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Abstract. Sex determining region Y-box 2 (SOX2) is a
transcription factor that serves a role in numerous different
types of malignant cancer. Altered expression of chloride
channel proteins has been described in a variety of
malignancies. However, the association between SOX2 and
chloride channel proteins is not yet fully understood. The
present study investigated the association between SOX2
and chloride voltage-gated channel 3 (CLC-3) in prostate
cancer. Flow cytometry demonstrated that the inactivation of
CLC-3 or SOX2 arrested cell cycle progression in the G 0/G1
phase. Furthermore, CLC-3 was observed to bind to SOX2,
and vice versa, by co-immunoprecipitation. SOX2 appears to
initiate and maintain prostate cancer tumorigenesis, in part,
by modulating the cell cycle. These findings indicate the
potential of SOX2 and CLC-3 as targets for the development
of multi-targeted therapeutics.
Introduction
Prostate cancer is a prevalent type of cancer in older men and
is one of the leading causes of cancer-associated mortality
among men worldwide (1). Hormone therapy, or androgen
ablation therapy, is considered the first-line clinical treatment
for patients with metastatic disease; however, in the majority
of cases, the effect of androgen deprivation is temporary (2).
Subsequently, these patients ultimately become insensitive to
androgen ablation, and hormone-refractory prostate cancer
(HRPC) develops after 18-24 months of conventional treatment (3). HRPC is a common type of malignant, metastatic
tumor with poor prognosis, common recurrence and a high
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fatality rate (4). Therefore, the inevitable progression of HRPC
presents the urgent need for novel therapeutic approaches (5).
The cancer stem cell theory proposes that tumor tissue
harbors its own cancer stem cells and regards these cells as the
key to regeneration, metastasis and recurrence (6). A number
of reports have demonstrated that tumor malignancy and
oncogenesis are associated with the expression of stemness
genes, such as sex determining region Y-box 2 (SOX2), OCT-4,
Kruppel like factor 4 and c-Myc (7,8). Malignant tumors are
associated with characteristics of tumor-like stem cells (9).
The high expression of stemness proteins causes malignant
tumor cells to be insensitive to drugs and enhances drug
resistance (10). Resistant malignant cancers exhibit abnormal
expression of stemness genes, which are capable of inducing
self-renewal and differentiation programs (11). The expression
of stemness genes is closely associated with cancer stem cell
resistance (12,13). The transcription factor SOX2, a stem-like
cell marker is associated with the expression of numerous gene
products involved in cell proliferation, growth, differentiation
and apoptosis (14). SOX2 maintains the self-renewal activity of
undifferentiated embryonic stem cells and is expressed abnormally in a variety of tumors (15). In squamous cell carcinoma,
SOX2 serves an important role in regulating tumor growth and
maintaining stem cell qualities (16). SOX2 can improve the
self-renewal ability of lung cancer stem cells, which upregulate
SOX2 (17). Furthermore, in neuroblastoma stem cells, SOX2
promotes biological processes, such as proliferation, clonal
formation and tumorigenesis, and exerts an inhibitory effect
on differentiation (18). Downregulation of SOX2 can arrest
the cell cycle and promote apoptosis to inhibit the growth of
gastric cancer cells (19). Therefore, identifying the key regulatory targets for stemness genes should be a key focus for future
research in order to decrease cancer stem cell resistance.
Chloride voltage-gated channels (CLCs) form permeable
cell membrane channels for chloride ions or other anions and
can be classified into seven subtypes: CLC-1, CLC-2, CLC-3,
CLC-4, CLC-5, CLC-6 and CLC-7 (20). CLC expression has
a direct influence on the proliferation, migration and cell cycle
of cancer cells (21). CLC-1 regulates the metastasis and invasion of gastric cancer cells (22), and CLC-3 is relevant to the
proliferation of the nasopharyngeal carcinoma CNE-2Z cell
line (23). CLC-3 affects the cell cycle by altering the expression levels of cyclin D1, which, in turn, regulates CLC-3 via
CDK4/6 phosphorylation (24). However, CLC proteins are both
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ion transport channels and signaling proteins in vivo (25,26).
The present study demonstrated that CLCs serve important
roles in cell proliferation, cell cycle and apoptosis. It was
hypothesized that CLCs are also involved in regulating stemness genes, and the results may provide novel insights into
identifying therapeutic targets.
