@ﬁ SPANDIDOS
,3,‘ PUBLICATIONS

ONCOLOGY LETTERS 17: 1889-1895, 2019

MicroRNA-135a induces prostate cancer cell
apoptosis via inhibition of STAT6
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Abstract. Clinical management of metastatic prostate
cancer remains a challenge. Activation of apoptosis signaling
pathways via signal transducer and activator of transcrip-
tion 6 (STAT6) has been hypothesized to be a therapeutic
strategy for patients with metastatic prostate cancer. The
ONCOMINE?® prostate cancer database and two Gene
Expression Omnibus datasets (Gene Series 40026 and 21032)
were re-analyzed to determine the expression levels of STAT6
and microRNA (miR)-135a in prostate cancer. The current
study investigated the induced overexpression of miR-135a in
prostate cancer cell lines to detect its function in prostate cell
apoptosis using Hoechst staining and fluorescence-activated
cell sorting and examined the expression levels of STAT6
and its DNA binding ability using western blotting and
an electrophoretic mobility shift assay. In analysis of the
ONCOMINE?® database, STAT6 expression levels in prostate
cancer tissue were higher compared with those in normal
prostate gland tissue and were associated with the overall
survival rate and biochemical relapse rate following radical
prostatectomy. Additionally, there was an inverse correlation
between miR-135a and STAT6 expression levels in prostate
cancer cell lines. miR-135a was able to induce prostate cancer
cell apoptosis via targeting STAT6 mRNA and subsequently
repressing protein expression and phosphorylation, which also
altered the transcriptional factor function of STAT6 through
its DNA-binding capabilities. In conclusion, miR-135a may
function as a tumor-suppressing miRNA in prostate cancer
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and its anti-oncogenic activity may involve the direct targeting
and inhibition of STAT6.

Introduction

Prostate cancer is one of the most frequent causes of
cancer-associated mortality and diagnosed malignancies
in the male population. In 2012, 238,590 new patients were
diagnosed with prostate cancer and 29,720 mortalities were
attributed to the disease in the USA (1). In early-stage prostate
cancer, patients may be cured using radical prostatectomy,
whereas it remains a challenge to cure patients with metastatic
disease. In the early stages, metastatic prostate cancer is sensi-
tive to androgen ablation therapy; however, the majority of
cases progress to an androgen-independent stage (2), which
is a primary cause for prostate cancer-associated mortality.
Although the American Food and Drug Administration have
approved several therapeutic agents for the treatment of meta-
static prostate cancer, these therapies have not been proven
to prolong the survival of patients beyond two years from the
start of treatment.

In the majority of cancer types, apoptosis is inhibited in
tumor tissue and the activation of apoptosis signaling pathways
is a major underlying mechanism by which cytotoxic drugs are
able to kill tumor cells (3). Signal transducer and activator of
transcription 6 (STAT6) is a member of the STAT family of
latent transcription factors and is able to be stimulated using
cytokines, hormones and growth factors that are hypothesized
to serve an important role in androgen-independence (4). In
a previous study (5), the knockdown of STAT6 in prostate
cancer cells promoted apoptosis and it was therefore hypoth-
esized that that STAT6 may be a potential therapeutic target
for prostate cancer. However, the underlying mechanisms are
yet to be elucidated.

The 3' untranslated region (3'UTR) of target transcripts
is bound by microRNAs (miRNAs), which regulate gene
expression via inhibition of translation or promotion of mRNA
degradation. miRNAs are involved in numerous biological
processes, including apoptosis. A particular association has
been established between the aberrant expression levels of
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miRNAs and the development, progression and chemotherapy
resistance of tumors. The expression of a number of miRNAs
has been identified to be upregulated in prostate cancer,
including miRNA (miR)-21, miR-125b and miR-221/222 (6).
By contrast, miR-7 (7), miR-143/145 (8) and miR-146a (9)
have been identified as tumor suppressors. miR-135a is an
androgen-regulated miRNA, which is associated with prostate
cancer cell migration and invasion. Analyses from the Gene
Series (GSE40026) dataset demonstrated that miR-135a has
reduced expression levels, particularly inandrogen-independent
cells (10). In the present study, miR-135a functioned as a tumor
suppressor in androgen receptor-negative prostate cancer cells
by promoting apoptosis via direct targeting of STAT6 mRNA.
This inhibited the protein expression and phosphorylation of
STATG6 and limited its DNA binding ability, which affected
its function as a transcriptional factor. Additionally, low levels
of STAT6 in prostate cancer tissue were associated with an
increased overall survival rate and a reduced biochemical
relapse rate in the ONCOMINE® database.

