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Abstract. As a member of the cancer-testis antigen family, 
sperm-associated antigen 6 (SPAG6) has been reported 
to be associated with the pathogenesis of myelodysplastic 
syndromes (MDS). Previous studies have demonstrated that 
SPAG6 is upregulated in bone marrow from patients with 
MDS and MDS-transformed acute myeloid leukemia and 
that knockdown of SPAG6 expression levels suppressed 
proliferation and promote apoptosis and differentiation in 
SKM-1 cells. However, the association between SPAG6 and 
autophagy in SKM-1 cells remains unclear. Hence, the aim 
of the present study was to investigate this association and 
its underlying mechanism. The present study used a short 
hairpin RNA (shRNA) lentivirus to silence SPAG6 expres-
sion levels in SKM-1 cells and demonstrated that SPAG6 
knockdown increased autophagy and apoptosis. Furthermore, 
pharmacologically inhibiting autophagy with chloroquine 
and 3-methyladenine decreased SPAG6 knockdown-mediated 
apoptosis, indicating that SPAG6 knockdown-mediated 
autophagy promoted apoptosis in SKM-1 cells. Additionally, 
compared with the expression levels in negative control-shRNA 
lentivirus-transfected SKM-1 cells, the protein expression 
levels of phosphorylated AMP-activated protein kinase 
(p-AMPK) and phosphorylated unc-51-like autophagy 
activating kinase 1 (p-ULK1) were upregulated, while 
phosphorylated mammalian target of rapamycin (p-mTOR) 
protein expression was downregulated in SPAG6-shRNA 
lentivirus-transfected cells. Moreover, inhibiting AMPK 
expression levels with Compound C, a specific inhibitor of 
AMPK, attenuated SPAG6 knockdown-induced autophagy 
and apoptosis, suggesting that AMPK-mediated autophagy 
enhanced the pro-apoptotic effect of SPAG6 knockdown in 

SKM-1 cells. Taken together, the results of the present study 
demonstrated that SPAG6 silencing triggered autophagy via 
regulation of the AMPK/mTOR/ULK1 signaling pathway, 
which further contributed to the apoptosis of SKM-1 cells 
induced by SPAG6 knockdown. Thus, the current results 
indicate that SPAG6 may be a potential therapeutic target 
against MDS, and that autophagy may represent a potential 
mechanism for the treatment of MDS.

Introduction

Myelodysplastic syndromes (MDS) are defined as clonal hema-
topoietic stem cell (HSC) malignancies with characteristic 
manifestation of peripheral blood cytopenias due to ineffec-
tive hematopoiesis and dysplasia of the bone marrow (BM). 
MDS has a high risk of conversion to acute myeloid leukemia 
(AML) (1). Treatments for patients with MDS include hemato-
poietic therapy, differentiation therapy, demethylation therapy 
and allogeneic BM HSC transplantation (allo-HSCT) (2). 
However, the efficacy of these treatments is unsatisfactory. Data 
from the Center for International Blood and Marrow Transplant 
Research (CIBMTR) indicated transplant-related mortality 
(TRM) and relapse rates of 30 and 30%, respectively, following 
allogeneic HCT from human leukocyte antigen (HLA)-matched 
related donors; the 3-year probability of survival is 40% (3). 
Upon progression to AML, patients exhibit a poor response to 
standard therapy and a high likelihood of mortality. Therefore, 
it is urgently necessary to identify effective therapeutic targets 
to prevent MDS progression.

Sperm-associated antigen 6 (SPAG6), a member of the 
cancer‑testis antigen family, was first discovered in human 
testis tissue, where its functions include regulating sperm 
flagella motility and germ cell maturation (4). However, 
increasing evidence has demonstrated that SPAG6 may influ-
ence the progression of certain malignant diseases, including 
gastric, breast and lung cancer (5). Furthermore, a number 
of reports have demonstrated that, compared with normal 
controls, SPAG6 is upregulated in BM from patients with 
MDS, MDS-AML or de novo AML, and that high expres-
sion levels of SPAG6 are associated with poor survival (6,7). 
SKM-1 is an MDS-AML cell line that was established from the 
peripheral blood of a male patient with MDS transformation to 
AML. As there are currently no MDS cell lines, SKM-1 cells 
are considered to be the optimal model for investigating the 
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pathogenesis of MDS (8). Previous studies have demonstrated 
that lentivirus-mediated SPAG6 knockdown suppresses prolif-
eration and promotes apoptosis and differentiation in SKM-1 
cells, confirming that SPAG6 influences the progression of 
MDS (7,9-11). However, the effects of SPAG6 on autophagy 
and its underlying mechanisms have not yet been identified.

