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Abstract. The present study aimed to examine the effects of 
sodium selenite on the SW982 human synovial sarcoma cell 
line in relation to cell viability, apoptosis and autophagy. The 
results indicated that sodium selenite reduced cell viability and 
induced apoptosis by activating caspase-3 and members of the 
poly (ADP-ribose) polymerase and Bcl-2 protein families in 
SW982 cells. Furthermore, autophagy was also suppressed by 
sodium selenite treatment in SW982 cells, and apoptosis was 
upregulated in cells co-treated with sodium selenite and the 
autophagy inhibitor 3-methyladenine. By contrast, apoptosis 
was downregulated when sodium selenite was combined with 
rapamycin, an inducer of autophagy. The results indicated that 
autophagy may protect cells from the cytotoxicity of sodium 
selenite. The present study results demonstrated that sodium 
selenite induced apoptosis and inhibited autophagy and 
autophagy-protected cells from death by antagonizing sodium 
selenite-induced apoptosis in SW982 cells in vitro.

Introduction

Synovial sarcoma is a high-grade soft tissue sarcoma that 
may occur in various regions of the body, particularly in 
para-articular regions; it is the fourth most common tumor of 
soft tissues, accounting for 5-10% of all soft tissue sarcomas (1). 
Although the available treatments have improved, 25% of 
patients will succumb to synovial sarcoma within the first 
5 years following diagnosis (2). Surgery is the main treatment 
for synovial sarcoma (3,4); however, a previous study reported 
that postoperative chemotherapy for synovial sarcoma may 
effectively inhibit tumor growth (5), and thus postoperative 

chemotherapy for survival is necessary. The combination of 
surgery and chemotherapy has resulted in an ~60% 5-year 
survival rate, yet the 10-year survival rate remains low (1). As 
a result, it is essential for additional studies to identify novel 
chemotherapeutic drugs for synovial sarcoma therapy.

Selenium is an essential trace element that serves impor-
tant roles in different physiological functions in the human 
body (6). Numerous epidemiological and clinical studies have 
suggested that physiological levels of selenium may have a wide 
range of biological effects, including strong protective effects 
against heart disease and age-related diseases (7,8). Additional 
studies have indicated that physiological and supranutritional 
selenium exhibit chemopreventive or therapeutic activities on 
human solid cancers, such as lung cancer, colorectal cancer 
and leukemia, by inducing apoptosis in cancer cells with 
minimal side effects to normal cells, within a proper dose 
range (9-12). Pharmacokinetics and toxicity of sodium selenite 
have been reported in the treatment of patients with carcinoma 
in a phase I clinical trial (13). Therefore, selenium may serve 
as a potential auxiliary chemotherapeutic drug for synovial 
sarcoma in the future by initiating cancer cell apoptosis.

Apoptosis is an important biological process that 
leads to programmed cell death through the regulation of 
apoptosis-related gene expression, and serves an important role 
in a variety of tumor cells (14). Apoptosis is mediated by the 
regulation of numerous proteins, such as the apoptosis regu-
lator Bcl-2 (Bcl-2) protein family and caspases. Bcl-2 inhibits 
the induction of apoptosis, and Bcl-2-associated X protein 
(Bax) induces apoptosis. High expression of Bcl-2 affects the 
susceptibility of cells to the induction of apoptosis and is often 
associated with low expression of Bax (15). Bcl-2 and other 
Bcl-2 protein family members target intracellular organelles, 
including the endoplasmic reticulum as well as outer mitochon-
drial and nuclear membranes, where they modulate responses 
to a number of cell death stimuli (15). Damage to the outer 
mitochondrial membrane subsequently results in increased 
permeability and the release of apoptosis-associated mole-
cules (16). These molecules subsequently activate apoptotic 
factors, such as Caspase (Casp)-9 and its downstream factors, 
Casp-3 and poly (ADP-ribose) polymerase (PARP) (16). 
However, the mechanisms by which selenium activates 
apoptotic machinery are not well understood. Autophagy is 
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a survival strategy that is used by cells experiencing nutrient 
deprivation or other stresses, and is widely involved in the 
pathogenesis of many diseases, cancer in particular (17,18). 
During autophagy, cytoplasmic material is sequestered into 
double-membrane vesicles, autophagosomes, which fuse with 
lysosomes and their contents are subsequently degraded and 
recycled. Beclin-1 and microtubule-associated protein 1 light 
chain 3 (LC3) are markers of autophagy: Beclin-1 is associ-
ated with the trafficking of lysosomal enzymes to lysosomes 
as well as autophagic vesicle nucleation, and LC3, particularly 
LC3-II, is a marker of autophagosome formation (19). In 
addition, autophagy is responsible for the degradation of p62, 
which is a selective autophagy receptor for the degradation 
of ubiquitinated substrates (19). However, different studies 
report different results regarding the role of selenium in tumor 
cell autophagy. Selenium was reported to inhibit autophagy 
in leukemia cells (20), whereas in lung cancer and certain 
other tumors, selenium was revealed to promote tumor cell 
autophagy (10,21). Therefore, it is difficult to draw a conclu-
sion regarding the effects of selenium on tumor cell autophagy, 
particularly in synovial sarcoma cells. The individual roles 
of apoptosis and autophagy, and the interplay between these 
processes are complex and may be different in different cells 
as well as in relation to various stressors. On the one hand, a 
previous study indicated that autophagy may protect certain 
tumor cells from chemotherapy drug-induced apoptosis in vivo 
and in vitro (22). On the other hand, extensive or persistent 
autophagy may also induce cell death; this autophagic cell 
death is termed type II programmed cell death (23,24). Thus, 
autophagy may serve as an adapter between cell death and 
survival (25). Limited evidence is available regarding the roles 
of selenium on the underlying mechanisms in human tumor 
cells, and the effects of sodium selenite, an inorganic selenium 
compound, in synovial sarcoma cells have not been reported.