Materials and methods

Retrieval of the ONCOMINE® database and GSE40026 and
GSE21032 datasets. Microarray datasets for prostate cancer
were retrieved from the ONCOMINE® Cancer Profiling
Database (www.oncomine.org) to investigate STAT6 expres-
sion levels including Wallace, Grasso and Lapointe datasets.
The co-expression data of miR-135a and STAT6 in prostate
cancer cell lines was retrieved from the GSE40026 (10) and
GSE21032 (11) datasets in the Gene Expression Omnibus
database.

Gene Set Enrichment Analysis (GSEA) with STAT6 expres-
sion levels. The Cancer Genome Atlas (TCGA) and Memorial
Sloan-Kettering Cancer Center (MSKCC) prostate cancer
databases were used to generate STATO6 positively- and
negatively-associated gene sets. The Pearson score was calcu-
lated for STAT6-correlated genes and >+0.3 was recognized
as positively correlated while <-0.3 was considered negatively
correlated. The pre-ranked gene sets were deposited into
GSEA (12).

Cell culture and transfection. The DU145 and PC3 human pros-
tate cancer cell lines were obtained from the American Type
Culture Collection (ATCC) and grown according to the ATCC
protocol. Briefly, the cell lines were cultured in Dulbecco's
modified Eagle's medium or F12K medium supplemented
respectively with 50 U/ml penicillin, 50 mg/ml streptomycin
(Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and
10% fetal bovine serum (FBS; Hangzhou Sijiging Biological
Engineering Materials Co., Ltd., Hangzhou, China) at 37°C in
an atmosphere of 5% CO,. Transfections with miR-135a and
negative control (NC) mimics (Shanghai GenePharma Co., Ltd.,
Shanghai, China) were performed at a concentration of 40 nM
Lipofectamine® 2000 (Invitrogen; Thermo Fisher Scientific,
Inc.) according to the manufacturer's protocol.

Hoechst33342 staining. The DU145 and PC3 cells were
cultured on slides in a six-well plate. Following transfection
for 48 h, the cells were washed with PBS and stained with
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Hoechst33342 (1 mg/ml; Beyotime Institute of Biotechnology,
Haimen, China) for 5 min at 37°C. Following a second wash
with PBS, images of the cells were captured and counted using
immunofluorescence microscopy (Olympus Corporation,
Tokyo, Japan).

Quantification of apoptosis using fluorescence-activated cell
sorting (FACS). To determine the levels of apoptosis following
treatment with miR-135a or NC, an Annexin-V (AV) and prop-
idium iodide (PI; Beyotime Institute of Biotechnology) stain
was performed. Briefly, DU145 and PC3 cells were harvested
72 h post-transfection, washed in PBS and suspended in
binding buffer (Beyotime Institute of Biotechnology) and cells
were serum-deprived for 24 h prior to FACS. Following this,
the cells were stained with AV and PI (50 #M) and incubated
at room temperature for 15 min. A total of 10,000 events were
recorded using a flow cytometer (BD Biosciences, Franklin
Lakes, NJ, USA) and the proportion of apoptotic cells was
analyzed.

Western blotting. DU145 and PC3 cells were transfected with
miR-135a or NC after 72 h prior to being washed with cold PBS
and lysed in RIPA buffer (Beyotime Institute of Biotechnology)
on ice. The protein concentration was determined by
bicinchoninic acid protein assay kit (Beyotime Institute of
Biotechnology). The western blot protocol was performed as
described in previous studies (13,14). Proteins were probed
with anti-STAT6 (catalog no. 9362, dilution, 1:500), anti-phos-
phorylated (p)-STAT6 (Tyr641) (catalog no. 9361, dilution,
1:500) and anti-GAPDH (catalog no. 2118, dilution, 1:2,000)
(Cell Signaling Technology, Inc., Danvers, MA, USA). The
expression of p-STAT6 was induced by IL-4 (100 ng/ml).

