
Biochemical and Biophysical Research Communications 445 (2014) 151–156
Contents lists available at ScienceDirect

Biochemical and Biophysical Research Communications

journal homepage: www.elsevier .com/locate /ybbrc
MiR-361-5p acts as a tumor suppressor in prostate cancer by targeting
signal transducer and activator of transcription-6(STAT6)
http://dx.doi.org/10.1016/j.bbrc.2014.01.140
0006-291X/� 2014 Elsevier Inc. All rights reserved.

⇑ Corresponding author at: Department of Urology, Zhongda Hospital, Medical
School, Southeast University, 87 Dingjiaqiao Road, Nanjing, Jiangsu Province
210009, China.

E-mail address: mingchenseu@gmail.com (Ming Chen).
1 These authors contributed equally to this work.
Dachuang Liu a,b,c,1, Tao Tao a,c,1, Bin Xu a,c,1, Shuqiu Chen a,c, Chunhui Liu a,c, Lei Zhang a, Kai Lu a,
Yeqing Huang a,c, Liang Jiang a,c, Xiaowen Zhang a, Xiaoming Huang c, Lihua Zhang d, Conghui Han b,
Ming Chen a,c,⇑
a Department of Urology, Zhongda Hospital, Medical School, Southeast University, Nanjing, Jiangsu Province 210009, China
b Department of Urology, Xuzhou Central Hospital Affiliated with Southeast University, Xuzhou, Jiangsu Province 221009, China
c Surgery Central Laboratory of Southeast University, Nanjing, Jiangsu Province 210009, China
d Department of Pathology, Zhongda Hospital Affiliated with Southeast University, Nanjing, Jiangsu Province 210009, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 14 January 2014
Available online 31 January 2014

Keywords:
Castration-resistant prostate cancer (CRPC)
miR-361-5p
STAT6
Bcl-xL
Castration-resistant prostate cancer (CRPC), whose pathogenesis is known to be regulated by microRNAs
(miRNAs), has a poor prognosis. In our present study, we found that the expression of miR-361-5p in
CRPC was lower than in androgen-dependent prostate cancer (ADPC), indicating that miR-361-5p may
play an important role in the progression of ADPC to CRPC. The role of miR-361-5p in prostate cancer
(PCa) has not been evaluated until date. Our findings suggest that miR-361-5p is a suppressor in CRPC.
Signal transducer and activator of transcription-6 (STAT6), a direct target of miR-361-5p, enhances the
expression of B-cell lymphoma-extra large (Bcl-xL), while miR-361-5p inhibits its expression through
STAT6. Therefore, miR-361-5p has great clinical significance in preventing the malignant progression
of PCa.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

According to the figures of the American Cancer Society, the
number of new cases of prostate cancer (PCa) and related deaths
in the USA for 2013 is estimated at 238,590 and 29,720, respec-
tively. PCa presents the highest morbidity and the second highest
mortality among American male cancer patients [1]. In recent
years the morbidity and mortality of PCa are in obvious rising in
China [2]. Castration-resistant prostate cancer (CRPC) has limited
therapeutic options and poor prognosis, and is currently the lead-
ing cause of death among male cancer patients [3]. However, the
mechanisms of the initiation and progression of PCa remain
unclear.

MicroRNAs (miRNAs) are small (approximately 22 nucleotides
in length) non-coding single-stranded RNAs that regulate expres-
sion of target genes by interacting with and binding to the
30-untranslated regions (30-UTR) of their target mRNAs [4]. Altered
miRNA regulation is involved in PCa pathogenesis via the
modulation of oncogenes and tumor suppressors that subse-
quently affect the downstream signaling pathways [5–7]. For in-
stance, hsa-let-7c, hsa-miR-21 and hsa-miR-375 were found to
be significantly up-regulated in PCa, whereas hsa-miR-143 and
hsa-miR-145 were determined to be significantly down-regulated
[8]. In a previous study, we revealed that the ubiquitous loss of
miR-146a is a critical mechanism for the overexpression of EGFR
in CRPC [9].

MiR-361 is encoded on Xq21.2, in an intron between exons 9
and 10 of CHM/choroideremia (Rab escort protein 1), and gives rise
to two mature miRNA species, miR-361-3p and the predominant
miR-361-5p [10,11]. A previous study revealed that miR-361-5p
is down-regulated in a transplantable metastatic versus a non-
metastatic PCa xenograft line, both derived from one patient’s pri-
mary cancer [12]. Another study validated miR-361-5p as being
differentially expressed in matched primary and metastatic clear
cell renal cell carcinoma pairs, and indicated that miR-361-5p
may suppress cell growth and proliferation in tumor development,
metastasis and progression [13]. A latest report demonstrates that
miR-361 is differentially expressed between both PCa groups [clin-
ical progression free survival (CPFS) vs. clinical failure (CF)] and the
non-malignant benign prostate hyperplasia (BPH) samples [14].
Additionally, miRNA-microarray analysis and qRT-PCR demon-
strated that miR-361-5p expression in CRPC was lower than in
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androgen-dependent prostate cancer (ADPC) in our study. Our
findings indicated that miR-361-5p might play an important role
in the progression of ADPC to CRPC. However, miR-361-5p has
not been described as an oncomiR until now, and its relevance in
the development and progression of PCa remains undetermined.
Therefore, we selected miR-361-5p as a subject of our future stud-
ies. The inhibitory effects of miR-361-5p on DU145 were revealed
by the CCK-8, colony formation, flow cytometry and tumor forma-
tion assay in our study. Down-regulation of signal transducer and
activator of transcription-6 (STAT6) by utilizing siRNA influenced
cell viability and induced apoptosis in DU145, as evaluated by
the CCK-8, colony formation and flow cytometry assay. We indi-
cated that miR-361-5p could repress the expression of STAT6 by
binding to its 30-UTR. Further, the down-regulation of STAT6 inhib-
ited B-cell lymphoma-extra large (Bcl-xL) expression at the tran-
scriptional level. Thus, our results suggested that miR-361-5p
inhibited PCa and can thus be exploited as a new therapeutic target
in CRPC.
2. Materials and methods