Autophagy is a physiological process in which unneces-
sary intracellular materials are degraded by the lysosome 
for recycling. Therefore, it is essential for the maintenance 
of cell development, metabolism and cellular homeostasis. 
However, previous evidence has demonstrated that autophagy 
exerts both pro-survival or pro-apoptotic functions in disease, 
depending on the tumor condition, disease progression and 
cellular microenvironment (12). There is growing evidence 
that autophagy serves a critical role in the pathogenesis of 
MDS and AML; autophagy regulates the differentiation and 
development of HSCs by removing damaged mitochondria 
and reactive oxygen species (ROS) (13,14). Further studies 
have indicated that a lack of autophagy in HSCs may facili-
tate the progression of MDS and AML (15,16). In addition, 
a recent study demonstrated that, compared with normal 
controls, autophagy was decreased, and damaged mitochon-
dria and ROS levels were increased in patients with MDS 
and MDS-AML (17), suggesting that autophagy functions 
as a tumor suppressor in the progression of MDS. However, 
the possible cause of decreased autophagy in MDS remains 
unclear. Thus, studies are required to investigate the mecha-
nisms underlying decreased autophagy in MDS to provide 
guidance for the prevention and treatment of MDS.

AMP-activated protein kinase (AMPK) is a key factor 
in regulating cellular energy and metabolism, and serves an 
essential role in the pro-differentiation and anti-leukemic 
properties of myeloid malignancies, via regulation of multiple 
downstream signaling molecules to induce autophagy (18). For 
example, it directly or indirectly inhibits cancer-promoting 
mTOR complex 1 (mTORC1) signaling and activates 
pro-apoptotic p53 (19,20). However, previous studies have 
demonstrated that the expression levels of autophagy, differ-
entiation and AMPK mRNA were significantly decreased in 
cells collected from patients with high-risk MDS compared 
with patients with low-risk MDS or healthy controls (7,17,18). 
A previous study demonstrated that SPAG6 silencing increases 
the differentiation of SKM-1 cells (7), which suggests that 
SPAG6 silencing may regulate differentiation and autophagy 
in SKM-1 cells via activation of the AMPK signaling pathway. 
To the best of our knowledge, however, the potential molecular 
mechanism has not yet been clarified,

The present study demonstrated that SPAG6 knock-
down may trigger autophagy and apoptosis in SKM-1 
cells and that autophagy inhibitors attenuated SPAG6 
knockdown-induced cell apoptosis. Furthermore, the present 
study investigated the underlying mechanism of SPAG6 
knockdown-induced autophagy, which may be mediated by 
regulation of the AMPK/mTOR/ULK1 signaling pathway.

Materials and methods

Cell culture and infection. SKM-1, the human MDS-AML 
cell line, was provided by Professor Jianfeng Zhou of Tongji 
Medical College of Huazhong University of Science and 

Technology (Wuhan, China) -and cultured in RPMI-1640 
medium (Corning Inc.) containing 10% fetal bovine serum 
(Capricorn Scientific GmbH) without antibiotics. Cells were 
grown in complete medium with 3-methyladenine (3-MA; 
5 mM/l), chloroquine (CQ; 10 µM/l) or the AMPK inhibitor 
Compound C (5 µM/l), purchased from Selleck Chemicals and 
all cells were incubated at 37˚C with 5% CO2. Lentiviral short 
hairpin RNAs (shRNAs) were designed and synthesized by 
Shanghai GeneChem Co., Ltd. A total of three different shRNAs 
for SPAG6 were designed (sequences listed in Table SI) and 
the shRNA used as the negative control (NC) was 5'-TTC TCC 
GAA CGT GTC ACG T-3'. SKM-1 cells at the logarithmic stage 
were seeded in 24-well plates (5x104 cells/well) before being 
transfected with SPAG6-shRNA lentivirus or NC-shRNA 
lentivirus at a multiplicity of infection of 80 in the presence 
of 5 µg/ml polybrene, an enhancing reagent (Invitrogen; 
Thermo Fisher Scientific, Inc.). Another 500 µl fresh complete 
RPMI-1640 medium supplemented with 10% FBS, without 
antibiotics was added to cells in each group 20 h later, and the 
cells were then resuspended in fresh complete medium after 
an additional 24 h. Three days later, fresh complete medium 
with puromycin at a concentration of 0.5 mg/ml was used to 
culture the transfected cells.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). Total RNA was extracted separately 
from cells treated with NC-shRNA or SPAG6-shRNA using 
TRIzol reagent (Takara Biotechnology Co., Ltd.); then, the 
RNA samples were reverse transcribed into cDNA using a 
PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd.), 
according to the manufacturer's protocols. qPCR was subse-
quently performed using a CFX-Connect Real-Time PCR 
system (Bio-Rad Laboratories, Inc.) and TB Green Master 
Mix (Takara Biotechnology Co., Ltd.) for a total of 45 cycles, 
following standard assay procedures. The thermocycling 
parameters used were 95˚C for 30 sec, followed by 45 cycles 
at 95˚C for 5 sec and 62˚C for 30 sec. The mRNA expression 
levels of SPAG6 and autophagy-associated genes were calcu-
lated using the 2-ΔΔCq method (21) with GAPDH as an internal 
control. The primer sequences are listed in Table I.