Electrophoretic mobility shift assay (EMSA). An EMSA
was conducted to evaluate the DNA-binding activity of
STAT6 in miR-135a-transfected or NC-transfected cells.
Briefly, following transfection of DU145 and PC3 cells for
72 h, nuclear proteins from each sample were extracted with
Nuclear Extraction kit (Merck KGaA, Darmstadt, Germany)
and subjected to EMSA following the manufacturer's standard
protocol using the LightShift® Chemiluminescent EMSA
kit (Thermo Fisher Scientific, Inc.). The STAT6 target probe
was synthesized with a 3'-biotin modification (Invitrogen;
Thermo Fisher Scientific, Inc.) and the sequence was 5'-acgttg
aatTTCTAAGA Aagaggga-3', in which the binding region is
underlined.

Luciferase assay. The 3'UTR of STAT6 was amplified using
polymerase chain reaction and the primer sequences were
as follows: Sense, 5'-CCGACGCGTTCTTTTCTGTTGCCC
CATC-3"; and antisense, 5'-CCCAAGCTTGGACCGCAG
CACCTATCT-3". The fragment was cloned downstream
of the luciferase gene in a pMIR-REPORT™ Luciferase
miRNA Expression Reporter vector (Ambion®; Thermo
Fisher Scientific, Inc.) The pMIR-Luciferase NC vector
or gene-specific vector was co-transfected with miR-135a
or NC into DU145 and PC3 cells. pRL Renilla luciferase
control reporter vector (Promega Corporation, Madison, W1,
USA) was also transfected with each condition as a reference
control with Lipofectamine® 2000 (Invitrogen; Thermo Fisher
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Figure 1. ONCOMINE?® prostate cancer database analyses. (A) STAT6 was overexpressed in prostate cancer tissues compared with normal prostate gland
tissues in the Wallace study ("P<0.0001). (B) The tumors in the TCGA dataset have an increased STAT6 copy number ('P=0.0002). (C) Increased levels
of STAT6 expression were associated with a reduced overall survival rate in the Grasso study (P=0.0009). (D) Increased levels of STAT6 expression were
associated with the biochemical relapse rate (P=0.10) following radical prostatectomy in the Lapointe study. (E and F) GSEA analyses of gene ontology terms
indicated that there was enriched expression of gene sets involved in (E) cell apoptosis (P=0.001) and (F) cancer survival (P<0.001). (G and H) Microarray data
from the GSE40026 and GSE21032 datasets were retrieved and revealed that miR-135a was underexpressed, whereas STAT6 was overexpressed in DU145 and
PC3 cells compared with LNCaP cells (P=0.10). STAT®6, signal transducer and activator or transcription 6; TCGA, The Cancer Genome Atlas; GSEA, Gene
Set Enrichment Analysis; GSEA, Gene Series; miR-135a, microRNA-135a.

Scientific, Inc.). A total of 72 h after transfection, the firefly
luciferase and Renilla luciferase activities were measured

using the Dual-Luciferase® Reporter assay system (Promega
Corporation).
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Figure 2. miR-135a induced prostate cancer cell apoptosis in vitro. (A) miR-135a induced prostate cancer cell apoptosis, as detected using a Hoechst stain assay.
“P<0.05 vs. the NC group. (B) The effect of miR-135a on apoptosis was confirmed using FACS. Data presents the mean + standard deviation of >3 independent
experiments. P<0.05. miR-135a, microRNA-135a; FACS, fluorescence-activated cell sorting; NC, negative control; UR, upper right quadrant; LR, lower right

quadrant; FL-H, fluorescence-height.

Bioinformatics and statistical analysis. The online miRNA
databases TargetScan 5.1 (15) and RNAhybrid (16) were used
to determine the predicted miR-135a target genes. Statistical
analyses were performed using SPSS software version 16.0
(SPSS, Inc., Chicago, IL, USA). The aforementioned experi-
ments were repeated three times. Data were presented as the
mean =+ standard deviation. Group means were compared
using the Student's t-test. Survival data was analyzed using
the Kaplan-Meier estimate and log-rank P was calculated.
P<0.05 was considered to indicate a statistically significant
difference.

