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Abstract. FTY720, also known as fingolimod, is a widely 
used immunomodulator in multiple sclerosis and multiple 
organ transplantation. It is also an important protein phospha-
tase 2A (PP2A) activator. Based on this, a number of studies 
have recently demonstrated the cytotoxic effect of FTY720 in 
various cancers. Yet in colorectal cancer (CRC), the under-
lying mechanisms of FTY720 cytotoxicity remain less clear, 
especially the relationship between a drug and autophagy. We 
demonstrate here for the first time that FTY720 promotes the 
appearance of autophagic hallmarks such as autophagosome 
formation and light chain 3 (LC3)-II accumulation, indicating 
the participation of autophagy in FTY720 cytotoxicity on CRC. 
Moreover, inhibition of autophagy using 3-methyladenine 
(3-MA), a specific inhibitor of autophagy, enhanced FTY720 
cytotoxicity, indicating the protective role of autophagy against 
the drug's own cytotoxic effect. The protective autophagy was 
likely affected by cancerous inhibitor of PP2A (CIP2A), an 
endogenous PP2A inhibitor that is closely related with poor 

prognosis and drug resistance. Consequently, our data not only 
demonstrate a new mechanism underlying the cytotoxic effect 
of FTY720 in CRC, but also a new strategy for CRC treatment, 
especially in cases resistant to conventional chemotherapies 
because of high CIP2A levels.

Introduction

Colorectal cancer (CRC) is the third most common cancer, 
causing as many as 693,900 deaths in 2012 worldwide (1). As 
lifestyles have changed along with socioeconomic develop-
ment, it is no surprise that risk factors such as unhealthy diet, 
obesity, physical inactivity, and smoking have increased CRC 
incidence (2). In contrast, CRC screening has led to improved 
awareness of self-hygiene and standardized treatments (3), 
decreasing the CRC mortality rate (1). Nevertheless, CRC 
remains the fourth and third leading cause of cancer-related 
death in men and women, respectively. Furthermore, numerous 
patients with CRC still develop recurrence or metastasis, 
leading to 5-year survival rates as low as 60-70% (4).

Protein phosphatase 2A (PP2A) is a major phosphoprotein 
phosphatase belonging to the superfamily of protein serine/
threonine phosphatases (5). It plays an important role in tumor 
suppression by preventing cell transformation (6). Recently, 
investigations based on activating PP2A activity pharmaco-
logically in cancer have been highlighted (7). FTY720, also 
known as fingolimod, is an immunomodulator most widely 
used in multiple sclerosis and multiple organ transplanta-
tion (8-10). Structurally similar to sphingosine, it is a PP2A 
activator (11). Compared with traditional chemotherapies, 
FTY720 is less toxic and has better oral bioavailability, there-
fore it can be considered an alternative for cancer therapy (12), 
and has been widely used in various cancers. To provide better 
guidance for cancer treatment, the cancer inhibitory mecha-
nisms of FTY720 require further elucidation.

In the present study, we discovered first that FTY720 
promotes autophagy in CRC cell lines and that inhibition of 
autophagy by 3-methyladenine (3-MA), a specific autophagy 
inhibitor, enhanced FTY720 cytotoxicity, indicating the 
protective role of autophagy in FTY720 treatment of CRC. 
Furthermore, FTY720-induced autophagy was closely related 
with cancerous inhibitor of PP2A (CIP2A), an endogenous 
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PP2A inhibitor. Therefore, we propose a new strategy for 
treating CRC through the autophagy pathway using FTY720.

Materials and methods

Cell lines and cell culture. The human CRC cell lines DLD-1 
and LoVo were maintained in our laboratory. Both cell 
lines were cultured in Dulbecco's modified eagle's medium 
(DMeD; Wisent Inc., St-Bruno, Quebec, Canada) supple-
mented with 10% fetal bovine serum (Wisent Inc.), 100 u/ml 
penicillin, and 100 µg/ml streptomycin at 37˚C in an incubator 
containing 5% Co2.