Western blot analysis and antibodies. Cells from each group 
were collected and washed with PBS three times. Then, all 
cells were lysed in RIPA lysis buffer (Beyotime Institute of 
Biotechnology) containing PMSF and phosphatase inhibitor 
(Boster Biological Technology). A bicinchoninic acid kit 
(Beyotime Institute of Biotechnology) was used to measure 
protein concentrations, according to the manufacturer's 
protocol. Total cellular proteins (40 µg) in each lane were 
separated via SDS-PAGE on 10 or 12% gels and transferred 
onto PVDF membranes (Merck KGaA) (12% gel was used 
for LC3; 10% gel was used for SPAG6, P62, Beclin1, ATG5, 
ATG7, cleaved caspase 3, Bcl-2, Bax, p-AMPK, AMPK, 
p-mTOR, mTOR, p-ULK1, ULK1 and GAPDH). Then, the 
membranes were blocked with 5% skimmed milk at room 
temperature for 2 h before incubation with the corresponding 
primary antibodies overnight at 4˚C. The next day, the 
membranes were incubated with goat anti-rabbit secondary 
antibody (cat. no. A0216; 1:3,000; Beyotime Institute of 
Biotechnology) for 1 h at room temperature. Finally, the bands 
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were visualized using an enhanced chemiluminescence kit 
(Advansta, Inc.), and the relative protein expression levels 
were analyzed using Fusion FX Spectra software (version 7; 
Vilber Lourmat). The primary antibodies were as follows: 
SPAG6 (cat. no. HPA038440; 1:1,000; Sigma-Aldrich; Merck 
KGaA); GAPDH (cat. no. AG019, 1:1,500 Beyotime Institute 
of Biotechnology); Beclin1, P62, cleaved caspase-3, Bcl-2, Bax, 
mTOR and phosphorylated (p-)mTOR (cat. nos. ab210498, 
ab109012, ab2302, ab32124, ab32503, ab32028 and ab109268, 
respectively; all 1:1,000; all Abcam); LC3, ATG5, ATG7, 
AMPK, p-AMPK, ULK1 and p-ULK1 (cat. nos. 12741, 12994, 
8558, 2532, 2535, 8054 and 5869, respectively; all 1:1,000; all 
Cell Signaling Technology, Inc.).

Transmission electron microscopy. Cells treated with 
NC-shRNA or SPAG6-shRNA alone, as well as cells 
co-treated with SPAG6-shRNA and 3-MA or CQ were 
collected, centrifuged at 350 x g for 5 min at room tempera-
ture and subsequently fixed with 2.5% glutaraldehyde and 
1% osmic acid for 2 h at 4˚C. Next, the prepared cells were 
washed twice with ddH2O and embedded following dehydra-
tion with acetone. Then, the samples were solidified and cut 
into 1-µm sections, which were double-stained with uranium 
acetate for 10 min and lead citrate for 30 min, at 35˚C. Sections 
were observed under a Hitachi-7500 transmission electron 
microscope (Hitachi, Ltd.; magnification, x20,000).

Flow cytometry. Cells treated with NC-shRNA or 
SPAG6-shRNA alone and cells co-treated with SPAG6-shRNA 
and 3-MA or CQ, as well as cells co-treated with Compound C 
and NC-shRNA or SPAG6-shRNA were collected and washed 
with PBS twice before being resuspended in 500 µl PBS. Then, 
the cells were double-stained with annexin V APC and DAPI 
(BD Pharmingen; BD Biosciences) and incubated in the dark 
at room temperature for 10 min. The fluorescence intensities 
of the cells were examined immediately by flow cytometry 
(CytoFLEX, Beckman Coulter, Inc.).