Results

STATG6 expression levels and its prognostic role in pros-
tate cancer in the ONCOMINE® prostate database and
co-expression of miR-135a and STAT6 in prostate cancer
cell lines. The ONCOMINE?® prostate cancer database is
an established database containing several high-quality
datasets. In the Wallace prostate cancer dataset, STAT6
expression levels in tumor tissues were higher compared with
those in normal prostate gland tissues (P<0.0001; Fig. 1A)
and tumors exhibited a higher STAT6 copy number in the
TCGA dataset (P=0.0002; Fig. 1B). The Grasso and Lapointe
prostate cancer datasets contain data on the overall survival
time of patients with metastatic cancer and the biochemical
relapse-free survival time, which are important events in the
progression of prostate cancer. An increased level of STAT6
expression was associated with a significantly reduced overall

survival rate in Grasso's study (P=0.0009; Fig. 1C) and also
an increased biochemical relapse rate (P=0.1000; Fig. 1D)
following radical prostatectomy in Lapointe's study, but this
was not statistically significant. Additionally, in the TCGA and
MSKCC databases, STAT6-correlated genes were involved
in cell apoptosis signaling pathways (P=0.001; Fig. 1E) and
cancer survival (P<0.001; Fig. 1F).

To investigate the co-expression of miR-135a and STAT6
in DUI145, PC3 and LNCaP prostate cancer cell lines, micro-
array data from the GSE40026 and GSE21032 datasets were
evaluated and the results revealed that miR-135a was under-
expressed and STAT6 was overexpressed in DU145 and PC3
cells compared with LNCaP cells. This indicated an inverse
correlation between miR-135a and STAT6 expression in these
cell lines (P=0.10; Fig. 1G and H).

miR-135a increases apoptosis in prostate cancer cells. To
determine whether the overexpression of miR-135a affects the
levels of apoptosis in prostate cancer cells, Hoechst staining
and FACS analyses were performed. Notably, overexpression
of miR-135a in DU145 and PC3 cells led to an increase in the
percentage of Hoechst-positive cells (37.3+2.7 vs. 23.67+1.9%
in DU145 cells and 38.0+1.2 vs. 29.7+1.2% in PC3 cells;
P=0.0144 in DU145 and P=0.0075 in PC3; Fig. 2A). To further
examine this result, the effects of miR-135a on the levels of
apoptosis were investigated using FACS analysis. DU145
and PC3 cells were transfected with miR-135a or NC and
cells were serum-deprived for 24 h prior to FACS. Compared
with NC-transfected cells, the proportion of apoptotic cells
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Figure 3. STATG is a direct target of miR-135a in prostate cancer cells. (A) TargetScan and RNAhybrid databases revealed that miR-135a may bind to a target
sequence located in the region of nucleotides 1,100-1,107 of the 3'UTR of STAT6. (B) The STAT6 3'UTR was cloned into a luciferase reporter cloning site in
the pMIR-report™ Luciferase miRNA Expression Reporter vector and increased miR-135a level was associated with decreased luciferase activity. "P<0.05.
STATS6, signal transducer and activator or transcription 6; miR-135a, microRNA-135a; UTR, untranslated region; miRNA, microRNA; NC, negative control.
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Figure 4. Protein expression levels and DNA-binding ability of STAT6 and p-STAT6 in prostate cancer cells treated with miR-135a and NC. (A) Endogenous
STAT6 and p-STAT6 stimulated with IL-4 were inhibited by transfection with miR-135a in western blot analysis. (B) An electrophoretic mobility shift
assay was performed to assess the binding of a consensus STAT6 DNA oligo probe using miR-135a and NC nuclear extracts and indicated a decrease in
DNA-binding activity in prostate cancer cells following induced miR-135a expression. STAT6, signal transducer and activator or transcription 6; p-STAT6,
phosphorylated signal transducer and activator or transcription 6; miR-135a, microRNA-135a; IL-4, interleukin 4; NC, negative control.

following transfection with miR-135a was significantly
increased (15.28+1.79 vs. 9.53+0.84% in DU145 cells and
16.61+0.14 vs. 10.87+0.49% in PC3 cells; P=0.0073 in DU145
and P<0.0001 in PC3; Fig. 2B).