Reagents and antibodies. FTY720 and 3-MA were purchased 
from Sigma-Aldrich (Sigma, St. Louis, Mo, uSA). FTY720 was 
dissolved in dimethyl sulfoxide (DMSo; Sigma) to a primary 
concentration of 10 mM, and 3-MA was dissolved in phosphate-
buffered saline (PBS; Wisent Inc.) to a primary concentration 
of 100 mM. The same concentration of DMSo was used as 
vehicle, and did not exceed 1%. The antibodies to light chain 3 
(LC3)-I/II, poly(ADP-ribose) polymerase (PARP), Bcl-xL and 
Bcl-2 were purchased from Cell Signaling Technology (BSN; 
uSA), and CIP2A was from Abcam (Cambridge, MA, uSA).

RNA interference (RNAi) and green fluorescent protein 
(GFP)-LC3 transfect ion. Chemical ly synthesized 
scrambled RNAi oligonucleotides and small interfering 
RNA (siRNA) targeting human CIP2A were purchased 
from genePharma (Shanghai, China). The CIP2A siRNA 
sequences are: 5'-ggACCCACguuugAuuACuTT-3' 
(sense) and 5'-AguAAuCAAACguggguCCTT-3' 
(antisense); the control siRNA sequences are: 5'-uuC 
uCCgAACguguCACgudTdT-3' (sense) and 5'-ACgug 
ACACguuCggAgAAdTdT-3' (antisense). The siRNA trans-
fection was performed using Lipofectamine 2000 (Invitrogen, 
Carlsbad, CA, uSA) according to the manufacturer's instruc-
tion. Transfection efficacy was determined by detecting 
CIP2A expression levels using reverse transcription (RT)-PCR 
and western blotting after 48-h transfection. The gFP-LC3 
was a kind gift from the Department of gastric Surgery, 
The First Affiliated hospital of Nanjing Medical university. 
Transfection was also performed using Lipofectamine 2000, 
and validation of the transfection was directly observed under 
fluorescence microscopy.

Cell Counting Kit-8 (CCK-8) assay. Cell proliferation was 
measured using the CCK-8 assay (Beyotime Institute of 
Biotechnology, Shanghai, China) according to the manu-
facturer's protocol. Cells were seeded into 96-well plates at 
5000 cells/well. each group had at least three replicates. After 
24-h incubation, each group was treated with FTY720 or 
3-MA for 24 and 48 h. To assess cell viability, 10 µl CCK-8 
mixed with 90 µl complete medium was added to each well 
and incubated at 37˚C for 2 h. The absorbance was measured 
at 450 nm using a microplate reader. Cell viability was deter-
mined as the percentage of absorbance of drug-treated cells to 
that of vehicle-treated cells.

Colony formation assay. Cells were seeded into 6-well plates 
at 500 cells/well in triplicate. After 24-h incubation, cells were 

pretreated with 3-MA (5 mM) for 6 h or not treated, and then 
treated with FTY720 (2.5 µM) or vehicle for 24 h. Then, they 
were incubated in drug-free medium for another two weeks, 
after which the colonies that had formed were fixed with 70% 
methanol and stained with crystal violet, and could then be 
observed with the naked eye. The colony-formation ability was 
evaluated based on the proportion of colonies formed in the 
drug-treated group as compared to that in the vehicle.

Flow cytometric analysis of apoptosis. Cells (2x105) were 
seeded in 12-well plates for 24 h, and then pretreated with 
5 mM 3-MA for 6 h or not treated, followed by 10 µM FTY720 
or vehicle for 24 h. To detect apoptosis, all cells, including 
apoptotic, dead, and adherent cells, were collected and resus-
pended in cold PBS for analysis. Apoptosis was detected using 
an Annexin V-FITC Apoptosis Detection kit (eBioscience, 
Vienna, Austria) according to the manufacturer's instructions. 
Data were assessed by flow cytometry (Becton-Dickinson, 
San Jose, CA, uSA).

Cell cycle analysis. Cells (4x105) were seeded in 6-well plates 
for 24 h, and then pretreated with 5 mM 3-MA for 6 h or 
not treated, followed by 10 µM FTY720 or vehicle for 24 h. 
After that, cells were harvested and resuspended in cold PBS, 
followed by being fixed with 70% ethanol at 4 ̊C for 30 min 
then stored at -20̊C overnight. The next day, cells were centri-
fuged to remove ethanol and washed with PBS. After another 
centrifugation, PI/RNase staining buffer (BD Biosciences) 
were used according to the manufacturer's instructions. Data 
were analyzed by flow cytometry (Becton-Dickinson).