Statistical analysis. SPSS (version 24.0; IBM Corp.) and 
GraphPad Prism software (version 8.0; GraphPad Software, 
Inc.) were used to analyze all data. Data are presented as 
the mean ± standard deviation. An unpaired Student's t-test 
was used for two-group analysis and a One-way analysis of 
variance was used for comparisons among multiple groups, 
followed by the Newman-Keuls post hoc test. All experi-
ments were performed in triplicate. P<0.05 was considered to 
indicate a statistically significant difference.

Results

SPAG6 silencing induces autophagy in SKM‑1 cells. To 
the best of our knowledge, there is no previous evidence 
concerning the association between SPAG6 and autophagy 
in MDS. It is well known that the expression of autophagy 
associated genes (ATG) increases while the expression of 
autophagy receptors decreases when autophagy is acti-
vated (22). LC3 is a homologue of ATG8, including two 
forms of LC3-I and LC3-II, the latter being a marker of 
autophagy; Beclin1 is a homologue of ATG6; these, as well 
as ATG5 and ATG7 are autophagy associated genes (22). 
P62 acts as an autophagy receptor, fusing autophagosomes 
(including cargo) with lysosomes, and then P62 and cargo are 
degraded by autophagolysosomes, resulting in a decrease in 
P62 expression levels (22). Therefore, in order to investigate 
whether SPAG6 is associated with autophagy in SKM-1 cells, 
cells were transfected with shRNAs. The optimal shRNA for 
SPAG6 was screened via RT-qPCR and western blot analysis, 
and was identified as SPAG6‑shRNA3 (Fig. S1). Following 
the suppression of the expression levels of SPAG6, the 
expression levels of autophagy‑related genes were analyzed: 
Compared with its expression levels in SKM-1 cells trans-
fected with NC-shRNA lentivirus, SPAG6 mRNA and protein 
expression levels in cells transfected with SPAG6-shRNA 
lentivirus were significantly decreased. Moreover, there 
was an increase in mRNA and protein expression levels 
of LC3-II, Beclin1, ATG5 and ATG7, and a decrease in 
p62 (Fig. 1A and B). Transmission electron microscopy is 
considered to be the gold standard for observing autophago-
some formation. In the present study, a significant increase 
in autophagosome formation was detected in the SPAG6 
knockdown group (Fig. 1C and D). Taken together, the results 
of the present study indicate that SPAG6 knockdown may 
induce autophagy in SKM-1 cells.

SPAG6 knockdown triggers apoptosis in SKM‑1 cells. The 
present study used western blot analysis and flow cytometry 
to detect the apoptosis rate in each group. Compared with the 
NC-shRNA group, Bax and cleaved caspase-3 protein levels 
were significantly increased in the SPAG6-shRNA group, 
whereas Bcl-2 protein levels were decreased (Fig. 2A). These 
data indicated that SPAG6 knockdown significantly induced 
cell apoptosis. This was confirmed using flow cytometry 
(Fig. 2B and C). Overall, these results indicated that SPAG6 
silencing may induce apoptosis in SKM-1 cells, which is 
consistent with previous evidence (9-11).

Table I. Primer sequences used for RT-qPCR analysis.

Gene Forward (5'-3') Reverse (5'-3')

GAPDH CTTTGGTATCGTGGAAGGACTC GTAGAGGCAGGGATGATGTTCT
SPAG6 AGTGCGACATTCTTCCACAGCTTG GCGTATCCAGTGCTCCACAATCG
LC3 CCGACTTATTCGAGAGCAGCATCC GTCCGTTCACCAACAGGAAGAAGG
Beclin1 ATCTAAGGAGCTGCCGTTATAC CTCCTCAGAGTTAAACTGGGTT
ATG5 GATGGGATTGCAAAATGACAGA GAAAGGTCTTTCAGTCGTTGTC
ATG7 TGTATAACACCAACACACTCGA GGCAGGATAGCAAAACCAATAG



ZHANG et al:  EFFECTS OF SPAG6 SILENCING ON SKM-1 CELLS554

Inhibition of autophagy attenuates SPAG6 knockdown‑ 
induced apoptotic cell death in SKM‑1 cells. Autophagy 
activation has previously been reported to induce apoptosis 
in certain types of human cancer (23,24). Thus, the present 
study used the autophagy inhibitors 3-MA and CQ to block 
autophagy in order to investigate the effect of autophagy on 
apoptosis induced by SPAG6 silencing. It has previously been 
reported that 3-MA and CQ inhibit autophagy at different 
stages: 3-MA inhibits autophagy at an early stage, resulting in 
decreased LC3-II and Beclin1 expression levels, and increased 
P62 expression levels (25). However, CQ suppresses autophagy 
by inhibiting the degradation of autophagy lysosomes, which 
results in additional LC3-II and Beclin1 accumulation and 
decreased p62 degradation (26). The present study demon-
strated that, compared with the expression levels in cells 
transfected with SPAG6-shRNA alone, LC3-II and Beclin1 
protein expression levels were significantly decreased in 
SKM-1 cells cotreated with SPAG6-shRNA/3-MA, while P62 
protein expression levels were increased; these changes were 
accompanied by decreased cleaved caspase-3 and Bax protein 
expression levels and increased Bcl-2 protein expression 
levels (Fig. 3A and D). Furthermore, SKM-1 cells treated with 
SPAG6-shRNA/CQ yielded the same results, except increased 
LC3-II and Beclin1 protein expression levels (Fig. 3A and D). 

