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 Background: S2101 is one of the most potent LSD1 inhibitors, which can inhibit ovarian cancer cells viability. This study 
aimed to detect the mechanism behind the anticancer properties of S2101 in SKOV3 ovarian cells.

 Material/Methods: Cell viability was tested by Cell Counting Kit-8 (CCK-8) assay. Cellular apoptosis and autophagy were evaluated 
by flow cytometric analysis using Annexin-V/PI staining methods and Green fluorescent protein (GFP)-fused-
LC3 (GFP-LC3), respectively. Western blotting was performed for analyzing the Bax, Bcl-2, mTOR, p- mTOR, p62, 
LC3-I, LC3-II, AKT, and p-AKT protein expression.

 Results: Our results show that the proportion of early apoptotic and late apoptotic cells increased significantly for cells 
treated with S2101 at a concentration of 100 μM for 48 h. Treatment of S2101 in SKOV3 cells resulted in up-
regulation of Bax and downregulation of Bcl-2 in a time-dependent manner, indicating that S2101 can induce 
apoptosis in SKOV3. There was a downward trend in the expression of p62 when the SKOV3cells were treat-
ed with 100 µm S2101 for 12 h, 24 h and 48 h. The conversion of LC3-I to LC3-II was increased significantly at 
24 h and 48 h. Autophagy was induced by S2101 in SKOV3 cells, evidenced by an increase in punctuate local-
ization of GFP-LC3 and a change in expression of autophagy-related proteins.

 Conclusions: S2101 treatment decreased the levels of phosphorylated AKT and mTOR. S2101 inhibits SKOV3 cells viability 
and induces apoptosis and autophagy. The AKT/mTOR signaling pathway was found to be affected by S2101.
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Background

Ovarian cancer is the most lethal gynecological malignan-
cy and the second most common gynecologic cancer in the 
world, with a high incidence of metastasis and a high relapse 
rate [1]. It caused an estimated 14 270 deaths in 2014 in the 
USA. Because of the lack of effective diagnostics in early stag-
es, the 5-year survival rate for ovarian cancer is only 27% [2]. 
New therapeutic strategies are urgently needed in the man-
agement of ovarian cancer [3].

Lysine-specific demethylase 1 (LSD1) is a nuclear enzymat-
ic activity that demethylates mono- and di-methylated his-
tone H3 at lysines 4 and 9, regulating the transcriptional ac-
tions of hormone-liganded nuclear receptors [4–7]. It can also 
demethylate non-histone lysine residues [8]. LSD1 has been 
found to be overexpressed in various cancers, including ovar-
ian cancer [9,10], breast cancer [11], colon cancer [12], and 
gastric cancer [13]. LSD1 is flavin adenine dinucleotides-de-
pendent (FAD) amine oxidase [9]. FDA-approved inhibitors of 
FAD amine oxidases such as mitochondrial-associated mono-
amine oxidase (MAO) A and B and polyamine oxidase (PAO) 
are non-selective inhibitors of LSD1 activity [14]. Recently, 
many selective LSD1 inhibitors have been developed, which 
can be grouped into 4 different classes based on their chemi-
cal structure. S2101 is known to be more selective than other 
LSD1 inhibitors (e.g., pargyline and TCP) in ovarian cancer cell 
lines, which can inhibit cell viability and it has potential val-
ue in therapeutic use [9]. However, the mechanism by which 
S2101 inhibits ovarian cancer cell proliferation remains unclear.

Autophagy is a lysosomal degradative process used to recycle 
obsolete cellular constituents and eliminate damaged organ-
elles and protein aggregates [15]. When a chemotherapeutic 
drug induces oxidative stress and DNA damage, or when de-
fective vascularization determines hypoxia and starvation, the 
upregulation of autophagy enables cancer cells to overcome 
the metabolic stress [16]. In brief, autophagy is a cytoprotec-
tive mechanism to protect normal cellular survival. When ab-
normality in the process of autophagy occurs, normal cellular 
functions become damaged, and the accumulated abnor-
malities will lead to systematic problems [17]. Abundant ev-
idence shows that autophagy is associated with the genesis 
and development of cancers, and effective therapeutic strat-
egies could induce or inhibit the process of autophagy in var-
ious cancers [18].