Transmission electron microscopy. Cells treated with 10 µM 
FTY720 or vehicle were collected, washed with warm PBS, 
and fixed with 2.5% glutaraldehyde in 0.1 M cacodylate 
buffer with 1% sucrose for 3 h at 4˚C. Subsequently, cells were 
washed three times using cacodylate buffer, then post-fixed in 
1% osmium tetroxide in the same buffer for 3 h. After another 
three washes in cacodylate buffer, the cells were dehydrated 
by an ascending concentration of ethanol at 4˚C. After infil-
tration with a medium compound containing epon 812 and 
Spurr's resin, ultrathin sections were double-stained with 
uranyl acetate and lead citrate (13). The results were observed 
and were photographed using a JeM-1010 transmission elec-
tron microscope (JeoL, Ltd.); obtainment of the ultrathin 
sections and observation were performed by an experienced 
technologist.

Immunofluorescence assay and GFP-LC3 overexpression. 
DLD-1 and LoVo cells (2x104) were treated with 10 µM 
FTY720 or vehicle for 24 h, and then the cells were washed 
and fixed with 4% paraformaldehyde and permeabilized with 
0.5% Triton X-100 in PBS for 10 min. LC3-I and LC3-II 
(1:200) were used as primary antibodies, and Alexa Fluor 
555-labeled donkey anti-rabbit immunoglobulin g (Beyotime 
Institute of Biotechnology) was used as the secondary anti-
body to visualize LC3. To obtain better magnification, the 
fluorescence was observed by confocal microscopy (Zeiss, 
Jena, germany) at x570 magnification. Following gFP-LC3 
transfection, 2x104 cells were treated with 10 µM FTY720 
or vehicle for 24 h, fixed with 4% paraformaldehyde, washed 
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with PBS containing 1% Tween-20 (PBST), and observed by 
confocal microscopy.

Quantitative real-time RT-PCR. Total RNA from the cells was 
extracted using TRIzol reagent (Invitrogen), and complemen-
tary DNA (cDNA) was synthesized using a PrimeScript RT 
reagent kit (Takara, Dalian, China) according to the manu-
facturer's instructions. The primers used for quantitative PCR 
(qPCR) are as follows: Forward, 5'-TggCAAgATTgACCT 
gggATTTggA-3' and reverse, 5'-AggAgTAATCAAAC 
gTgggTCCTgA-3' for CIP2A; and forward, 5'-AgAAAA 
TCTggCACCACACC-3' and reverse, 5'-TAgCACAgCCTg 
gATAgCAA-3' for β-actin. The qPCR was performed using a 
SYBR green PCR kit (Roche, Indianapolis, IN, uSA) in a 
SteponePlus Real-time PCR System (Applied Biosystems, 
Foster City, CA, uSA). The PCR cycling conditions were as 
follows: 95˚C for 30 sec, 40 cycles of 95˚C for 5 sec, 60˚C for 
31 sec; for the dissociation stage: 95˚C for 15 sec, 60˚C for 
1 min, and 95˚C for 15 sec. each sample was analyzed thrice. 
∆∆Ct method was used for analysis.

Western blot analysis. Cells were lysed using radioim-
munoprecipitation assay buffer (PARP; Beyotime Institute 
of Biotechnology), and equivalent amounts of protein were 
separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and subsequently transferred to polyvinylidene 
fluoride membranes (Millipore, Bedford, MA, uSA). The 

membranes were blocked in 5% non-fat milk dissolved in Tris-
buffered saline solution containing 0.1% Tween-20 (TBST) for 
2-4 h at room temperature, and then incubated with antibodies 
specific for LC3, CIP2A, and β-actin (1:1000) at 4˚C overnight. 
After washing three times with TBST, the membranes were 
incubated with horseradish peroxidase-conjugated secondary 
antibody (1:1000; Beijing Biosynthesis Biotechnology) at room 
temperature for 2 h. After three TBST washes, bound proteins 
were visualized using eCL Plus (Millipore) by a Bio-Imaging 
System. β-actin was used as the internal loading control.