In addition, the number of autophagosomes was notably 
decreased in SPAG6-shRNA/3-MA-cotreated SKM-1 cells but 
was increased in SKM-1 cells treated with SPAG6-shRNA/CQ 
compared with cells transfected with SPAG6-shRNA alone 
(Fig. 3B and C). Furthermore, the present study used flow 
cytometry to analyze the effects of 3‑MA and CQ on apop-
tosis. Levels of annexin V APC/DAPI positive cells were 
decreased in cells co-treated with SPAG6-shRNA and 3-MA 
or CQ compared with cells treated with SPAG6-shRNA alone 
(Fig. 3E and F). Collectively, the current results indicate that 
inhibiting autophagy with 3-MA and CQ may attenuate SPAG6 
knockdown-mediated apoptosis in SKM-1 cells.

SPAG 6 knockdown induces  au tophagy via  the 
AMPK/mTOR/ULK1 pathway. There is evidence to indicate 
that autophagy may be induced via the AMPK/mTOR/ULK1 
pathway (27,28). In order to investigate whether this pathway 
participates in SPAG6 knockdown-mediated autophagy in 
SKM-1 cells, the present study detected AMPK, p-AMPK, 
ULK1, p-ULK1, mTOR and p-mTOR protein levels using 
western blotanalysis. As demonstrated in Fig. 4A, although 
the total AMPK, ULK1 and mTOR protein levels were not 
altered, p-AMPK and p-ULK1 protein levels were notably 
increased following SPAG6 knockdown, while the p-mTOR 

Figure 1. SPAG6 silencing induces autophagy in SKM-1 cells. (A) Relative mRNA expression levels of SPAG6, LC3, Beclin1, ATG5 and ATG7 in each group 
were detected using RT-qPCR. (B) Relative protein expression levels of SPAG6, LC3, Beclin1, p62, ATG5 and ATG7 in each group were detected using 
western blot analysis. GAPDH was used as a loading control. (C) Transmission electron microscopy revealed the intracellular ultrastructures in each group 
(magnification, x20,000). The images display a representative experiment from three independent experiments. Red arrows indicate autophagic vacuoles. Scale 
bar, 1 µm. (D) Number of autophagosomes per field was quantified. Data are presented as the mean ± standard deviation of three independent experiments. 
*P<0.05; **P<0.01 vs. NC-shRNA. NC, negative control; shRNA, short hairpin RNA; SPAG6, sperm-associated antigen 6; LC3, microtubule-associated 
protein 1 light chain 3; Beclin1, autophagy-associated protein 6; p62, sequestosome 1; ATG5, autophagy-related protein 5; ATG7, autophagy-related protein 7.
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protein level was significantly decreased; these changes were 
accompanied by increases in protein levels of LC3-II, Beclin1, 
cleaved caspase-3 and Bax, and decreases in protein levels of 
P62 and Bcl-2 (Fig. 4A and B). However, compared with the 
levels in cells transfected with SPAG6-shRNA alone, p-AMPK 
and p-ULK1 protein levels were decreased, whereas the 
p-mTOR protein level was increased in cells co-treated with 
SPAG6 and Compound C. Furthermore, the protein level of 
LC3‑II was significantly decreased, indicating that autophagy 
was suppressed via AMPK inhibition (Fig. 4A and B). 
Moreover, annexin V APC/DAPI double-staining analysis 
revealed fewer apoptotic cells among those co-treated with 
SPAG6-shRNA and Compound C compared with those treated 
with SPAG6-shRNA alone (Fig. 4C and D). Taken together, 
the current findings indicate that SPAG6 silencing induced 
autophagy via the AMPK/mTOR/ULK1 signaling pathway.