The present study aimed to investigate the ability of the
CLC inhibitor DIDS to inhibit the cell cycle, and to investigate the associations between CLC-3 and SOX2 in the HRPC
DU145 cell line. The effects of CLC-3- and SOX2-knockdown
on cell cycle progression, and the associations between CLC-3
and SOX2 were observed. In addition, the present study
aimed to identify potential targets for HRPC therapy from the
perspective of CLC proteins and SOX2.
Materials and methods
Cell culture. The DU145 and PC-3 cell lines were purchased
from the Shanghai Institute of Biochemistry. HFF-1 was
purchased from the American Type Culture Collection.
DU145 and HFF-1 cells were maintained in DMEM (Thermo
Fisher Scientific, Inc.) and PC-3 cells were maintained in
RPMI 1640 (Thermo Fisher Scientific, Inc.). The media were
supplemented with 10% FBS (Thermo Fisher Scientific, Inc.)
and 1% penicillin/streptomycin (Thermo Fisher Scientific,
Inc.) in a 5% CO2 incubator at 37˚C.
Cell viability assays. For MTT assays, 5,000 cells/well were
seeded in 96-well culture plates, incubated for 24 h and
treated with 0, 25, 50, 100, 200 or 400 µM CLC inhibitor
DIDS. After 48 h, the cells were incubated with 0.5 mg/ml
MTT and the plates were cultured for 4 h at 37˚C. The culture
medium was removed and formazan crystals were dissolved in
100 µl DMSO. The absorbance of each well was determined
at 490 nm using an iMark microplate reader (Bio-Rad
Laboratories, Inc.). Each condition was evaluated in six wells,
and all experiments were repeated at least three times.
Flow cytometry. Cell apoptosis was analyzed using an
Annexin V/PI kit (BD Biosciences) and flow cytometry.
DU145 cells were collected by trypsinization, washed twice
in PBS, fixed with 500 µl binding buffer, and incubated
with 5 µl Annexin V-EGFP and the DNA binding dye PI
(50 mg/ml) for 5-15 min at 37˚C in the dark. Finally, the cells
were analyzed using an Elite flow cytometer (CytoFLEX S;
Beckman Coulter, Inc.) with a peak fluorescence gate to distinguish aggregates after 1 h. Next, the cell cycle distribution
was assessed. Briefly, following treatment with 100 µM
DIDS for 48 h, the cells were collected by trypsinization,
washed in PBS and fixed in 70% ethanol for 30 min at 4˚C.
After being washed with PBS, the cells were incubated with
PI (50 mg/ml) and RNase (1.0 mg/ml) for 30 min at 37˚C in
the dark. Finally, the cells were washed, and red fluorescence
was analyzed using an Elite flow cytometer (CytoFLEX S,
Beckman Coulter, Inc.) with a peak fluorescence gate to
distinguish aggregates. All data were analyzed by ModFit
LT 4.1 (Verity Software House, Inc.).