Statistical analysis. Statistical analysis was performed using 
Statistical Program for Social Sciences (SPSS) 20.0 software 
(IBM, SPSS Inc., Chicago, IL, uSA). one-way analysis of 
variance was used for comparison between groups. P<0.05 
indicated statistically significant differences.

Results

Effect of FTY720 on CRC cell viability. To evaluate FTY720 
cytotoxicity in vitro, we treated two randomly selected CRC 
cell lines: DLD-1 and LoVo, with or without different concen-
trations of FTY720. After 24- and 48-h drug exposure, we 
detected the cell proliferation capacity using the CCK-8 assay. 
As shown in Fig. 1A and B, the viability of both cell lines 
decreased as the drug concentration increased. In the same 
way, under specific drug concentrations, 48-h exposure was 

Figure 1. Cytotoxic effects of FTY720 in CRC cells, and 3-MA-pretreated cells formed less colonies. Cytotoxic effects of FTY720 in CRC cells. (A and B) Cell 
viability was assessed by CCK8 assay in cells treated with FTY720 at increasing concentrations for 24 and 48 h. (C and D) Colony-forming ability of Vehicle-, 
3-MA-, FTY720- and FTY720/3-MA-treated DLD1 and LoVo cells. Colony forming assay showing effects of FTY720 alone or in combination with 3-MA in 
DLD1 and LoVo cells. The colony formation ability was evaluated based on the proportion of colonies formed in the drug-treated group as compared to that 
in the vehicle. Data are means ± SD from three independent experiments. *P<0.05; n.s., not significant.
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more effective than 24-h exposure. The median inhibitory 
concentrations (IC50) for each cell line are shown in Table I. 
To assess the long-term effect of FTY720, we performed a 
colony formation assay. Consistent with the CCK-8 assay, the 
results showed that 24-h pretreatment with FTY720 distinctly 
decreased the number of colonies formed as compared to the 
controls for both cell lines (Fig. 1C and D).

FTY720 induces apoptosis in CRC cell lines. To further 
evaluate the effect of FTY720 on cell physiological function, 
we assessed its apoptotic effect on DLD-1 and LoVo cells, 
using flow cytometry to analyze the apoptotic effect. As 
expected, after 24-h exposure to 10 µM FTY720, there were 
markedly elevated percentages of positive-staining DLD-1 
and LoVo cells as compared with the vehicle (Fig. 2A-D). In 

Figure 2. FTY720 induces apoptosis in CRC cell lines, and 3-MA-pretreated cells presented a higher percentage of apoptosis. DLD1 (A and B) and LoVo 
(C and D) cells were treated with FTY720 or FTY720 plus 5 mM 3-MA, and apoptosis was detected using flow cytometry. *P<0.05; n.s., not significant. 
(e) Cells were treated with or without 5, 10, or 20 µM FTY720 for 12 h or with the same concentration (10 µM) of FTY720 for different durations (12, 24, 
48 h), lysed and immunoblotted with the PARP antibody.
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addition, Bcl-xL and Bcl-2 are two anti-apoptotic members 
of the Bcl-2 family (14). So when apoptosis was induced, 
both of them decreased. Furthermore, PARP is a substrate 
of caspase 3. Therefore, it is reasonable that the presence or 
absence of cleaved PARP would reflect whether FTY720 
induced apoptosis. We treated DLD-1 and LoVo cells with or 
without 5, 10, or 20 µM FTY720 for 12 h, or with the same 
concentration (10 µM FTY720) for different durations (12, 24, 
48 h). Western blotting showed that FTY720-induced Bcl-xL 

and Bcl-2 decrease (Fig. 3) and PARP cleavage (Fig. 2e) were 
concentration- and time-dependent, further confirming the 
induction of apoptosis and cell death.

FTY720 arrests CRC cells in the G0/G1 phase. To further 
elucidate the effect of FTY720 on the cell cycle phases, we 
performed flow cytometric analysis of the cell cycle. As shown 
in Fig. 4, both DLD-1 and LoVo cells performed a significantly 
increased proportion of g0/g1 phase, followed by a sharp 
decrease of g2/M phase proportion after FTY720 treatment. 
These data suggested that FTY720 arrests gC cells in the 
g0/g1 phase and this result was consistent with a previous 
study on cholangiocarcinoma (15).