Discussion

A number of studies have demonstrated that chromosomal 
abnormalities and aberrant gene expression levels serve essen-
tial roles in the evolution and progression of MDS (29,30). It 
has been reported that SPAG6 is upregulated in patients with 
MDS and AML and that it may regulate apoptosis, proliferation 

and differentiation in SKM-1 cells (9-11). However, to the best 
of our knowledge, there are currently no data concerning the 
role of SPAG6 in autophagy in SKM-1 cells. The present 
study demonstrated that SPAG6 silencing induced autophagy 
and apoptosis in SKM-1 cells and that pharmacologically 
inhibiting autophagy decreased SPAG6 knockdown-induced 
apoptosis. Furthermore, the present study demonstrated that 
SPAG6 downregulation mediated p-AMPK and p-ULK1 acti-
vation and that blocking the AMPK/mTOR/ULK1 signaling 
pathway attenuated SPAG6 knockdown-induced autophagy 
and apoptosis. Hence, the present study indicated that SPAG6 
silencing induced autophagy, which further promoted apop-
tosis in SKM-1 cells, and that the AMPK/mTOR/ULK1 
signaling pathway was involved in regulating autophagy.

As a major mechanism of cell component degradation 
and recycling, autophagy is indispensable in the maintenance 
of cell homeostasis and metabolism. However, dysfunction 
of autophagy is involved in a number of pathological condi-
tions that may lead to tumorigenesis. Previous studies have 
shown that abnormal gene expression levels are important 
in regulating autophagy in tumor cells (15,31). For example, 
mice lacking the autophagy-associated gene ATG7 in HSCs 
develop atypical hyperplasia in the BM, which is similar to 
MDS and can progress to AML (32). In bladder cancer cells, 

Figure 2. SPAG6 knockdown triggers apoptosis in SKM-1 cells. (A) Relative protein expression levels of SPAG6, Bcl-2, Bax and cleaved caspase-3 in each group 
were detected using western blot analysis. (B) After annexin V APC/DAPI double-staining, the total apoptosis rate of SKM-1 cells treated with NC-shRNA 
or SPAG6‑shRNA was detected by flow cytometry. The images display a representative experiment from three independent experiments. (C) Analysis of the 
apoptotic rate shown in (B). Data are presented as the mean ± standard deviation of three independent experiments. **P<0.01 vs. NC-shRNA. NC, negative 
control; shRNA, short hairpin RNA; SPAG6, sperm-associated antigen 6; APC, allophycocyanin; LL, lower left; UL, upper left; LR, lower right; UR, upper right.
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G9a inhibition induces autophagy, which further results in 
autophagic cell death (31). It has been reported that SPAG6, 
an oncogene that is aberrantly upregulated in patients with 
MDS and AML, may regulate proliferation, apoptosis and 
differentiation in SKM-1 cells (7,9-11). The present study 
used a shRNA lentiviral vector to knockdown SPAG6 

expression levels in order to investigate the impact of SPAG6 
on autophagy in SKM-1 cells. It was demonstrated that 
lentivirus-mediated SPAG6 knockdown induced autophagy in 
SKM-1 cells, as evidenced by an increase in autophagosome 
formation (detected using transmission electron microscopy) 
and increases in LC3-II and Beclin1 protein expression levels, 

Figure 3. Inhibiting autophagy with autophagy inhibitors attenuates SPAG6 knockdown-induced apoptosis. Cells were treated with SPAG6-shRNA lentivirus 
or NC-shRNA lentivirus alone, or co-treated with 3-MA or CQ and SPAG6-shRNA. (A) Relative protein expression levels of SPAG6, LC3, Beclin1 and P62 in 
each group were detected via western blot analysis. (B) Transmission electron microscopy revealed the intracellular ultrastructures of each group (magnifica-
tion, x20,000). The images display a representative experiment from three independent experiments. Red arrows indicate autophagic vacuoles. Scale bar, 1 µm. 
(C) Number of autophagosomes per field was quantified. (D) Relative protein expression levels of SPAG6, Bcl‑2, Bax and cleaved caspase‑3 in each group were 
detected using western blot analysis. (E) Following annexin V APC/DAPI double-staining, the total apoptosis rate of SKM-1 cells treated with NC-shRNA or 
SPAG6‑shRNA alone and SKM‑1 cells co‑treated with SPAG6‑shRNA and 3‑MA or CQ was detected using flow cytometry. The images display a representa-
tive experiment from three independent experiments. (F) Analysis of the apoptotic rate shown in (E) Data are presented as the mean ± standard deviation of 
three independent experiments. *P<0.05; **P<0.01 vs. NC-shRNA, #P<0.05; ##P<0.01 vs. SPAG6-shRNA. NC, negative control; shRNA, short hairpin RNA; 
SPAG6, sperm-associated antigen 6; LC3, microtubule-associated protein 1 light chain 3; Beclin1, autophagy-associated protein 6; p62, sequestosome 1; 
CQ, chloroquine; 3‑MA, 3‑methyladenine; APC, allophycocyanin; LL, lower left; UL, upper left; LR, lower right; UR, upper right; ns, not significant.
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and a decrease in p62 protein expression level (detected using 
western blot analysis). Previous studies have indicated that 
SPAG6 regulates differentiation, proliferation, apoptosis and 

drug sensitivity in neurons and MDS (7,9-11,33,34). To the best 
of our knowledge, this is the first study to provide evidence for 
the role of SPAG6 in regulating autophagy in SKM-1 cells. 