STATG is a direct target of miR-135a. It is established that
miRNAs exert their function by directly binding to target
genes. Therefore, STAT6 was selected using TargetScan
5.1 (15) and RNAhybrid (8). To investigate whether STAT6
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is a direct target of miR-135a, the predicted binding site
(1,100-1,107 bp) of miR-135a was cloned into the STAT6
3'UTR vector (Fig. 3A). The luciferase reporter expression was
significantly reduced following co-transfection with miR-135a
compared with the NC group (Fig. 3B).

miR-135a negatively regulated the protein expression and
the function of STAT6. Western blot analyses for STAT6
expression in the cells transfected with miR-135a or NC
demonstrated that endogenous STAT6 protein levels were
downregulated in miR-135a-transfected prostate cancer cells
(Fig. 4A). STAT®6 is able to function as a transcriptional factor
following its phosphorylation (17), therefore p-STAT6 expres-
sion levels and DNA-binding ability were analyzed using
western blotting and the EMSA assay. The results revealed
that the expression levels of p-STAT6 were also reduced by
miR-135a transfection following treatment with interleukin-4
(IL-4; 100 ng/ml). Additionally, EMSA demonstrated that the
STAT6 DNA-binding activity in prostate cancer cells was
inhibited via the overexpression of miR-135a (Fig. 4B).

Discussion

Elucidating the precise molecular mechanisms underlying
tumorigenesis is important for the development of improved
therapy strategies for patients with prostate cancer, particu-
larly for patients with metastases. Previous studies have
suggested that the dysregulation of miRNA is involved in
the formation of metastases, including miR-221/-222 (18) and
miR-146a (14). The preliminary bioinformatic analyses in the
current study focused on miR-135a. The expression levels of
miR-135a in cancer are controversial, as it has been reported
to be upregulated and downregulated in distinct tumors
and may function as a tumor-inducer in colorectal (19) and
breast cancer (20) and a tumor-suppressor in renal-cell
carcinoma (21) and gastric cancer (22). Additionally, the
overexpression of miR-135a sensitized lung cancer cells to
cisplatin (23), whereas suppression of miR-135a sensitized
drug-resistant cell lines to paclitaxel-induced cell death (24).
Prostate cancer has a distinct progression and the underlying
mechanisms are yet to be elucidated. The aberrant expres-
sion, subsequent function and underlying mechanisms of
miR-135a in prostate cancer are yet to be established. In
the present study, STAT6 inhibition via miR-135a promoted
apoptosis in prostate cancer cells and it was demonstrated
that STAT6 is a constitutively expressed survival factor in
several human prostate cancer datasets, and may a direct
functional target of miR-135a.

Prior to activation, STAT family proteins are cytosolic
and, following activation, translocate into the nucleus and
function as transcription factors. Sustained STAT activity
has been described in a number of tumor types (25). STAT6
serves an important role in exerting IL-4-mediated biological
responses. Following stimulation by IL-4, STAT6 is phos-
phorylated via receptor-associated kinases and translocated
into the cell nucleus (25). Das et al (5) demonstrated that
STATG6 expression levels were significantly correlated with
higher histological grades of prostate cancer and with tumor
size. Downregulation of STAT6 using siRNA promoted the
induction of apoptosis and a reduction in cell viability in
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DU145 cells. Due to the established roles of STAT6 in pros-
tate cancer, the present study investigated the role of STAT6
and its association with miR-135a. Concordant with previous
studies, the results provided novel data to support the hypoth-
esis that the downregulation of STAT6 in prostate cancer may
occur as a result of the overexpression of the miRNA molecule
miR-135a, which may indicate a regulatory mechanism that is
able to drive apoptosis in prostate cancer cells.

In conclusion, miR-135a was identified as an important
miRNA that may regulate the levels of apoptosis in prostate
cancer cells. It was hypothesized that the miR-135a-STAT6
association may be a novel target for prognostic and
therapeutic advances in prostate cancer.
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