Reverse transcription-quantitative PCR. Total RNA in
DU145 cells was extracted using TRIzol® reagent (Thermo

Fisher Scientific, Inc.) and reverse transcribed to cDNA using
oligo(dT), reverse transcriptase, 5X reaction buffer and dNTPs
(all Thermo Fisher Scientific, Inc.). cDNA and oligo(dT) were
incubated at 65˚C for 5 min and then reverse transcriptase,
5X reaction buffer and dNTPs were added and incubated for
60 min at 42˚C. The reaction was terminated by heating at 70˚C
for 10 min. Relative gene expression was analyzed using
the 2-∆∆Cq method (27) with GAPDH as the internal control
gene, and was quantified using SuperReal PreMix SYBR
Green (FP204-02; Tiangen Biotech Co., Ltd.) on an Applied
Biosystems 7500 Fast Real-Time PCR system (Thermo Fisher
Scientific, Inc.). The thermocycling conditions were as follows:
Initial denaturation at 95˚C for 5 min, followed by 40 cycles
at 95˚C for 30 sec, 58˚C for 30 sec and 72˚C for 40 sec, then
a final extension at 72˚C for 10 min. The gene-specific primer
pairs were as follows: CLC-1 forward, 5'-CAGCATCTGTGC
C-3' and reverse, 5'-GTG  C TTAGC A AG A AAC TG  G C-3';
CLC-2 forward, 5'-AGACAATCCC TACACCCTTCAA-3'
and reverse, 5'-TGTCGGTAGAACACCTTGTCAC-3'; CLC-3
forward, 5'-CAAUGGAUUUCCUGUCAUATT-3' and reverse,
5'-UAUGACAGGA AAUCCAUUGTA-3; CLC-4 forward,
5'-GCGTCTCATCGGGTT TGC-3' and reverse, 5'-TTGCTC
ACA ATG CCC T CT T TG -3'; CLC-5 forward, 5'-CTGTGC
CACTGCT TCA AC-3' and reverse, 5'-CTGAGGG CAA AT
CCCACTAA-3'; CLC-6 forward, 5'-GTCGCGCAAGACTGT
AACCA-3' and reverse, 5'-CGGCGAAATTCCATACCTG-3';
CLC-7 forward, 5'-GAAAGGA AGGGCCAATGATC-3' and
reverse, 5'-CAGGAACTGATYCCAGAAGG-3'; and GAPDH
forward, 5'-CTCATGACCACAGTCCATG C-3' and reverse,
5'-CACATTGGGGGTAGGAACAC-3'.
Antibodies and western blotting. The cells were lysed in
M-PER mammalian protein extraction reagent (Thermo Fisher
Scientific, Inc.), Protein concentrations were measured using
a BCA protein assay kit (Pierce; Thermo Fisher Scientific,
Inc.). Equal amounts (10 µg) of protein were resolved by
10% SDS-PAGE and transferred to a PVDF membrane
(Merck KGaA). After blocking with 5% skimmed dried
milk at room temperature for 1 h, the PVDF membrane was
probed with the indicated primary antibody at 4˚C overnight.
The following antibodies were used in the present study:
Tubulin (1:10,000; cat. no. T5168; Sigma-Aldrich; Merck
KGaA), CLC-3 (1:1,000; cat. no. ab28736; Abcam), cyclin
D1 (1:1,000; cat. no. 2922; Cell Signaling Technology, Inc.),
P27 (1:1,000; cat. no. 3686; Cell Signaling Technology, Inc.)
and SOX2 (1:1,000; cat. no. 3579; Cell Signaling Technology,
Inc.). The next day, the PVDF membrane was blocked with
HRP-conjugated secondary antibody (goat anti-rabbit;
cat. no. ARG65351; or goat anti-mouse; cat. no. ARG65350;
1:5,000; Arigo Biolaboratories Corp.) at room temperature
for 1 h and then results were detected by electrochemiluminescence using Immobilon Western Chemiluminescent HRP
Substrate (cat. no. WBKLS0500; Merck Millipore). ImageJ
software (v.1.48; National Institutes of Health) was used to
semi-quantify the bands.
Cell transfection. CLC-3 and SOX2 small interfering RNAs
(siRNAs) were purchased from Guangzhou RiboBio Co.,
Ltd. The siRNA target sequences (5'-3') were as follows:
siCLC‑3‑#1, CGACGCA AGTCCACGA AAT; siCLC-3-#2,
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GCA G GC ATT G GA G TA TAT  T; siCLC-3-#3, CAA TAG
AAA GTG  C CA G GA  A ; siSOX2-#1, CCA  AGA C GC  T CA
TGAAGAA; siSOX2-#2, CCACCTACAG CAT GTCCTA;
and siSOX2-#3, GCTCGCAGACCTACATGAA. Cells were
incubated with RPMI 1640 containing 2.5% FBS (without
penicillin/streptomycin). siRNAs (25 nM) were transfected
using Lipofectamine RNAiMAX (13778-150; Thermo Fisher
Scientific, Inc.) with OPTI-MEM (31985070; Thermo Fisher
Scientific, Inc.) for 24 h. All experiments were performed
according to the manufacturers' protocols.
Immunoﬂuorescence staining. A total of 1x105 cells/well
were seeded in 6-well culture plates and exposed to different
treatments. After fixing with 4% (v/v) paraformaldehyde in
room temperature for 30 min, they were permeabilized with
0.1% (v/v) Triton X-100/PBS and blocked with 5% (v/v) BSA
(Guangzhou Weijia Technology Co., Ltd.) or PBS for 10 min.
