression was standardised to that of GAPDH; “P<0.01;
bars, SD. FACS, fluorescence-activated cell-sorting.
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Figure 6. In mice bearing lung carcinoma, FTY720 improves the anticancer activity of DDP. (A) A xenograft model was constructed using 6-week-old
BALB/c nude mice. The tumour volume curves of the mice treated with DDP (1 mg/kg, daily, gavage) alone, FTY720 (5§ mg/kg, daily, gavage) and DDP (n=5/
group), or PBS control are shown; “P<0.01 vs. control. (B) Photomicrographs of xenograft tumours from nude mice. In every group, typical images of a
mouse are shown. (C) The weights of tumour for the 3 groups of BALB/c nude mice. Data are shown as the mean + SD (n=5); “P<0.01 vs. PBS control
groups. (D) Tumours were immunostained for the indicated molecules in all groups. Cell expression of Ki-67 was quantified. Atg7 was stained and quantified
as a marker of autophagy. Images are typical of 3 independent assays. (E) After immunostaining, the percenage of Ki67-positive cells is presented. (F) After
immunostaining, the percentage of Ki67-positive cells is presented. In tumour tissues, positive cells were calculated and are shown as the mean + SD (3 sec-
tions/tumour and 5 fields at random/section); “P<0.01.
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apoptosis was further increased when we knocked down Atg7
expression and treated the cells with 3-MA or FTY720 simul-
taneously (Fig. 5A and B). Our data further confirm that Atg7
promotes drug resistance of lung carcinoma cells.

FTY720 increases the antitumour activity of DDP in lung
cancer-bearing mice. We established a xenograft lung carci-
noma model in nude mice to further investigate the antitumour
effects of DDP combined with FTY720. At the end of the
experiment, all mice survived and did not show any change in
body temperature and general toxicity. Mice were allocated at
random to the post tumour cell inoculation, PBS and DDP (1 mg/
kg, daily, gavage) alone groups 6 days post tumour cell injec-
tion (Fig. 6A). An important decrease in tumour size resulted
from the treatment of FTY720 plus DDP compared with the
control group (Fig. 6A and B). Additionally, in the group treated
with FTY720 plus DDP, the tumour weight of the mice was less
than that of the control group (Fig. 6C), which indicated that
FTY720 inhibited the development of lung carcinoma. After the
mice were sacrificed, their tumours were collected, and Ki67
and Atg7 expression was assessed. Immunohistochemistry
showed that variations in Atg7 and Ki67 reflected the cell
autophagy and proliferation of tumours (Fig. 6D-F). Compared
with PBS control mice, the mice with lung carcinoma that were
treated with FTY720 and DDP showed decreased expression
of Atg7 and Ki67. Moreover, the efficacy of the antitumour
effect of DDP combined with FTY720 was further improved.
Therefore, our results suggest that the anticancer activity of
DDP can be increased by FTY720.

Discussion

A major obstacle to the successful treatment of patients with
carcinoma is drug efficacy. In the treatment of lung carcinoma,
one of the major obstacles is still resistance to chemotherapy
based on DDP (17). Therefore, it is essential to identify new
drugs to overcome DDP resistance. Similarly, one of the major
methods for improving treatment results in ovarian carcinoma
is DDP treatment combined with numerous modalities or
drugs to overcome drug resistance (18,19). We reported in the
present study that the viability of DDP-resistant A549/DDP
cells could be effectively inhibited by FTY720 in a time- and
dose-dependent manner (Fig. 1A). Notably, compared with the
AS549/DDP cells, A549 cells displayed a higher survival rate
after FTY720 treatment at 10, 15 and 20 uM for 48 h (Fig. 1B).
This unexpected phenomenon is worth further exploration,
although there was no major effect on our conclusions. We
hypothesised that compared with A549 cells, the A549/DDP
cells showed enhanced sensitivity to FT'Y720.

A549/DDP cells, which have DDP resistance, have diverse
protein and gene expression levels. The A549/DDP phenom-
enon may offer another viewpoint on DDP resistance in lung
carcinoma. Further research showed that by decreasing cell
apoptosis (Fig. 2) of A549/DDP cells, FTY720 may prevent
cell growth. One of the limitations of the present study was
that it could not account for the cell apoptosis phenomenon by
FTY720 on A549/DDP cells.