FTY720 induces autophagy in CRC cells. Besides apoptosis, 
autophagy is another classic form of programmed cell death (16). 
Autophagy participates in the process of FTY720 cyto toxicity 
in ovarian cancer and some hematological malignancies (17,18). 
however, in the process of FTY720 treatment in CRC, the 
involvement of autophagy requires further elucidation. To this 
end, we first used the most traditional method, transmission 

Figure 3. FTY720-induces decreased Bcl-xL and Bcl-2. Cells were treated 
with or without 5, 10, or 20 µM FTY720 for 12 h or with the same concen-
tration (10 µM) of FTY720 for different durations (12, 24, 48 h), lysed and 
immunoblotted with the Bcl-xL and Bcl-2 antibodies.

Table I. IC50 values of FTY720 in DLD1 and LoVo cells.

 IC50 (µM)
 -----------------------------------------------------------------
Cell lines 24 h 48 h

DLD1 10.05435 7.84012
LoVo 10.23060 6.94962

IC50 values for each cell line were calculated by using CompuSyn 
software as previously described (40).

Figure 4. FTY720 arrests CRC cells in the g0/g1 phase. DLD1 (A and C) and LoVo (B and D) cells were treated with or without FTY720, and cell cycle was 
detected using flow cytometry. *P<0.05; n.s., not significant.
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electron microscopy, to analyze the ultrastructural morpho-
logical changes in DLD-1 and LoVo cells after 24-h FTY720 
(10 µM) treatment. As shown in Fig. 5, FTY720-treated cells 
presented typical autophagosomes with characteristics such as 
double-membrane structure containing undigested cytoplasm 
or organelles (19). Yet, few autophagosomes were observed in 
the vehicle-treated cells. The ultrastructural morphological 
changes indicated the participation of autophagy in FTY720 
treatment in CRC.

LC3 is a well-known, reliable indicator of autophagy. 
During autophagy, the diffusely distributed endogenous 
cytoplasmic LC3 will convert to punctate structures (19). 
To verify the transformation, we performed assays observed 
under confocal microscopy. using specific antibodies to cause 
fluorescence emission, we observed that after 24-h FTY720 
(10 µM) treatment, the proportion of cells forming punctate 
LC3 was significantly increased as compared with the vehicle 
(Fig. 6A and B). To confirm this effect, we overexpressed 
gFP-LC3 in both cell lines. Similar to the expression patterns 
of endogenous LC3 after FTY720 treatment, there were signif-
icantly increased gFP-LC3-transfected DLD-1 and LoVo cells 
with punctate fluorescence (Fig. 6C and D).

There are two forms of LC3: LC3-I and LC3-II. When 
autophagy is promoted, LC3-I converts to LC3-II (20). This 
conversion is an indicator of autophagy (21), and it can be 
detected by western blotting. As shown in Fig. 6e, DLD-1 and 
LoVo cells treated with or without 5, 10, or 20 µM FTY720 for 
12 h or with the same concentration (10 µM) of FTY720 for 
different durations (12, 24, 48 h) showed concentration- and 
time-dependent increased LC3-II expression levels, indicating 

that autophagy induced by FTY720 in CRC is concentration- 
and time-dependent.

Autophagy plays a protective role in FTY720-induced 
cell death in CRC. As stated above, autophagy is also 
involved in FTY720 cytotoxicity in ovarian cancer cells. 
Zhang et al demonstrated that, other than a cytotoxic effect, 
autophagy has a protective effect (18). Yet, the role of 
autophagy in FTY720 cytotoxicity in CRC requires further 
study. To address this, we used the autophagy inhibitor 3-MA 
to perform a series of experiments. We pretreated DLD-1 and 
LoVo cells with 3-MA (5 mM) for 6 h, followed by FTY720 
(10 µM) or vehicle treatment for another 24 h. The CCK-8 assay 
showed that 3-MA enhanced FTY720-induced cytotoxicity 
(Fig. 7A and B). Similarly, we performed a colony formation 
assay using similar treatments (FTY720 concentration was 
decreased to 2.5 µM). Consistently, 3-MA-pretreated cells 
had weaker colony-formation capacity following FTY720 
treatment as compared to vehicle-treated cells (Fig. 1C 
and D). In the same vein, we observed apoptosis in a higher 
percentage of 3-MA-pretreated cells after FTY720 treatment 
(Fig. 2A-D). These results all indicate the protective effect 
of autophagy on FTY720 cytotoxicity in CRC. Moreover, as 
to cell cycle, in 3-MA pretreated cells, the proportion of g0/
g1 phase was not apparently affected. however, different 
from the results of cell viability and apoptosis, the proportion 
of g0/g1 phase in 3-MA pretreated cells was not markedly 
increased compared with that with FTY720 alone (data not 
shown), indicating that FTY720 induced g0/g1 arrest was 
not dependent on autophagy.