Primary antibodies (SOX2; cat. no. 3579; dilution, 1:500 in
0.1% Triton X-100; Cell Signaling Technology, Inc.) were used
and the cells placed in a wet box at 4˚C overnight. Secondary
antibodies (cat. no. 31460; FITC-conjugated goat anti-rabbit
IgG; dilution, 1:150 in PBS; Thermo Fisher Scientific, Inc.)
were used and placed in a wet box at room temperature for
1 h to detect and visualize SOX2. Hoechst 33342 (DAPI;
Molecular Probes; Thermo Fisher Scientific, Inc.) was used
to label DNA. Images were captured using ﬂuorescence
microscopy (Olympus Corporation).
Coimmunoprecipitation. Cells were collected by trypsinization, washed three times with PBS, and lysed in 400 µl NETN
lysis buffer [100 mM NaCl, 0.5 mM EDTA, 20 mM Tris-Cl
(pH 8.0) and 0.5% (v/v) nonidet P-40] for 20 min. Protein A/G
beads (C600694; Sangon Biotech Co., Ltd.) that had been
washed in ice-cold PBS were mixed with the target antibody
and cell lysates under rotation for 2-4 h at 4˚C. The mixture was
centrifuged at 4,000 x g for 1 min at 4˚C, exposed to a protease
inhibitor and PMSF for 24 h, and washed with NETN2.
Western blotting, performed as aforementioned, was used to
detect the presence of specific proteins: SOX2 (cat. no. 3579;
Cell Signaling Technology, Inc.) or CLC-3 (cat. no. ab28736;
Abcam).
Gene chip technology. Total RNA was extracted using TRIzol
reagent (Thermo Fisher Scientific, Inc.) and further purified
using a Qiagen RNeasy Mini kit (74106) according to the
manufacturer's protocol. RNA quality was assessed by 1%
formaldehyde agarose gel electrophoresis and quantitated spectrophotometrically. For the microarray analysis, 0.1 µg total
RNA was used to synthesize double-stranded, biotin-tagged
cDNA using a MessageAmp™ Premier RNA Amplification
kit (cat. no. 4385821; Thermo Fisher Scientific, Inc.) according
to the manufacturers' protocols. The resulting biotin-tagged
cRNA was fragmented to 35-200 bases according to the
Affymetrix protocols. Hybridization was performed at 45˚C
with rotation for 16 h (Affymetrix Gene Chip Hybridization
Oven 640; Thermo Fisher Scientific, Inc.). The Gene Chip
arrays were washed, stained (streptavidin-phycoerythrin)
on an Affymetrix Fluidics Station 450 (Thermo Fisher
Scientific, Inc.) and scanned on a Gene Chip Scanner 3000
(Thermo Fisher Scientific, Inc.).
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Normalization. The hybridization data were analyzed using
Gene Chip Operating software (GCOS v 1.4; Thermo Fisher
Scientific, Inc.). The scanned images were first assessed
visually and subsequently analyzed to generate raw data files
(CEL files) using the default settings in GCOS 1.4. An invariant
set normalization procedure was performed to normalize the
different arrays using a DNA-chip analyzer (dChip).
Analysis of two factors. In a comparison analysis, the present
study applied a two-class unpaired method in the Significant
Analysis of Microarray software (v.4.01; Standford University.)
to identify significantly differentially expressed genes between
the test and control groups. Stemness-associated genes were
determined to be significantly differentially expressed with
a selection threshold of false discovery rate (FDR) <5% and
fold-change >2.0 in the SAM output.
Tissue specificity analysis. Microarray data were preliminarily
screened with a selection threshold of FDR <5% using a multiclass method in SAM. The resulting data were then screened
for a >2-fold-change in expression in the tissue of interest
compared with other tissues and a Wilcoxon Rank-Sum test
significance level of 0.05 (P<0.05).