The aims of the present study were to determine the mode 
of action of sodium selenite in the context of its antitumor 
activity on synovial sarcoma, to investigate the relation-
ship between apoptosis and autophagy, and to examine the 
molecular mechanisms underlying sodium selenite treatment 
in cancer cells. Results from the present study may provide the 
first evidence to suggest that sodium selenite induces apoptosis 
and inhibits autophagy in SW982 cells in vitro. These observa-
tions demonstrated that sodium selenite may serve as a novel 
adjuvant therapy in the treatment of synovial sarcoma.

Materials and methods

Cells and main reagents. The SW982 human synovial sarcoma 
cell line was obtained from The Cell Bank of Type Culture 
Collection of the Chinese Academy of Sciences (Shanghai, 
China). Sodium selenite was purchased from Sigma-Aldrich 
(Merck KGaA, Darmstadt, Germany). LC3 (cat. no. L7541) 
and p62 (cat. no. p0067) antibodies were purchased from 
Sigma-Aldrich; Merck KGaA. The β-actin (cat. no. bs-0061R) 
antibody was purchased from Biosen Biotech Company 
(Beijing, China). Pro-Caspase (Casp)-3 (cat. no. ab32351), 
cleaved-Casp-3 (cat. no. ab207612), PARPp85 (cat. no. ab32561) 
and Bcl-2 (cat. no. ab32124) antibodies were purchased from 
Abcam (Cambridge, UK). Beclin-1 (cat. no. 3738) and Bax 
(cat. no. 2772) antibodies were purchased from Cell Signaling 

Technology, Inc. (Danvers, MA, USA). 3-methyladenine 
(3-MA) was purchased from Selleck Chemicals (Shanghai, 
China). Rapamycin was purchased from Sigma-Aldrich; 
Merck KGaA. Fluorescein isothiocyanate-conjugated immu-
noglobulin G (IgG) was purchased from Thermo Fisher 
Scientific, Inc. (Waltham, MA, USA). Bovine serum albumin 
was purchased from Sigma-Aldrich; Merck KGaA.

Cell culture and treatment. SW982 cells were cultured in 
Dulbecco's modified Eagle medium/Ham's Nutrient Mixture 
F12 medium (Thermo Fisher Scientific, Inc.) containing 10% 
fetal bovine serum (Gibco; Thermo Fisher Scientific, Inc.), 
penicillin G (100 U/ml), and streptomycin (100 µg/ml) in a 
5% CO2‑humidified atmosphere at 37˚C. A previous study 
suggested that the reference range for blood selenium level was 
80-150 µg/l (1.02-1.91 µmol/l) (26); blood selenium concentra-
tions of 1,400 ng/ml (equivalent to 17.7 µM) are toxic and may 
cause symptoms of selenium poisoning, including hair and nail 
loss, disorders of the respiratory system and paralysis (27,28). 
Therefore, the present study used non-toxic sodium selenite 
concentrations (0, 5, 10 and 15 µM) and toxic sodium selenite 
concentrations (20 and 30 µM) for investigation. The culture 
periods ranged between 0 and 72 h of continuous exposure to 
sodium selenite.