Figure 4. Inhibition of AMPK by Compound C attenuates SPAG6 knockdown-mediated autophagy and apoptosis in SKM-1 cells. Cells were treated with 
SPAG6-shRNA lentivirus or NC-shRNA lentivirus alone, or co-treated with Compound C and NC-shRNA lentivirus or SPAG6-shRNA lentivirus. (A) Relative 
protein expression levels of SPAG6, LC3, Beclin1, P62, p-AMPK, p-ULK1 and p-mTOR in each group were detected using western blot analysis. (B) Relative 
protein expression levels of SPAG6, Bcl-2, Bax and cleaved caspase-3 in each group were detected using western blot analysis. (C) Following annexin V 
APC/DAPI double-staining, the total apoptosis rate of SKM-1 cells treated with NC-shRNA or SPAG6-shRNA alone and SKM-1 cells cotreated with 
Compound C and NC‑shRNA or SPAG6‑shRNA was detected using flow cytometry. The images display a representative experiment from three independent 
experiments. (D) Analysis of the apoptotic rate shown in (C). Data are presented as the mean ± standard deviation of three independent experiments. *P<0.05; 
**P<0.01 vs. NC-shRNA, #P<0.05; ##P<0.01 vs. SPAG6-shRNA. NC, negative control; shRNA, short hairpin RNA; SPAG6, sperm-associated antigen 6; LC3, 
microtubule-associated protein 1 light chain 3; Beclin1, autophagy-associated protein 6; p62, sequestosome 1; p, phosphorylated; AMPK, AMP-activated 
protein kinase; ULK1, unc-51-like autophagy activating kinase; APC, allophycocyanin; LL, lower left; UL, upper left; LR, lower right; UR, upper right; ns, not 
significant.
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The present study investigated the association between SPAG6 
and apoptosis in SKM-1 cells, as growing evidence has demon-
strated that abnormal proliferation and apoptosis are related to 
the pathogenesis of MDS. Previous studies have demonstrated 
that lentiviral transfection-mediated knockdown of SPAG6 
inhibits the proliferation of SKM-1 cells, which may be initi-
ated via the AKT/FOXO/p27Kip1 pathway (7,9). In addition, 
SPAG6 downregulation significantly increases apoptosis in 
SKM‑1 cells, and is accompanied by a significant increase in 
tumor suppressor genes (P53 and PTEN) (9). Further studies 
have indicated that SPAG6 knockdown-induced apoptosis in 
SKM-1 cells may occur via a caspase-independent mechanism, 
such as PTEN/PI3K/AKT pathway activation or TNF-related 
apoptosis-inducing ligand pathway induction (10,11). In accor-
dance with these findings, the present study confirmed that 
lentivirus-mediated SPAG6 knockdown increased apoptosis 
in SKM-1 cells.