Figure 5. FTY720 induces typical autophagosome formation in CRC cells. FTY720 induces autophagy in CRC cells. Representative transmission electron 
microscopic images depict ultrastructures of autophagy in DLD1 and LoVo cells treated with or without FTY720 (10 µM) for 24 h.
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Inhibition of CIP2A is associated with FTY720-induced 
autophagy in CRC. CIP2A is an endogenous inhibitor of 
PP2A, Cristobal et al showed that CIP2A is overexpressed 
in both CRC cell lines and cancer tissues as compared with 
normal controls and that FTY720 suppresses CIP2A expres-
sion at protein level (22). Moreover, another PP2A activator, 
bortezomib, induces autophagy by the CIP2A-PP2A-Akt-
4eBP1 signaling pathway in hepatocellular carcinoma (23). 
Consequently, it is reasonable to assume that CIP2A is associ-
ated with FTY720-induced autophagy in CRC. To validate 
this assumption, we used siRNA to interfere with CIP2A 
expression. The interference efficiency is shown in Fig. 8A-C. 

Consistent with the previous study, FTY720 decreased the 
expression level of CIP2A in control-RNAi cells (Fig. 8C). 
however, CIP2A level of CIP2A-RNAi cells did not change 
after FTY720 treatment, possibly because after interference 
the CIP2A was at a relative low level. Following FTY720 
treatment for the same concentration and duration, the CIP2A-
RNAi cells expressed higher LC3-II levels compared with that 
in control-RNAi cells, validating the participation of CIP2A 
in FTY720 induction of autophagy in CRC. Noteworthy, 
after FTY720 treatment, without a decrease in CIP2A level 
in CIP2A-RNAi cells, LC3-II levels still increased, indicating 
the participation of CIP2A is only partial.

Figure 6. FTY720 induces formation of punctate LC3 and gFP-LC3, and accumulation of LC3-II. (A) Cells were treated for 24 h with vehicle or FTY720 
(10 µM). Then using specific antibodies to cause fluorescence emission. Representative images of punctate LC3 formation are shown as photographed by con-
focal microscopy. (B) The percentage of cells presenting typical LC3 puncta. *P<0.05; n.s., not significant. (C) Cells were transfected with gFP-LC3, treated 
with vehicle or FTY720 (10 µM) for 24 h. Representative images of punctate of gFP-LC3 formation are shown as photographed by confocal micro scopy. (D) 
The percentage of cells presenting typical gFP-LC3 puncta. *P<0.05; n.s., not significant. (e) Cells were treated with or without 5, 10, or 20 µM FTY720 for 
12 h or with the same concentration (10 µM) of FTY720 for different durations (12, 24, 48 h), lysed and immunoblotted with the LC3 antibody.
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Discussion

With relatively non-toxic specificity and high oral bioavail-
ability (12), FTY720 has been explored in vitro in various 
cancers, including hepatocellular carcinoma (24), acute myeloid 
leukemia (25), breast cancer (26), and prostate cancer (27). In 
cancer therapy, the drug is best known as a PP2A activator (6), 
while its other mechanisms of action are comparatively less 
well known. In the present study, we discovered first that 
FTY720 promotes autophagy in CRC cell lines and that inhib-
iting autophagy using 3-MA, a nonspecific autophagy inhibitor, 
enhanced FTY720 efficacy, indicating the protective role of 
autophagy in FTY720 cytotoxicity for CRC. Furthermore, 
FTY720-induced autophagy was closely related with CIP2A, 
an endogenous PP2A inhibitor.