Inhibition of autophagy. SW982 cells (5x104 cells/ml) 
were seeded into 6-well plates and then incubated in a 5% 
CO2‑humidified atmosphere at 37˚C. Following overnight 
incubation, SW982 cells were pretreated with an autophagy 
inhibitor, 3-MA (5 mM) for 2 h and subsequently incubated 
with sodium selenite (10 µM) for 24 h at 37˚C.

Induction of autophagy. SW982 cells (5x104 cells/ml) 
were seeded into 6-well plates and then incubated in a 5% 
CO2‑humidified atmosphere at 37˚C. Following overnight incu-
bation, SW982 cells were pretreated with 100 nM rapamycin 
for 2 h at 37˚C and subsequently incubated at 37˚C with sodium 
selenite (10 µM) for 24 h.

Cell viability experiments. Cell viability was measured using the 
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
(MTT) assay. Briefly, SW982 cells (5x104 cells/ml) were 
seeded into 96-well plates, incubated in a 5% CO2‑humidified 
atmosphere at 37˚C overnight and exposed to concentrations 
of sodium selenite ranging between 0 and 30 µM for 0-72 h at 
37˚C. Following incubations, MTT solution (20 µl; 5 mg/ml) 
was added to each well, and the cells were incubated for an addi-
tional 4 h at 37˚C. Following removal of the remaining medium, 
dimethyl sulfoxide (150 µl) was added to each well to solubi-
lize the precipitate. The optical density (OD) was measured at 
570 nm with a microplate reader (Thermo Fisher Scientific, Inc.), 
and the following formula was used to calculate viability: Cell 
viability (%)=(OD of the experimental sample/OD of the control 
group) x100. The half maximal inhibitory concentrations (IC50) 
were determined using GraphPad Prism 5.0 statistical software 
(GraphPad Software, Inc., La Jolla, CA, USA).

Morphological changes in SW982 cells assay. SW982 cells 
(5x104 cells/ml) were incubated in 96-well plates with either 
various concentrations (0, 5, 10 and 15 µM) of sodium selenite 
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for 24 h or with 10 µM sodium selenite for various lengths of time 
(0, 6, 12 and 24 h). Morphological changes of SW982 cells were 
determined using an inverted microscope (Nikon Corporation, 
Tokyo, Japan). The morphological changes of SW982 cells 
include cell density, cell deformation and cell pycnosis.

Apoptosis detection. Following the treatments with various 
concentration or length of exposure to sodium selenite at 37˚C, 
SW982 cells (5x104 cells/ml) were detached with trypsin, washed 
twice with 1X PBS and resuspended in annexin V binding buffer 
(200 µl; 7SeaPharmTech, Shanghai, China). Subsequently, cells 
were incubated with annexin V-fluorescein isothiocyanate 
(7SeaPharmTech) for 15 min at room temperature in the dark, 
followed by propidium iodide (7SeaPharmTech) for 5 min at 
4˚C in the dark. Apoptotic cells were analyzed using a Guava 
EasyCyteHT flow cytometer (Merck KGaA).

Transmission electron microscopy (TEM) analysis of 
autophagy. Following the various treatments, SW982 cells 
(5x104 cells/ml) were detached with trypsin, washed twice 
with PBS and fixed in ice‑cold 2% glutaraldehyde/0.1 M phos-
phate buffer (pH 7.2) for 2 h at 4˚C, post‑fixed in 1% osmium 
tetroxide for 2 h at 4˚C, washed with PBS, dehydrated in a 
graded ethanol series (30, 50, 70, 90 and 100%) at 4˚C (each 
concentration for 10 min) and embedded in 1:1 propylene 
oxide/embedding resin at 37˚C for 24 h. The resin blocks 
cut with a LKB-V microtome (LKB Bromma, Sollentuna, 
Sweden), and thin (60 nm) sections were picked up on 
200-mesh copper grids and stained with uranyl acetate and 
lead citrate for 10 min at room temperature. The sections were 
examined with a H-7650 transmission electron microscope 
(Hitachi, Ltd., Tokyo, Japan).