Autophagic cell death and apoptosis are both types of 
programmed cell death. The association between autophagy 
and apoptosis is reported to be complicated because molecules 
that affect apoptosis also play an important role in autophagy 
activation. For example, downregulating Bcl-2 may induce 
autophagy by decreasing its binding affinity to the BH3 
domain of Beclin. Subsequently, autophagy activation may 
increase/decrease apoptosis or sensitivity to chemotherapeutic 
drugs (35-37). Additionally, autophagy can be both cytotoxic 
and cytoprotective; previous studies have demonstrated that 
the autophagy inhibitor 3-MA decreases apoptosis trig-
gered by ATG3 overexpression in SKM-1 cells (36), and in 
non-small cell lung cancer cells, scutellaria radix-triggered 
apoptosis is attenuated by autophagy inhibitors (23), which 
indicates that autophagy has a cytotoxic role in carcinoma 
treatment. By contrast, certain studies have demonstrated 
that the autophagy inhibitor CQ enhances apoptosis in 
SKM‑1 cells with long‑term exposure to azacytidine (37), 
and that in ovarian cancer cells, inhibition of autophagy 
increases paeonol-induced apoptosis (38), which indicates 
that autophagy may exert a pro-survival role in cancer cells. 
In order to investigate the association between autophagy 
and apoptosis in SKM-1 cells, the present study applied the 
autophagy inhibitors 3-MA and CQ and demonstrated that 
inhibition of autophagy significantly decreased SPAG6 knock-
down-induced apoptosis in SKM-1 cells. This was determined 
by the decreased number of annexin V APC/DAPI-positive 
cells and apoptosis-associated protein expression levels, which 
were detected using flow cytometry and western blot analysis, 
respectively. Collectively, the results of the present study indi-
cate that SPAG6 knockdown-mediated autophagy functions as 
a cytotoxic mechanism, which may further induce apoptosis in 
SKM-1 cells. However, the underlying mechanism of SPAG6 
knockdown-mediated autophagy in regulating apoptosis in 
SKM-1 cells remains unclear. It has been reported that the 
regulation of apoptosis by autophagy involves numerous 
mechanisms, such as the Bcl-2 homology-3 domain of Beclin1 
and Bcl-2, P62 and PI3K/PTEN/AKT/mTOR (35,39,40). 
In the present study, SPAG6 knockdown increased Beclin1 
expression levels in SKM‑1 cells. Thus, it was hypothesized 
that Beclin1 activation participated in regulating apoptosis 
via SPAG6 knockdown-mediated autophagy in SKM-1 cells. 
Further studies are required in order to identify the underlying 

molecular mechanisms involved in the interaction between 
autophagy and apoptosis both in vivo and in vitro.

A number of signaling pathways have been reported 
to regulate autophagy, including the AMPK and the 
PI3K/AKT/mTOR pathways (41,42). The role of AMPK in 
regulating differentiation and autophagy in HSCs has been a 
focus of recent research. Mounting evidence has confirmed 
that autophagy may be regulated by AMPK, which is activated 
by the tumor suppressor liver kinase B1 and calcium/calmod-
ulin-dependent protein kinase kinase 2; then, activated 
AMPK stimulates autophagy by directly phosphorylating and 
activating ULK1 at Ser555, or by inhibiting mTORC1, which 
further upregulates p-ULK1 and ATG13 (27,43). The present 
study demonstrated that, compared with levels in NC-shRNA 
lentivirus transfected-SKM-1 cells, LC3-II, Beclin1, p-AMPK 
and p-ULK1 protein levels increased in cells that were 
transfected with SPAG6-shRNA lentivirus, whereas p62 
and p-mTOR protein levels were significantly decreased. 
Furthermore, inhibition of the AMPK/mTOR/ULK1 signaling 
pathway using Compound C significantly decreased autophagy, 
which further decreased the cytotoxicity mediated by SPAG6 
knockdown. Collectively, the results of the present study 
demonstrated that SPAG6 knockdown induced autophagy via 
the AMPK/mTOR/ULK1 axis. In addition, these findings are 
consistent with a recent report demonstrating that iron overload 
induces autophagy via mitochondrial dysfunction, ROS accu-
mulation and activation of the AMPK signaling pathway in 
mesenchymal stromal cells from patients with MDS (44), indi-
cating that the AMPK signaling pathway regulates autophagy 
in MDS cells. It has been reported that the Nod-like receptor 
protein 3 (NLRP3) inflammasome is activated in patients with 
MDS and plays a key role in driving the progress of MDS 
phenotype (45). As a key regulator in NLRP3-dependent 
inflammation and immunity, AMPK may negatively regulate 
the activation of the NLRP3 inflammasome, indicating an 
inverse association between them (46). The present study 
demonstrated that knockdown of SPAG6 triggered autophagy 
via the activation of AMPK, which further increased apoptosis 
in SKM‑1 cells. It was hypothesized that SPAG6 mediates 
AMPK downregulation, which further activates the NLRP3 
inflammasome during the progression of MDS. This must be 
verified by future studies. In addition, a previous study demon-
strated that SPAG6 knockdown increased the differentiation 
level in SKM-1 cells (7). Therefore, further research is required 
in order to determine whether SPAG6 knockdown-mediated 
activation of the AMPK signaling pathway participates in this 
molecular mechanism.

In conclusion, the present study indicated that SPAG6 
knockdown induced autophagy via the AMPK/mTOR/ULK1 
signaling pathway in SKM-1 cells, and that inhibiting autophagy 
decreased SPAG6 knockdown-mediated apoptosis. The results 
of the present study contribute to a better understanding of 
the mechanisms underlying the role of SPAG6 in the tumor 
microenvironment and further demonstrate that SPAG6 may 
be a potential target to attenuate the progression of MDS.
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