Based on previous studies, this study aimed to investigate 
the effects of S2101 on viability, apoptosis, and autophagy of 
SKVO3 ovarian cancer cells.

Material and Methods

Cell culture

The SKVO3 is a human ovarian cancer cell line that was do-
nated by the Laboratory of Pharmacology, Harbin Medical 
University, China. Cells were cultured in RPMI 1640 medium 
(Millipore, Billerica, MA) containing 10% FBS, 100 U/mL peni-
cillin, and 100 U/mL streptomycin (Millipore, Billerica, MA) in 
a humidified chamber at 5% CO2 and 37ºC.

Chemicals and antibodies

LSD1 inhibitor S2101 and autophagy inhibitor 3-methyladenine 
(3-MA) were purchased from the Millipore Company. The prima-
ry antibodies for Bax, Bcl-2, PARP, LC3-I/II, SQSTM1/p62, mTOR, 
phospho-mTOR, p70S6K, phospho-P70S6K, AKT, phospho-AKT, 
and b-actin were purchased from Cell Signaling Technology. 
FBS and RPMI 1640 medium were purchased from Millipore.

Cell viability assay

The cytotoxicity of S2101 was tested by Cell Counting Kit-8 
(CCK-8) assay (Beyotime, Shanghai, China). SKOV3 cells were 
prepared and dispersed in 96-well cell culture plates at a cel-
lular density of 1.0×104 cells/well. The cells in the exponen-
tial phase of growth were used. After incubating different con-
centrations of S2101 ranging from 0 to 200 µmol/L for 24 h 
and 48 h, 10 µL of CCK-8 solution in PBS was added to each 
well and incubated at 37°C for 2 h. Results were calculated as 
the absorbance of treated cells relative to untreated controls. 
Cell viability was assessed by a microplate reader at a wave-
length of 450 nm.

Flow cytometric (FCM) analysis of apoptosis

Cellular apoptosis was quantified by flow cytometric analysis 
using Annexin-V/PI staining methods. Briefly, 48 h after 100 
um S2101 incubation, both floating and attached cells were 
collected and washed twice with cold PBS. The cells were re-
suspended in prediluted binding buffer and propidium io-
dide (1 µg/ml) was then added. The samples were immedi-
ately detected by a FACSort flow cytometer (BD Biosciences, 
San Jose, CA, USA).

GFP-LC3

Green fluorescent protein (GFP)-fused-LC3 (GFP-LC3) was used 
to test autophagy. The SKOV3 cells were fused to 5 µg of GFP-
LC3 plasmid using Lipofectamine 2000 (Invitrogen). The trans-
fected cells were treated with 100 µm of S2101 for 48 h. The 
GFP-LC3 cells were visualized by Nikon fluorescence microsco-
py (magnification, ×100; 90i; Nikon Corporation, Tokyo, Japan). 
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Cell numbers were counted to normalize the measurement, and 
the percentage of fluorescent cells was calculated.

Western blot analysis

After treatment, SKOV3 cells were harvested and lysed in ra-
dioimmunoprecipitation lysis buffer (Beyotime, Shanghai, 
China). The total proteins from each samples were separat-
ed on 10% sodium dodecyl sulfate polyacrylamide gel electro-
phoresis, and electro-transferred onto polyvinylidene difluo-
ride membranes (Millipore, Billerica, MA). After blocking, the 
membranes were immunoblotted overnight at 4°C with pri-
mary antibodies, including anti-Bax, anti-Bcl-2, anti-PARP, an-
ti-LC3-I/II, anti-SQSTM1/p62, anti-mTOR, anti-phospho-mTOR, 
anti-p70S6K, anti-phospho-P70S6K, anti-AKT, anti-phospho-
AKT, and b-actin, followed by HRP-conjugated secondary an-
tibodies at 37°C for 1 h. Signals were detected using an ECL 
system. The intensity was determined by densitometric anal-
ysis using Image J software.

Statistical analysis

All experiments were performed independently at least 3 times. 
Data are expressed as mean ± standard deviation (SD). The 
differences were analyzed using the 2-sided t test or ANOVA 

with SPSS 17.0 software. P<0.05 was considered statistical-
ly significant.