LC3 immunofluorescence. SW982 cells (5x104 cells/ml)  
were seeded into 24-well plates and then incubated in a 
5% CO2‑humidified atmosphere at 37˚C overnight. Following 
overnight incubation, cells were treated with 0, 10 and 15 µM 
sodium selenite for 24 h at 37˚C. Subsequently, the medium 
was removed, cells were washed twice with PBS and then 
fixed with 3.7% paraformaldehyde and treated with 0.2% 
Triton X-100 to permeabilize for 30 min on ice. Following 
blocking with 2% bovine serum albumin for 1 h at room 
temperature, cells were subsequently incubated with LC3 
antibodies [1:200 dilution with phosphate buffered saline 
with 0.1% Tween-20 (PBST)] for 2 h, and then incubated 
withfluorescein isothiocyanate‑conjugated immunoglobulin G 
(IgG; 1:100) with PBST for 1 h at room temperature. Following 
this, cells were incubated with Hoechst 33258 solution 
(10 µg/ml) for 15 min at room temperature. A fluorescence 
microscope (Nikon Corporation) was used to determine LC3 
immunofluorescence (magnification, x200). A total of 5 fields 
of vision/per well were investigated.

Western blotting analysis. Following the various treatments 
and incubation in a 5% CO2‑humidified atmosphere at 37˚C, 
the medium was removed and SW982 cells were washed 
twice with cold PBS and solubilized in Triton lysis buffer 
(50 mM Tris-HCl, pH 7.4; 150 mM NaCl; 0.2 mM EDTA; 
1% Triton X-100; 1% sodium deoxycholate and 0.1% SDS) 
and protease inhibitor cocktail (Beyotime Institute of 

Biotechnology, Shanghai, China) on ice. Protein concentra-
tions were determined using the Bicinchoninic Acid assay 
(Thermo Fisher Scientific, Inc.). The amount of supernatant 
loaded into each well was calculated according to the protein 
concentrations. Either 10% or 12% SDS-PAGE was prepared 
for western blotting analysis, and each well was loaded with 
20 µg of protein. Proteins were transferred onto an Immoblin-P 
nitrocellulose membrane (EMD Millipore, Billerica, 
MA, USA), blocked in 10% non-fat milk in Tris-buffered 
saline + 0.1% Tween-20 (TBST) for 2 h at room tempera-
ture and then incubated overnight at 4˚C with the following 
primary antibodies: Anti-Bax, 1:600; anti-Bcl-2, 1:100; 
anti-pro-caspase-3, 1:200; anti-cleaved-caspase-3, 1:200; 
anti-PARPp85, 1:200; anti-P62, 1:2,000; anti-Beclin-1, 1:500; 
anti-LC3-II, 1:500; and anti-β-actin, 1:750. Membranes were 
washed with TBST buffer and reacted with the appropriate 
horseradish peroxidase-conjugated secondary antibodies 
(goat anti‑rabbit IgG; 1:10,000; Thermo Fisher Scientific, Inc.) 
for 1 h at room temperature. Following incubation with the 
secondary antibodies, the membranes were washed thrice with 
TBST and once with TBS and developed using an enhanced 
chemiluminescence kit (Thermo Fisher Scientific, Inc.) and a 
GeneGnome 5 western blotting detection system (Synoptics 
Ltd., Cambridge, UK). β-actin was used as the internal 
control and for the normalization of protein expression, and 
densitometric analysis was performed using Image J2 software 
(National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. Data are presented as the mean ± standard 
deviation; experiments were repeated thrice (n=3). All 
statistical analyses of the experimental data were performed 
using GraphPad Prism 5.0 statistical software (GraphPad 
Software, La Jolla, CA, USA). Two-tailed Student's t-test 
was used to determine significant differences in the normal 
distribution of the data of the two groups. Data for multiple 
variable comparisons were analyzed by one-way analysis of 
variance or the Kruskal-Wallis test, which were then followed 
by the Bonferroni post-hoc test. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Sodium selenite reduces cell viability in SW982 human synovial 
sarcoma cells. The effects of sodium selenite on SW982 cell 
viability were examined with the MTT assay. SW982 cells 
were treated with sodium selenite at concentrations ranging 
between 0 and 30 µM, which included both nutritious and 
toxic doses, for 0 to 72 h. The results indicated that sodium 
selenite significantly inhibited SW982 cell viability in a 
time- and dose-dependent manner (Fig. 1A). The IC50 values of 
51.9±5.9 µM at 3 h, IC50 values of 37.3±2.8 µM at 6 h, IC50 values 
of 30.1±1.3 µM at 12 h, IC50 values of 26.8±1.0 µM at 24 h, IC50 
values of 13.4±0.4 µM at 48 h and IC50 values of 9.3±0.4 µM 
at 72 h of treatment (Fig. 1B). Significant inhibitory effects 
were observed with 5 µM or greater sodium selenite treatment 
for 12 h; similarly, ≥10 µM sodium selenite treatment for 3 h 
significantly inhibited cell viability. Furthermore, toxic doses 
(>17.7 µM) of sodium selenite (24) also significantly inhibited 
cell viability (Fig. 1A). In addition, morphological changes in 
SW982 cells exposed to sodium selenite were observed: The 
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cells shrunk, retracted from neighboring cells, lost their flat 
and polygonal shape and ultimately detached from the culture 
dish (arrow); thus suggesting that cell death was induced by 
sodium selenite (Fig. 1C). Following treatment with sodium 
selenite, the cell density was significantly decreased in a dose 
and time-dependent manner. These results indicated that 
sodium selenite inhibits cell viability in SW982 cells.