In our study, we first tested the effect of different drug 
concentrations and incubation durations on the viability of 
DLD-1 and LoVo cells via the CCK-8 assay to determine the 

appropriate drug concentration for subsequent experiments. 
The results showed that the effect of FTY720 on cells was 
concentration- and time-dependent. Moreover, the IC50 data 
we determined for each cell line were in accordance with that 
for ovarian cancer (18) and some leukemias (28). The signifi-
cance of the IC50 of FTY720 not only provides an index for 
further investigation but also offers an important reference 
for further application to clinical trials. of note, in the colony 
formation experiment, the FTY720 concentration that had 
partially inhibited cells in the CCK-8 assay led to whole cell 
death. The results are similar to a previous study on ovarian 
cancer, in which it was explained that the sensitivity of cells 
to FTY720 is related to cell density (18). Noteworthy, the drug 
sensitivity also differed when we treated the same number of 
cells seeded at different times or treated different numbers of 
cells seeded at the same time with FTY720 (data not shown), 
validating the influence of cell density on drug sensitivity. our 
IC50 values were tested under 80% cell density. Similarly, the 

Figure 7. 3-MA enhanced FTY720-induced cytotoxicity. DLD1 (A) and LoVo (B) cells were treated with 3-MA (5 mM) for 6 h, followed by FTY720 (10 µM) 
or Vehicle treatment for another 24 h, then cell viability was assessed by CCK8 assay. *P<0.05; n.s., not significant.

Figure 8. CIP2A si-RNA transfection and target validation of CIP2A participation in FTY720 inducd autophagy in CRC. The relative expression of CIP2A was 
measured in DLD1 (A) and LoVo (B) cells after transfection with conontrol si-RNA or CIP2A si-RNA. The relative CIP2A level was calculated by 2-∆∆CT where 
∆CT = CT (CIP2A) - CT (β-actin) and ∆∆CT = ∆CT (CIP2A RNAi cell) - ∆CT (control RNAi cell ). *P<0.05; n.s., not significant. (C) Cells were transfected with 
control si-RNA or CIP2A si-RNA, then treated with FTY720 (10 µM) for 24 h, after that, cells were lysed and immunoblotted with the indicated antibodies.
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proportion of apoptotic cells induced by the indicated drug 
concentration was not entirely consistent with the CCK-8 
results, indicating that it might also have been affected by 
cell density.

There are two classic self-destructive cell processes: apop-
tosis and autophagy (16). herein, we confirm that FTY720 
markedly increases the proportion of apoptotic DLD-1 and 
LoVo cells, decreases expression levels of anti-apoptotic Bcl-xL 
and Bcl-2, and induces the expression of cleaved PARP, the 
active form of the caspase-3 substrate. Combined with the find-
ings of a previous study (22), we note that FTY720-induced 
apoptosis is caspase-dependent. Furthermore, we confirmed 
first that FTY720 induces time- and dose-dependent autophagy 
in DLD-1 and LoVo cells. The validation of autophagy was 
performed via several classic experiments. The formation of 
autophagosomes, characterized by a double-membrane struc-
ture containing undigested cytoplasm or organelles, is the gold 
standard for autophagy; autophagosomes are ultrastructural and 
should be observed under transmission electron microscopy. 
however, observer subjectivity can influence the decision on 
the presence of autophagy. Therefore, we next detected the 
expression pattern and level of the microtubule-associated 
protein LC3, a well-known indicator of autophagy. There are 
two forms of LC3: LC3-I and LC3-II; the initial form of LC3 
is LC3-I, which is distributed in the cytoplasm. endogenous 
LC3 or gFP-LC3 visualized under fluorescence microscopy is 
observed as diffuse fluorescence. otherwise, when autophagy is 
promoted, LC3-I is converted to LC3-II, and the latter associ-
ates with the autophagosome membranes, and then endogenous 
LC3 or gFP-LC3 is visualized as punctate fluorescence. The 
conversion of LC3-I to LC3-II can also be quantitatively and 
qualitatively detected by western blotting (19). 