Results

S2101 inhibits growth of SKOV3 cells

When SKVO3 cells were treated with S2101 at 0, 50, 100, 150, 
and 200 μM, the percentages of cellular viability over the con-
trol cells (100%) were 98.27%, 88.61%, 79.17%, and 27.17% 
for 24h treatment, respectively (Figure 1A); the percentages 
of cellular viability vs. the control cells (100%) were 94.83%, 
58.23%, 14.24%, and 12.36% for 48 h treatment, respective-
ly (Figure 1B). S2101 inhibits cell growth in dose-dependent 
and time-dependent manners, indicating an inhibitory effect 
of S2101 against excessive growth of SKOV3 cells.

Annexin-V/PI-stained flow cytometric analysis was used to de-
termine whether the reduced cell viability was due to apopto-
sis. The proportion of both early apoptotic and late apoptotic 
cells increased significantly for those treated with S2101 at a 
concentration of 100 μM for 48 h as compared to control cells 
(Figure 1C). Moreover, apoptosis-related protein Bax and Bcl-2 
were detected by Western blot analysis. Treatment of S2101 
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Figure 1.  S2101 inhibits growth of SKOV3 cells. (A, B) The growth curve of SKOV3 cells treated with 0, 50, 100, 150 and 200 μm S2101 
for 24 h and 48 h, respectively. (C) The flow cytometric analysis of apoptosis using Annexin-V-FITC/PI staining of SKOV3 cells 
treated with 100 μm S2101; (D) The detection of apoptosis-related protein Bax and Bcl-2 of SKOV3 cells treated with 100 μm 
S2101 by Western blot analysis.
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in SKOV3 cells resulted in upregulation of Bax and downreg-
ulation of Bcl-2 in a time-dependent manner, indicating that 
S2101 can induce apoptosis in SKOV3 (Figure 1D).

S2101 induces autophagy in SKOV3 cells

The expression of autophagy-related proteins was assessed 
by Western blot analysis to evaluate the effects of S2101 on 
autophagy in SKOV3 cells. Autophagosome formation involves 
the conjugation of cytosolic microtubule-associated protein 
light chain 3 (LC3-I) with phosphatidylethanolamine to form 
LC3-phosphatidylethanolamine (LC3-II) as an essential pro-
cess [19,20]. The conversion of LC3-I to LC3-II is widely recog-
nized as a marker protein of autophagy. P62 is also a special 
marker of autophagy.

Figure 2A shows that there was a downward trend in the ex-
pression of p62 when the SKOV3 cells were treated with 100 
µm of S2101 for 12 h, 24 h, and 48 h. The conversion of LC3-I 
to LC3-II increased significantly at 24 h and 48 h. The per-
centage of cells with GFP-LC3 puncta was significantly in-
creased along with the number and fluorescence intensity of 
SKOV3 cells treated with S2101 compared with the control 
group (Figure 2B).

SKOV3 cells viability can be inhibited by the block of 
autophagy

3-methyladenine (3-MA) was used to investigate the role of 
autophagy in S2101-induced growth suppression. As Figure 3A 
shows, pre-treatment with 3-MA resulted in reduced conver-
sion of LC3-I to LC3-II as compared with the S2101 alone group.

Autophagy may play a double-acting role in regulation of cell 
death, which can either promote or inhibit cell death. The re-
lationship between apoptosis and autophagy in S2101-treated 
SKOV3 cells was detected. SKOV3 cells were pre-treated by 
3-MA, followed by different concentrations of S2101 for 48 h. 
CCK-8 assay results showed that the group treated with S2101 
alone significantly inhibited cell proliferation compared with 
S2101 and 3-MA (Figure 3B).

S2101 inhibits the AKT/mTOR/p70S6K signaling pathway

The AKT/mTOR/p70S6K pathway is considered to be related 
with autophagy. Autophagy is activated if the mTOR/p70S6K 
signature pathway is suppressed. Our results indicate that 
S2101 suppressed the phosphorylation of mTOR and p70S6K, 
but exerted little effect on total protein levels (Figure 4).
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Figure 2.  S2101 induces autophagy in SKOV3 
cells. (A) The detection of autophagy-
related protein LC3-I, LC3-II and P62 
of SKOV3 cells treated with 100 μm 
S2101 by Western blot analysis. 
(B) The percentage of SKOV3 cells with 
GFP-LC3 puncta treated with 100 μm 
S2101.
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AKT participated in the regulation of various signaling path-
ways, including cell proliferation, growth, survival, angiogen-
esis, and chemoresistance [21]. Our results show that the 
phosphorylation of AKT and the ratio of p-AKT/AKT were de-
creased after treatment with various doses of S2101 for 48 h.