Sodium selenite induces apoptosis in SW982 cells by regu‑
lating expression of Casp‑3, PARPp85 and Bcl‑2/Bax proteins. 
The effects of sodium selenite on apoptosis in SW982 cells 
were examined by flow cytometry. The results indicated that 
sodium selenite treatment induced apoptosis in a time- and 
dose-dependent manner (Fig. 2A-C). To determine the mecha-
nisms by which sodium selenite induced apoptosis, western 
blotting assays were used to analyze the expression levels 
of apoptosis-related proteins. The results demonstrated that 
sodium selenite treatment significantly reduced the expression 
of the anti-apoptotic protein Bcl-2 and pro-Casp-3 protein, 
and increased the expression of the pro-apoptotic protein Bax, 
cleaved-Casp-3 and PARPp85 in a time- and dose-dependent 
manner (Fig. 2D-F). These results revealed that sodium sele-
nite induced apoptosis in SW982 cells through the activation 
of Casp-3, PARPp85, Bcl-2 and Bax proteins.

Sodium selenite inhibits autophagy in SW982 cells. The 
effects of sodium selenite on autophagy in SW982 cells were 
also examined. TEM results revealed that a higher number of 
autophagic vesicles formed in the untreated (0 µM) control 

group compared with the number of autophagy vesicles that 
formed following treatment with 15 µM sodium selenite 
(Fig. 1A). Cells treated with 10 µM sodium selenite for 24 h also 
exhibited reduced formation of autophagic vesicles compared 
with the control group at 0 h. The TEM results suggested that 
sodium selenite inhibited autophagy in SW982 cells (Fig. 3A).

Expression of the autophagy-related proteins LC3, Beclin-1 
and p62 were examined by western blotting. The results 
revealed a significant decrease in the protein expression levels 
of LC3-II and Beclin-1, whereas the level of p62 expression 
was significantly increased in a dose- and time-dependent 
manner, compared with the respective untreated controls 
(Fig. 3B‑D). Furthermore, LC3 immunofluorescence experi-
ments were conducted to further verify the effects of sodium 
selenite on SW982 cell autophagy. The results demonstrated 
an enhanced expression of LC3 immunofluorescence visible in 
the untreated (0 µM) control group compared with the groups 
treated with 10 and 15 µM sodium selenite (Fig. 4). LC3 fluores-
cence demonstrated that the expression of LC3 was decreased 
following treatment with sodium selenite (Fig. 4). These results 
confirmed that sodium selenite treatment inhibited autophagy 
in SW982 cells.

Inhibition of autophagy enhances sodium selenite‑induced 
apoptosis in SW982 cells. Based on the aforementioned 
results, the present study aimed to verify that sodium selenite 
induces apoptosis and inhibits autophagy in SW982 cells 
following treatment with sodium selenite and to determine the 
inter-relationship between apoptosis and autophagy. Therefore, 

Figure 1. Sodium selenite inhibits cell viability in SW982 human synovial sarcoma cells. (A) SW982 cells were incubated with various concentrations 
(0, 5, 10, 15, 20 and 30 µM) of sodium selenite for 0 to 72 h. Cell viability was determined using an MTT assay. (B) The IC50 of sodium selenite in SW982 
cells. (C) SW982 cells were incubated with various concentrations (0, 5, 10 and 15 µM) of sodium selenite for 24 h or with 10 µM sodium selenite for various 
times (0, 6, 12 and 24 h). Morphological changes in SW982 cells were determined by inverted microscopy; Scale bar, 50 µm. Data are presented as the 
mean ± standard deviation of at least three independent experiments; *P<0.05 and #P<0.01 vs. respective control group (0 µM or 0 h). 
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cells were incubated with 3-MA, an inhibitor of autophagy. 
TEM results indicated that 3-MA inhibited autophagy in 
SW982 cells (Fig. 5A). Western blotting assays also confirmed 
that 3-MA inhibited autophagy by altering the expression of 
LC3-II (Fig. 5B and C). Thus, we clearly demonstrated that 
autophagy was inhibited by 3-MA. In addition, western blotting 
demonstrated that sodium selenite treatment in combination 
with 3‑MA resulted in a significant decrease in the expression 
of anti‑apoptotic protein Bcl‑2 and significant increase in the 
expression of pro-apoptotic protein Bax compared with cells 
treated with sodium selenite alone (Fig. 5B, D and E).