In our study, we observed the conversion in both endoge-
nous LC3 and gFP-LC3, and the ability of FTY720 to promote 
autophagy was evaluated based on the proportion of cells that 
formed obvious puncta. Likewise, what defines ‘obvious’ is 
also subjective. Then, as a supplement, we performed western 
blotting to detect two forms of LC3 expression. however, how 
to interpret LC3 western blot data is indeed a great contro-
versy (29), our results showed an expression level of LC3-I that 
was consistent with the LC3-II expression level. The reason 
may be that the relationship between LC3-I and LC3-II is not 
always ‘precursor and product’, because the conversion of 
the former to the latter often depends on the cell line, tissue 
and methods used to induce autophagy (30). As to ‘methods 
used to induce autophagy’, here we used FTY720. Similarly, 
in ovarian cancer, FTY720 also induced a pattern that LC3-I 
was consistent with LC3-II (18). Moreover, at present, levels 
of LC3-II normalized to actin, but not ratio between LC3-II 
and LC3-I, is regarded as the standard to evaluate autophagy 
in western blot analysis (31). The above assays all provided 
compelling evidence for the participation of autophagy in 
FTY720 cytotoxicity on CRC cells.

In apoptosis a cell commits suicide (32), yet autophagy 
can be cytotoxic or cytoprotective in cancer (33,34). In most 
cases, apoptosis and autophagy are mutually exclusive, and in 
some cases the phenotype is mixed (35). Therefore, regarding 
the effect of FTY720 on CRC, whether autophagy functions as 
a killer or a promoter, or even whether autophagy and apop-
tosis have a synergistic or antagonistic effect requires further 

investigation. To solve this problem, we pretreated cells with 
3-MA, an autophagy inhibitor (36). Consequently, the cytotox-
icity of FTY720 was enhanced, indicating the protective role 
of autophagy, and like in most cases, the interaction between 
apoptosis and autophagy is antagonistic. Nevertheless, starkly 
different from previous studies, FTY720 induced not only 
caspase-dependent apoptosis, but also protective autophagy. 
however, FTY720 only promotes either caspase-dependent 
apoptosis or autophagy in ovarian cancer, breast cancer, and 
hepatocellular carcinoma (18). As for the protective role of 
autophagy in FTY720 cytotoxicity in CRC, it is highly likely 
that autophagy can be an important factor for FTY720 resis-
tance in CRC treatment. Therefore, eliminating the impact 
of this aspect is essential, and we subsequently explored the 
mechanisms that may induce autophagy in this process.

FTY720 is a PP2A-activating drug. In this regard, we used 
CIP2A, an endogenous PP2A inhibitor, overexpressing it in 
all tested CRC cell lines and most cancer tissues as compared 
with the normal control. Moreover, FTY720 decreases CIP2A 
at protein level (10). Furthermore, bortezomib, another PP2A 
activator, induces autophagy through the CIP2A-PP2A-Akt-
4eBP1 signaling pathway in hepatocellular carcinoma (11). 
Consequently, we assumed that FTY720 induces autophagy 
by acting on CIP2A. As expected, siRNA interference of 
CIP2A expression markedly increased the level of LC3-II. 
however, without FTY720 treatment, the RNAi cells did not 
exhibit LC3 level alteration as compared with the negative 
control, suggesting CIP2A per se does not affect autophagy. 
The participation of CIP2A in autophagy is established based 
on the function of FTY720, in this process, CIP2A functions 
as an autophagy inhibitor. Interestingly, CIP2A is frequently 
reported as being overexpressed in CRC (37). Moreover, it 
indicates poor prognosis and is closely related with resistance 
to traditional chemotherapies (38,39). Yet, as an inhibitor of 
protective autophagy, high CIP2A expression can enhance 
CRC cell sensitivity to FTY720. This holds promise for patients 
with CRC who have high CIP2A expression and low sensitivity 
to traditional chemotherapies. With regard to these patients, 
FTY720 can not only offer satisfactory curative effects, but 
also sensitizes them to other chemotherapies by decreasing 
CIP2A expression.

In conclusion, FTY720 has a significant cytotoxic effect 
on CRC. however, protective autophagy is a risk factor for 
FTY720 resistance. Yet, CIP2A, which is highly expressed and 
closely related to drug resistance, can block FTY720-induced 
autophagy so that it improves FTY720 sensitivity. This provides 
a new strategy for treating CRC, especially in cases resistant to 
conventional chemotherapies because of high CIP2A levels.
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