In vivo studies. Mice were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. The resuspension solution of DU145 cancer cells (3x106 cells/mouse)
in PBS was inoculated subcutaneously into the hind-ﬂank of
4-week-old male BALB/c-nu/nu mice weighing 18-20 g. A
total of 20 mice were used. Animals were housed at 26˚C,
with a relative humidity of 50-60% and a room wind
speed of 0.1-0.2 m/sec. Fresh air was used for ventilation
at a frequency of 15 times/h in a barrier environment. The
animal room used fluorescent light, with a 12-h light and
12-h dark cycle. The animals were allowed free intake of
water and food. Tumors developed after 1 week, and the
mice were randomly divided into three groups. The treatment group was intravenously injected with 45 mg/kg DIDS
(D3514-250 MG; Sigma-Aldrich; Merck KGaA) in a total
volume of 100 µl. Intraperitoneal injection with DMSO
in a total volume of 100 µl (1.3 or 4%) was performed for
the control group. Animals were monitored and tumor
length and width were measured every other day, and
tumor volume was calculated according to the following
formula: Length x width 2/2. Measurements were performed
in a manner blinded to group allocation. All animals were
euthanized by cervical dislocation within 4 weeks after
inoculating cancer cells. The animal study was designed
and carried out according to the principles of Sun Yat-sen
University Institutional Animal Care and Use Committee.
Animals were sacrificed due to progressive disease if tumor
burden was >2,500 mm 3 according to the Animal Care
Guidelines of Sun Yat-sen University Institutional Animal
Care and Use Committee. All tumors were <2,500 mm3 in
size. A total of 10 mice were used in each group and no
animals died during the experiment until the animals were
euthanized by cervical dislocation. Animal health and
behavior were monitored every day. Death was verified by
observing the animals until no spontaneous breathing was
noted for 2-3 min and no blinking reflex was observed.
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Statistical analysis. All experiments were repeated at least
three times. The data are presented as the mean ± standard
deviation and were analyzed using SPSS software (v.20.0; IBM
Corp.). Differences between two groups were analyzed using
an unpaired Student's t-test, and differences among multiple
groups were analyzed using one-way ANOVA followed by
Tukey's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.
Results
CLC-3 is a target of cell cycle regulators in prostate cancer
cells. CLCs have been demonstrated to be key factors in the
regulation of the cell cycle and cell proliferation (28). DIDS is
a classic CLC blocker (29). The present study first examined
whether DIDS affects the rate of cell viability. DU145, PC-3 and
HFF-1 cells were treated with various concentrations of DIDS
for 48 h, and cell viability was assessed using an MTT assay.
Following treatment with DIDS for 48 h, cell viability was
suppressed in DU145 and PC-3 cells, but DIDS treatment had no
significant effects on HFF-1 cells (Fig. 1A). The results revealed
that inhibition of CLCs suppressed cell viability, suggesting
that DIDS may suppress cell proliferation. In order to determine whether the decline in viability of DIDS was caused by
cell cycle arrest, cell cycle analysis was performed using flow
cytometry. DU145 cells were treated with DIDS for 24 and 48 h.
DIDS induced G0/G1 phase arrest compared with cells at 0 h
(Fig. 1B and C). Cyclin D1 is an important regulator of the transition from G0/G1 phase to S phase (30). P16, P27 and P53 can
bind to cyclin/CDablK (cyclin-dependent kinase) complexes
and regulate the G1-S transition by inhibiting the activity of
these complexes (31). Western blotting of the cell cycle proteins
cyclin D1, P27 and CDK6 demonstrated that DIDS significantly
decreased cyclin D1 and CDK6 protein levels, and modestly
(P>0.05) increased P27 protein levels in DU145 cells (Fig. 1D).
These data suggest that DIDS blocked cell cycle progression at
the G0/G1 phase, thereby inhibiting DU145 cell proliferation. In
order to investigate the role of specific CLC subtypes in regulating the cell cycle in prostate cancer cells, the effects of CLCs
on cell cycle progression were evaluated. CLC-3 expression
was decreased in DU145 cells following treatment with DIDS
(Fig. 1E). To determine the role of endogenous CLC-3 in cell
cycle regulation, the effects of CLC-3-knockdown using specific
siRNAs on cell cycle progression were determined. The present
study screened three siRNA-liposome mixtures via western
blotting: siCLC-3-#1, siCLC-3-#2 and siCLC-3-#3. CLC-3
expression levels were most clearly decreased by siCLC-3-#2
and siCLC-3-#3 (Fig. 1F). Cell cycle distribution was analyzed
via ﬂow cytometry. CLC-3-knockdown inhibited the progression
of cells from G1 phase to S phase (Fig. 1G and H). Additionally,
western blotting of the cell cycle proteins cyclin D1 and P27
revealed that CLC-3 knockdown significantly decreased cyclin
D1 protein expression and increased P27 protein expression
in DU145 cells (Fig. 1I). The present study demonstrated that
CLC-3 was involved in cell cycle regulation in DU145 cells, and
that knockdown of this protein arrested cells at G0/G1 phase.