MTT experiments revealed that cell viability was signifi-
cantly reduced when cells were co-treated with sodium selenite 
and 3-MA compared with treatment with sodium selenite alone 

(Fig. 5F). Furthermore, flow cytometric analyses revealed 
that cells treated with sodium selenite combined with 3-MA 
exhibited a significantly increased apoptotic rate compared 
with treatment with sodium selenite alone (Fig. 5G).

It was also demonstrated that upon stimulation of autophagy 
by rapamycin treatment, selenite-mediated cytotoxicity and 
apoptosis was significantly reduced compared with untreated 
cells (Fig. 6). Following treatment with sodium selenite+ 
100 nM rapamycin, the induction of autophagy significantly 
promoted cell viability and decreased the rate of apoptosis 
compared with sodium selenite treatment alone (Fig. 6A and B, 
respectively). Western blotting results also indicated that 
sodium selenite+ 100 nM rapamycin notably increased the 
expression of anti-apoptotic protein Bcl-2 and decreased the 

Figure 2. Sodium selenite induces apoptosis in SW982 cells via regulation of Casp-3, PARPp85, Bcl-2 and Bax protein expression. (A) Cells were treated with 
various concentrations (0, 5, 10 and 15 µM) of sodium selenite for 24 h or with 10 µM sodium selenite for 0, 6, 12 and 24 h. Apoptotic rates were examined 
using an Annexin V-FITC/PI double-stain assay. Annexin V-FITC-positive and PI-negative stained cells indicate early apoptosis (lower right quadrant), 
Annexin V-FITC-positive and PI-positive double-stained cells indicate late apoptosis (upper right quadrant), and Annexin V-FITC-negative and PI-positive 
stained cells represent dead cells (upper left quadrant). (B and C) Apoptotic rates of SW982 cells analyzed by flow cytometry following treatment with either 
(B) various concentrations of sodium selenite or (C) various incubation times with 10 µM sodium selenite. (D) Cell lysates were subjected to western blotting to 
determine the levels of apoptosis-related proteins Bcl-2, Bax, pro-Casp-3, cleaved-Casp-3 and PARP; β-actin was used as an internal control and to normalize 
the expression data. (E and F) Densitometric analysis of the apoptosis-related proteins from Part D. Data are presented as the mean ± standard deviation of at 
least three independent experiments; *P<0.05 and #P<0.01 vs. untreated control (0 µM or 0 h). Bax, Bcl‑2‑associated X protein; Casp, caspase; FITC, fluorescein 
isothiocyanate; PARP, poly (ADP-ribose) polymerase; PI, propidium iodide.
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expression of pro-apoptotic protein Bax compared with cells 
treated with sodium selenite alone (Fig. 6C and D).

Overall, these results indicated that suppression of 
autophagy may enhance sodium selenite-induced apoptosis 

in SW982 cells; therefore, autophagy may protect cells from 
death by antagonizing sodium selenite-induced apoptosis in 
SW982 cells.

Discussion

The effects of selenium on human synovial sarcoma have not 
been clearly elucidated. Given the antitumor effects of selenium, 
the present study was particularly interested in the effects of 
sodium selenite, an inorganic selenium compound, on the human 
synovial sarcoma cell line SW982. It was hypothesized that 
sodium selenite inhibited cell viability and induced apoptosis in 
SW982 cells; therefore the effects of sodium selenite exposure 
on cell viability were analyzed. The results demonstrated that 
sodium selenite significantly inhibited SW982 cell viability. 
Apoptosis serves a crucial role in a number of pathophysi-
ological processes (15). Flow cytometry was used to observe 
that sodium selenite treatment significantly increased SW982 
cell apoptosis via activation of Casp-3, PARPp85, Bcl-2 and 
Bax proteins. However, further studies are needed to determine 
the underlying mechanisms behind apoptosis. Autophagy is a 
cellular degradation pathway for the clearance of damaged or 
superfluous protein and organelles, and occurs in many tumor 
cells (19). Autophagy serves as a mechanism of cell survival 
by favoring stress adaptation over cell death (19). Excessive 
self-digestion and degradation of essential cellular components 
may induce what is known as autophagic cell death (19). The 
results of the present study demonstrated that sodium selenite 
inhibited autophagy in SW982 cells in vitro. The respective roles 