We assessed the influence of FTY720 in combination with
DDP on A549/DDP cells to clarify whether FTY720 reversed
DDP resistance in lung carcinoma. Based on our findings, the
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apoptosis of A549/DDP cells was substantially increased by
FTY720 in combination with DDP (Fig. 3). Similarly, it was
also reported in other studies that FTY720 improved the sensi-
tivity of NSCLC cells to paclitaxel with a new SET inhibitor,
EMOQA (20). Moreover, compared with the single drug treat-
ments in A549/DDP cells, the rate of apoptosis was higher
when FTY720 was used in combination with DDP (Fig. 3). As
a result, we hypothesised that FTY720 improved the cytotoxic
effect of DDP against lung carcinoma, which is DDP-resistant.

Since autophagy has been proposed to be a significant
method of protection against anticancer treatments, we studied
the effect of autophagy to identify possible methods by which
FTY720 enhances DDP cytotoxicity (21,22). In fact, previous
studies have demonstrated that FTY720 can induce the process
of autophagy and improve autophagic flux in carcinoma
cells (23,24). Genes related to autophagy are involved in
many types of autophagy whose functions depend on cellular
context. Thus, we hypothesised that the combination of DDP
with FTY720 may overcome the resistance due to the protective
function of autophagy in response to DDP treatment, which is
difficult to manage. Our results supported this hypothesis. To
influence and allow the conjugation of ATGI12 to ATGS5 and
then improve the formation of lipid phosphatidylethanolmine,
the E2-like enzyme ATGI10 cooperates with the El-like enzyme
ATG7 (25). In the mouse liver, Atg7 loss ameliorates the devel-
opment of HCC (26). Conversely, the growth of breast tumours
induced by oncogenic KRAS was prevented by the inhibition
of ATG7 (27), and for breast carcinoma, high levels of ATG7
predict a poor prognosis (28). Additionally, in most samples of
HCC, upregulation of ATG7 was shown, and during metabolic
stress, tumour cell survival was promoted (29). As determined
by LC3 staining and the LC3-II expression levels, under drug-
stimulated and basal conditions, the level of autophagy was
detected in the DDP-resistant A549/DDP cells, which was
higher than that in the sensitive A549 cells (Fig. 4). Notably, in
AS549/DDP carcinoma cells, prevention of autophagy enhanced
the cytotoxicity of 3-MA, a small-molecule inhibitor. The killing
effect of FTY720 was strongly promoted by the obstruction of
autophagy formation due to the siRNA-mediated knockdown
of Atg7. Moreover, 3-MA inhibition of autophagy allowed
the combination of FTY720 and DDP to kill lung carcinoma
cells (Fig. 5). The observed results demonstrate that following
treatment of FTY720 in combination with DDP, autophagy was
at least partly responsible for the killing effect of FTY720, and
these findings also show the influence of FTY720 in the induc-
tion of autophagy. According to current research, in mantle cell
lymphoma cell therapy, an important collaborative influence
resulted from the combination of FTY720 with milatuzumab,
which is an anti-CD74 mAb. The collaborative effect of FT'Y720
was attributed to blockage of destruction of the autophagic-
lysosomal regression of CD74 and autophagic flux (21). On
the basis of the present study, autophagic flux, which leads to
a contradictory increase in autophagosomes in apoptotic breast
carcinoma cells, was prevented by the combination of FTY720
and y-irradiation (30). In lymphoma cells, the influence of
FTY720 on autophagy corresponded to our research. However,
according to other studies, FTY720 improves autophagic flux
and induces the formation of autophagy in ovarian carcinoma
cells and those of other organs (24). These differences may
indicate that the influence of FTY720 on autophagy is cell
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type-dependent. Notably, previous studies have demonstrated
that autophagy functions as either a pro-death or a pro-survival
mechanism depending on the context (31-35). To further eluci-
date the observed results, more studies should be performed.
Similarly, the effects of FTY720 on autophagy should be consid-
ered in assessment of the anticancer effectiveness of FTY720,
particularly in combination with other chemotherapeutic drugs.

In conclusion, we demonstrated that FTY720 exhibited
excellent anti-growth effects by inducing the apoptosis of
NSCLC cells. In A549/DDP human lung carcinoma cells, which
are DDP-resistant, downregulation of Atg7 may be a mechanism
underlying the effects of FTY720. Via downregulation of the
expression of Atg7, FTY720 combined with DDP had enhanced
antitumour effects on DDP-resistant lung carcinoma cells.
Collectively, we demonstrated inhibition of tumour development
in vivo and in vitro and identified a new mechanism by which
FTY720 enhances apoptosis induced by DDP in human NSCLC.
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