SOX2 arrests DU145 cells at the G 0 /G1 phase. In order to
investigate the upstream molecular targets in the effects on
cell cycle, DU145 cells were treated with DIDS, and whole

genome expression analysis was performed using a gene chip
in the present study. It was revealed that SOX2 expression
was decreased to the greatest extent (Fig. 2A). Subsequently,
western blotting was used to examine the protein expression
levels of SOX2 following DIDS treatment. SOX2 expression was markedly decreased in the DIDS treatment group
compared with cells at 0 h (Fig. 2B). In order to verify the
role of SOX2 in the regulation of the cell cycle, the effects
of knockdown of SOX2 expression with SOX2 siRNA on cell
cycle progression were evaluated. To determine the efficiency
of the SOX2 siRNA, the present study used western blotting to
detect SOX2 protein expression, which was decreased after 48
h of treatment with SOX2-#1, SOX2-#2 and SOX2-#3 siRNA
(Fig. 2C). Since SOX2-#1 did not display a significant interference efficiency, SOX2-#2 and SOX2-#3 siRNA were used to
decrease SOX2 expression and detect cell cycle changes via
flow cytometry. The results indicated that SOX2 siRNA inhibited cell cycle progression by arresting the cells in the G 0/G1
phase (Fig. 2D and E), which was consistent with the results
that occurred after inhibiting CLCs or exposing cells to CLC-3
siRNA. Next, western blot analysis of the cell cycle proteins
cyclin D1 and P27 demonstrated that SOX2 knockdown also
significantly decreased cyclin D1 protein levels and increased
P27 protein levels in DU145 cells (Fig. 2F). Therefore, the
present study concluded that SOX2 was involved in the cell
cycle changes following inhibition of CLCs. However, the
interaction mechanism between SOX2 and CLCs remains
unclear.
CLC-3 and SOX2 co-regulate the cell cycle in prostate cancer
cells. The results suggested that SOX2 and CLC-3 exhibit
the same cell cycle regulatory behavior. The present study
assessed whether endogenous SOX2 and CLC-3 interact with
each other. Western blot analysis demonstrated the association
between SOX2 and CLC-3. Knockdown of endogenous CLC-3
expression decreased SOX2 expression (Fig. 3A). Subsequently,
coimmunoprecipitation experiments analyzed the interaction
between CLC-3 and SOX2. SOX2 coimmunoprecipitated
CLC-3, and CLC-3 coimmunoprecipitated SOX2 (Fig. 3B).
Next, to further investigate the association between SOX and
CLC-3, the expression of these proteins was knocked down,
and the effects were analyzed using immunofluorescence. The
fluorescence intensity of CLC-3 and SOX2 was decreased in
the siCLC-3 groups compared with the control group (Fig. 3C).
The fluorescence intensity of SOX2 and CLC-3 was decreased
in the siSOX2 groups compared with in the control group
(Fig. 3D). Based on these findings, it was suggested that SOX2
can bind to CLC-3, and that CLC-3 can also individually bind
to SOX2, and co-regulate the cell cycle.
DIDS restricts tumor growth. Given the concerns regarding
the DIDS efficacy in vitro, the present study aimed to evaluate
this influence in a subcutaneous xenograft model. A DU145
subcutaneous xenograft model was developed in nude mice.
The present study performed subcutaneous injections of
DIDS. The tumor volume in the DIDS (45 mg/kg) group
remained at ~0.4 cm3, but the tumor volume was increased
to 0.8 cm3 in the control group (Table SI). Tumor growth was
markedly restricted in the DIDS group compared with in the
control group (Fig. 4A; Table SI). In addition, the present
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Figure 1. Effects of DIDS in prostate cancer cells. (A) Cell viability of DU145 and PC-3 prostate cancer cells and normal human skin fibroblast HFF-1 cells.