Figure 3. Sodium selenite inhibits autophagy in SW982 cells. (A) SW982 cells were treated with 0 or 15 µM sodium selenite for 24 h or with 10 µM sodium 
selenite for 0 and 24 h. Autophagosomes (arrows) and nuclear condensation (asterisks) were assessed by electron microscopy; scale bar, 5 µm. (B) SW982 
cells were treated with various concentrations (0, 5, 10 and 15 µM) of sodium selenite or with 10 µM sodium selenite for 0, 6, 12 and 24 h. Cell lysates 
were subjected to western blotting to determine the effects of sodium selenite on the expression of autophagy regulatory proteins LC3, Beclin-1 and p62. 
(C and D) Densitometric analysis of autophagy-related proteins from Part B. Data are presented as the mean ± standard deviation of at least three independent 
experiments; *P<0.05 and #P<0.01 vs. untreated control (0 µM or 0 h). LC3, microtubule-associated protein 1 light chain 3. 

Figure 4. Sodium selenite inhibits LC3 expression in SW982 cells. SW982 
cells were treated with 0, 10 and 15 µM sodium selenite for 24 h. Cells were 
fixed and stained with an immunofluorescent anti‑LC3 antibody (green), and 
cell nuclei were counterstained with Hoechst 33258 (blue); scale bar, 50 µm. 
Data are presented as the mean ± standard deviation of at least three inde-
pendent experiments. LC3, microtubule-associated protein 1 light chain 3. 
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Figure 5. Inhibition of autophagy enhances sodium selenite-induced apoptosis in SW982 cells. SW982 cells were pretreated, 3-MA (5 mM), for 2 h and 
subsequently incubated with sodium selenite (10 µM) for 24 h. (A) Autophagosomes (arrows) and nuclear condensation (red asterisks) were examined by 
transmission electron microscopy; scale bar, 5 µm. (B) Cell lysates were subjected to western blotting to examine the expression levels of autophagy-related 
protein LC3 and apoptosis-related proteins Bcl-2 and Bax; β-actin was used as an internal control. Densitometric analysis of (C) LC3-II, (D) Bcl-2 and (E) Bax 
expression in SW982 cells treated with sodium selenite (10 µM) in the absence or presence of 3-MA (5 mM). (F) Cell viability was determined by using the 
MTT assay. (G) Apoptotic rates were measured by flow cytometry. Data are presented as the mean ± standard deviation of at least three independent experi-
ments; *P<0.05 and **P<0.01, Na2SeO3 + 3-MA treated cells vs. Na2SeO3 treated cells; ##P<0.01, untreated cells vs. 3-MA treated cells. 3-MA, 3-methyladenine; 
Bax, Bcl-2-associated X protein; LC3, microtubule-associated protein 1 light chain 3; Na2SeO3, sodium selenite.

Figure 6. Induction of autophagy decreases sodium selenite-induced apoptosis in SW982 cells. SW982 cells were treated with sodium selenite (10 µM) in the 
absence or presence of rapamycin (100 nM). (A) Cell viability was measured by MTT assay. (B) Apoptotic rates were measured by flow cytometry. #P<0.01. 
(C) Cell lysates were subjected to western blotting and examined for the expression of apoptosis-related proteins Bcl-2 and Bax, and autophagy-related protein 
LC3; β-actin was used as an internal control. (D) Densitometric analysis of Bcl-2, Bax and LC3-II expression in SW982 cells were treated with sodium 
selenite (10 µM) in the absence or presence of rapamycin (100 nM). *P<0.05 and **P<0.01, Na2SeO3 + 3-MA treated cells vs. Na2SeO3 treated cells. Data 
are presented as the mean ± standard deviation of at least three independent experiments. Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; LC3, 
microtubule-associated protein 1 light chain 3; Na2SeO3, sodium selenite.
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and interplay between apoptosis and autophagy are complex and 
may vary in different cells and in the context of various stress 
types. Previous observations indicated that autophagy serves a 
role in preventing apoptosis (22), whereas other studies reported 
that active autophagy increased apoptosis (23,24). Several 
previous studies indicated that sodium selenite enhances, 
not suppresses, autophagic activity in certain types of cancer 
cells (10,21). Thus, it is difficult to draw a conclusion regarding 
the effects of selenium on tumor cell autophagy. The mecha-
nisms behind this observation are complex and require further 
investigation. The respective roles and the interplay between 
apoptosis and autophagy are complicated and are likely to 
vary in different cells and in response to different stressors. In 
the present study, autophagy was suppressed in sodium sele-
nite-treated SW982 cells by co-treating cells with 3-MA, which 
significantly increased the apoptotic rates. In addition, apoptosis 
was downregulated when sodium selenite was combined with 
rapamycin, an inducer of autophagy. In summary, the data 
suggested that autophagy may protect SW982 cells from death 
by antagonizing sodium selenite-induced apoptosis; therefore, 
autophagy may play a protective role in SW982 cells.