Discussion

Ovarian cancer is one of most common cancers of women 
worldwide [1]. Although various treatments for ovarian cancer 
including surgery and chemotherapy have been developed, its 
long-term outcome remains poor [22,23]. Our results show that 
S2101 inhibited SKOV3 cells viability in a concentration- and 

time-dependent manner, and increased the apoptosis and au-
tophagy in SKOV3, indicating that S2101, one of the most ac-
tive inhibitors of LSD1, can kill ovarian cancer cells in vitro.

Autophagy is a necessary response to extracellular stimulus, 
allowing the elimination of toxic metabolites, intracellular 
pathogens, and damaged proteins and organelles, and provid-
ing energy and amino acids necessary for vital functions dur-
ing metabolic stress [21–25]. The functions of normal human 
cells require the basal level of autophagy. However, abnormal 
autophagy may promote genesis and development of cancer. 
Emerging evidence shows that the induction of autophagy is a 
promising therapeutic strategy in cancer treatment. GFP-tagged 
LC3-expressing cells have been used as a specific marker to 
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Figure 3.  SKOV3 cell viability can be inhibited by blocking autophagy. (A) Pre-treatment with 3-MA resulted in reduced conversion of 
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monitor autophagy [19,20]. Our results show that the punc-
tate pattern of GFP-LC3 was increased in SKOV3 cells treat-
ed with S2101. Western blot analysis also showed a marked 
change in the expression of LC3-I/LC3-II and p62 in response 
to S2101 treatment.

Although autophagy and apoptosis are 2 different physiolog-
ical processes, they are often interconnected through vari-
ous crosstalk mechanisms [26]. The common methods to as-
sess the relationship between autophagy and apoptosis rely 
on: i) the presence of autophagic features in apoptotic cells, 
and ii) rescue of cell apoptosis via changed level of autopha-
gy [27]. To explore whether autophagy was involved in S2101-
induced cell apoptosis, the pharmacological inhibition of au-
tophagy (3-MA) was used. The results of CCK-8 assay showed 
that S2101 suppressed the growth of SKOV3 cells, which was 
partially reversed by pre-treatment with 3-MA, indicating that 
autophagy may co-occur with apoptosis in SKOV3 cells treat-
ed with S2101. S2101-induced autophagy may contribute to 
tumor cell death in part by enhancing apoptosis.

The mTOR signal pathway is involved in the induction of au-
tophagy. Several studies have shown that the suppression of 
the mTOR pathway can induce autophagy in several human 
cancer cell lines, including lung cancer [28], liver cancer [29], 
ovarian cancer [30], and gastric cancer [31]. Our results showed 
the negative effect of S2101 on the mTOR/p70S6K pathway, 
indicating that inhibition of the mTOR pathway may be a 

mechanism of S2101-triggered autophagy in SKOV3 cells. As 
an upstream positive regulator of mTOR, AKT inactivates tu-
berous sclerosis complex 2 by phosphorylating it on 4 resi-
dues; the resulting compound is a negative regulator of mTOR, 
thereby activating mTOR [32]. The phosphorylation of AKT is 
one of the most important activators of mTOR. Our results sug-
gest that the inhibition of AKT/mTOR/p70S6K signaling path-
way, at least in part, participated in the induction of autoph-
agy by treatment of S2101. Further, the AKT-mTOR axis may 
be involved in S2101-induced autophagic cell death as apop-
tosis was promoted, following by the induction of autophagy.

Conclusions

Our study provides evidence that S2101 inhibited the viabili-
ty of human ovarian cells by inducing autophagy and apopto-
sis. In addition, the anticancer effect of 2101 was associated 
with suppression of the AKT/mTOR pathway. These results sug-
gest that S2101 is an attractive therapeutic agent for develop-
ing alternative treatment protocols, and possibly for combin-
ing with other anticancer agents to overcome drug resistance 
and achieve better outcomes. In vivo studies using cancer an-
imal models are currently underway in our lab.
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