Cells were treated with DIDS, and cell viability was determined after 48 h using an MTT assay. (B and C) Cell cycle distribution of DU145 cells detected
by flow cytometry following treatment with 100 µM DIDS for 24 and 48 h. Quantitative analysis of cell cycle distribution (n=3). *P<0.05 and ***P<0.001 vs.
0 h. (D) Western blot analysis of cyclin D1, p27 and CDK6 protein expression following treatment with DIDS (100 µM) for 24 and 48 h. The numbers under
the plots represent the relative quantitative value of the control group after removing the internal reference. **P<0.01 vs. 0 h. (E) RT-qPCR analysis of the
expression of chloride channel subtypes in DU145 cells following treatment with DIDS (100 µM). mRNA levels were quantified via RT-qPCR. *P<0.05 and
****
P<0.0001 vs. DMSO. (F) CLC-3 protein expression in control cells and cells transfected with CLC-3 siRNA (n=3). *P<0.05 and **P<0.01 vs. siNC. (G) Cell
cycle distribution detected by flow cytometry in control cells and in those transfected with CLC-3 siRNA. (H) Quantitative analysis of cell cycle distribution
(n=3). ***P<0.001 vs. siNC. (I) Western blot analysis of cyclin D1 and P27 protein expression following transfection with CLC-3 siRNA. **P<0.01 vs. siNC.
Data are presented as the mean ± SD. CLC-3, chloride voltage-gated channel 3; CLCN, chloride voltage-gated channel; N.S., not significant; RT-qPCR, reverse
transcription-quantitative PCR; siNC, negative control (scrambled siRNA); si, small interfering RNA.
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Figure 2. Gene chip screening for key proteins. (A) Gene chip analysis of changes in the stemness gene family. (B) Western blot analysis of SOX2 expression
after 24 and 48 h of treatment with DIDS (100 µM). **P<0.01 vs. 0 h. (C) SOX2 protein expression in control cells and in cells transfected with SOX2 siRNA.
**
P<0.01 vs. siNC. (D) Cell cycle distribution detected by flow cytometry in control cells and those treated with SOX2 siRNA. (E) Quantitative analysis of cell
cycle distribution (mean ± SD; n=3). **P<0.01 and ***P<0.001 vs. siNC. (F) Western blot analysis of cyclin D1 and P27 protein expression following transfection
with SOX2 siRNA. **P<0.01 vs. siNC. siNC, negative control (scrambled siRNA); siRNA, small interfering RNA; SOX2, sex determining region Y-box 2.

study analyzed CLC-3, SOX2, P27 and cyclin D1 expression
in DU145 subcutaneous xenograft tumor sections by immunohistochemistry staining across DIDS groups. Blue staining
indicated the nucleus, and brown staining indicated the target

protein. In the DIDS group, the expression levels of CLC-3,
SOX2 and cyclin D1 were decreased, whereas P27 expression
was increased (Fig. 4B). It was suggested that DIDS blocked
the tumor cell cycle and inhibited tumor growth in vivo.
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Figure 3. Association between SOX2 and CLC-3. (A) Western blotting demonstrated the association between SOX2 and CLC-3 (mean ± SD; n=3). **P<0.01 vs.
siNC. (B) SOX2-CLC-3 coimmunoprecipitations in DU145 cells. (C) Immunofluorescence analysis of CLC-3 (green) and SOX2 (red) of siCLC-3 or siNC in
DU145 cells. DAPI staining of nuclei was performed. Scale bar, 10 µm. (D) Immunofluorescence analysis of CLC-3 (green) and SOX2 (red) of siSOX2 or siNC
in DU145 cells. DAPI staining of nuclei was performed. Scale bar, 10 µm. siNC, negative control (scrambled siRNA); siRNA, small interfering RNA; SOX2,
sex determining region Y-box 2; CLC-3, chloride voltage-gated channel 3.

Discussion

Figure 4. DIDS decreases prostate tumor size. (A) Measurement of the
antitumor effects of DIDS in vivo. Nude mice bearing subcutaneous DU145
tumors were treated with DIDS (45 mg/kg/day). Tumor growth was assessed
by tumor volume measurement over time (mean ± SD; n=10). **P<0.01 vs.
vehicle. Mice were anesthetized and sacrificed at experimental endpoints.