The Akt/mammalian target of rapamycin (mTOR) 
signaling pathway is initiated by ligand-activated receptor 
tyrosine kinases on the plasma membrane, such as insulin-like 
growth factor 1 receptor and platelet-derived growth factor 
receptors, which recruit phosphatidylinositol 3-kinase 
(PI3K) directly to the receptor (29,30). PI3K converts phos-
phatidylinositol 4,5-bisphosphate to phosphatidylinositol 
3,4,5-triphosphate, which subsequently recruits Akt to the 
membrane, where it is activated and facilitates the downstream 
activation of mTOR (29). Akt/mTOR activation suppresses 
autophagy in mammalian cells, which suggested that inactiva-
tion of Akt/mTOR may promote autophagy (31). In addition, 
a previous study reported that the Akt/mTOR pathway posi-
tively regulates autophagy (32). A number of other previous 
studies indicated that sodium selenite exposure enhances 
autophagic activity in certain types of cancer cells (10,21). 
Given the dual function of Akt/mTOR pathway in autophagy, 
the present study hypothesizes that the Akt/mTOR pathway 
may be involved in the inhibition of sodium selenite-induced 
autophagy in SW982 synovial sarcoma cells. A previous 
study using animal models with activated Akt demonstrated 
that oncogenesis through this pathway was dependent upon 
downstream activation of mTOR (33). Akt/mTOR pathway 
activation is associated with sarcoma oncogenesis through 
a number of mechanisms, such as: Mast/stem cell growth 
factor receptor Kit and platelet-derived growth receptor-α 
mutations in gastrointestinal stromal tumours; phosphati-
dylinositol 4,5-bisphosphate 3-kinase catalytic subunit-α 
isoform mutations in myxoid/round-cell liposarcomas; or 
other pathognomonic alterations that promote reliance upon 
the pathway, such as the dependence of RNA binding protein 
EWS-friend leukemia integration 1 transcription factor 
gene fusion-driven oncogenesis upon the IGF-1 receptor in 
Ewing sarcoma (29). Faghiri and Bazan (34) demonstrated 
that in single-dose oxidative stress-induced apoptosis, phos-
phorylation of Akt, mTOR, and p70S6K is both time- and 
dose-dependent. Furthermore, it has been demonstrated that 
wortmannin (a PI3K inhibitor that functions upstream of Akt) 
and rapamycin (mTOR inhibitor that functions upstream in the 

mTOR/p70S6K pathway) inhibit the PI3K and mTOR/p70S6K 
pathways, respectively, increase the apoptosis of human retinal 
pigment epithelial cells, and inhibits the phosphorylation of 
Akt and p70S6K otherwise induced by single-dose oxidative 
stress (34). Thus, the Akt/mTOR pathway maybe associated 
with both apoptosis and autophagy and may serve an impor-
tant role in sodium selenite-induced apoptosis and autophagy 
suppression in SW982 cells. However, the underlying mecha-
nisms require further research.

The characteristics of synovial sarcoma cells significantly 
differ from one cell line to another. Therefore, the results 
obtained from a single cell line may not always be interpreted 
as representing the biology of synovial sarcoma. In this regard, 
at least 3-4 different cell lines should be used to verify that 
sodium selenite may serve as a potential adjuvant agent for the 
treatment of synovial sarcoma. Over the course of this study, 
additional cell lines could not be obtained, as only one synovial 
sarcoma cell line exists in China. Future studies should use an 
alternative cell line of synovial sarcoma to verify the present 
study results.
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