Tumors were subsequently dissected. (B) Protein expression in tumor mass
assessed by immunohistochemistry. Immunohistochemistry was performed
to analyze the expression levels of CLC-3, SOX2, cyclin D1 and P27.
Scale bar, 100 µm. CLC-3, chloride voltage-gated channel 3; SOX2, sex
determining region Y-box 2.

Cancer stem cells are a minor fraction of cancer cells
but can enable tumor heterogeneity and initiate tumor
formation. Accumulating evidence has demonstrated the
existence of cancer stem cells and supports their role in
conferring therapeutic resistance (32). Malignant tumors
are characterized by poor prognosis, increased invasiveness
and high recurrence rates. Tumors are difficult to cure due
to the development of therapeutic resistance (33). Malignant
tumor cells exhibit cancer-like stem cell properties with high
expression levels of stemness genes (34,35). The abnormal
expression of CLCs is closely associated with the occurrence and development of malignant tumors (36). Studying
malignant tumor resistance and CLCs has become popular
in international and domestic research (37-39). However,
there is little proof regarding the association between CLCs
and stemness.
CLCs have various important roles in cellular functions,
ranging between control of cell excitability and regulation
of cell volume (40). CLC-3 are members of the voltagegated CLC superfamily and are upregulated in numerous
cancer cells. PCR demonstrated a marked change in CLC-3
expression compared with other CLC family members
following treatment with DIDS in prostate cancer cells. In
the plasma membrane, CLC-3 functions as a CLC and is
associated with cell proliferation and apoptosis (41). CLC-3
is also located in intracellular compartments, contributing
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to cellular acidity, which increases drug sequestration and
leads to chemotherapy drug resistance (20). The present
study suggested that CLC-3 serves a role in androgen resistance in DU145 cells. DIDS treatment or transfection with
CLC-3 siRNA inhibited cell proliferation by arresting cells
in the G 0/G1 phase via the downregulation of cyclin D1 and
the upregulation of P27.
Gene chip analysis demonstrated marked changes in
stemness-associated factors following DIDS treatment and
a significant change in SOX2. Therefore, the present study
focused on SOX2. SOX2 is associated with numerous
biological processes, including cell cycle, migration, DNA
damage and apoptosis, and is essential during mammalian
embryogenesis and later in life; however, abnormal SOX2
expression can be pernicious (42). Several previous studies
have demonstrated that exogenous elevation of SOX2 levels
can promote resistance to clinical treatment (43-45). Notably,
reductions in SOX2 levels have been demonstrated to significantly decrease cell viability, clonal growth, sphere formation
and tumorigenicity in a number of different types of malignant cancer (46). Stable overexpression of SOX2 has been
reported to increase growth in the gastric tumor N87 cell line
both in vitro and in vivo (47), while another study has demonstrated that SOX2 regulates the cell cycle proteins cyclin D1
and P27, and that overexpression of SOX2 confers a poor
prognosis in terms of malignancy (48). SOX2 can regulate
P27 and cyclin D1 to promote the G 0/G1 phase transition in
Ewing's sarcoma, which expresses high levels of SOX2 (49).
In the present study, knockdown of SOX2 arrested the cell
cycle at the G 0/G1 phase in DU145 cells. It was suggested that
SOX2 may be a target of CLC-3 as it has the same effect as
CLC-3 on cell cycle in DU145 cells. Western blotting and
immunoprecipitation assays revealed the association between
SOX2 and CLC-3. SOX2 coimmunoprecipitated CLC-3,
and conversely, CLC-3 individually coimmunoprecipitated
SOX2, indicating that there is bi-directional regulation
between SOX2 and CLC-3.
The present study provided novel insights into the treatment
of malignant prostate cancer. To the best of our knowledge,
the present study was the first to demonstrate that the CLC
protein CLC-3 is closely associated with the stemness gene
SOX2, and it was suggested that CLCs could be the potential
targets of stemness genes. Recognizing and focusing on the
role of this association in therapeutic resistance could improve
the treatment options for patients with various types of cancer,
particularly those with refractory tumors, and it will support
the development of novel strategies to more effectively treat
some of the deadliest cancers.
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