2.1. Tissue samples

PCa tissues obtained from 19 early-stage patients that under-
went radical prostatectomy and had never received any previous
treatment, were considered as having ADPC. All patients were in
T2, including six patients with a Gleason score of <7, eight patients
with a Gleason score of 7 and five patients with a Gleason score of
>7. Nine patients were diagnosed with CRPC, since their serum
prostate-specific antigen (PSA) levels continued to increase during
maximum androgen deprivation therapy. All patients with CRPC
were in T4 and had a Gleason score of >7. They underwent transu-
rethral prostatic resection (TURP) because of urinary retention. For
each specimen, surgical pathologists examined the clinicopatho-
logical features of freshly frozen sections after haematoxylin and
eosin (HE) staining. Only those samples with >60% tumor content
were included in this study. The samples were snap frozen in liquid
nitrogen for microarray analysis (three ADPCs and three CRPCs)
and qRT-PCR (sixteen ADPCs and six CRPCs) of miRNAs. These
specimens (March, 2012–April, 2013) were used according to insti-
tutional guidelines and approved protocols. The ethics committees
at Zhongda Hospital Affiliated with Southeast University approved
this protocol, and all samples were collected following a written
informed consent from the patients.

2.2. miRNA-microarray analysis

To profile differentially expressed miRNA in ADPC and CRPC tis-
sues, we performed miRNA-microarray analysis. In brief, total RNA
was first isolated from three ADPC and three CRPC tissues using a
mir-Vana™ miRNA isolation kit (Applied Biosystem, Austin, Texas,
USA) and then reverse transcribed into cDNA probes using a miR-
NA complete labeling and Hyb kit (Agilent, Santa Clara, California,
USA). After that, the labeled probes were hybridized onto three
miRNA microarray (Agilent, Santa Clara, California, USA) according
to the manufacturer’s instructions. The arrays were scanned and
the data were extracted and analyzed using Agilent Feature Extrac-
tion (v10.7) software and the Agilent GeneSpring software for data
were normalized.

2.3. Cell culture

The CRPC cell line DU145 was obtained from Shanghai Cell
Bank, Chinese Academy of Sciences and cultured in Dulbecco’s
modified Eagle’s medium (DMEM, HyClone, Beijing, China)
supplemented with 100 U/ml penicillin, 100 lg/ml streptomycin
(Gibco, Gaithersburg, Maryland, USA) and 10% foetal bovine serum
(FBS, HyClone, Beijing, China), at 37 �C in a humidified atmosphere
containing 5% CO2.

2.4. Oligonucleotides and cell transfection

All miRNA mimics or siRNA oligonucleotide duplexes were
designed and chemically synthesised by GenePharma (Shanghai,
China) based on the following sequences: hsa-miR-361-5p mimics:
50-ACCCCUGGAGAUUCUGAUAAUU-30, negative control (NC): 50-UU
CUCCGAACGUGUCACGUTT-30; STAT6-specific siRNA: 50-AGACCU
GUCCAUUCGCUCATT-30 (sense), 50-UGAGCGAAUGGACAGGUCU
TT-30 (anti-sense), NC: 50-UUCUCCGAACGUGUCACGUTT-30 (sense),
50-ACGUGACACGUUCGGAGAATT-30 (anti-sense). For transfection,
oligonucleotides formed transfection complexes with Lipofect-
amine 2000 (Invitrogen, Carlsbad, New Mexico, USA). Transfection
complexes were added to DU145 cells and incubated for 6–8 h be-
fore changing the medium.

2.5. RNA isolation and quantitative RT-PCR

Total RNA was extracted from tissues or cells using Trizol (Invit-
rogen, Carlsbad, New Mexico, USA) according to the manufac-
turer’s instructions. RNA concentration was measured using
NanoDrop2000c (Thermo Scientific, Wilmington, Delaware, USA).
For miR-361-5p, total RNA (10 ng) was transcribed into cDNAs
using MMLV reverse transcriptase, and qRT-PCR reactions were
performed using the SYBR Green PCR Master Mix of Hairpin-it™
miRNAs RT-PCR Quantitation Kit (GenePharma, Shanghai, China)
according to the manufacturer’s protocols. The following PCR con-
ditions were used for detecting miRNAs: 95 �C for 3 min, 40 cycles
at 95 �C for 12 s and 62 �C for 40 s. The expression of U6 was used
as a control. All reactions were performed in triplicate, and nega-
tive control reactions that lacked cDNA were included. Relative
gene expression was calculated by the 2�DDCt method.

2.6. Cell proliferation assay

DU145 cells were seeded in a 6-well plate and cultured over-
night. The cells were transfected with oligonucleotides and cul-
tured overnight. Subsequently, the cells were trypsinised and
seeded at 2000 cells/well (200 ll/well) in a 96-well plate. The pro-
liferation of the cells was measured using the CCK-8 assay kit
(Beyotime, Shanghai, China) according to the manufacturer’s
instructions, every 24 h after transfection. Absorbance was de-
tected at a wavelength of 450 nm. Five wells were measured for
cell viability in each treatment group, and all independent treat-
ments were performed in triplicate.

2.7. Colony formation assay

In brief, 24 h after miR-361-5p or NC transfection, 200 cells
were plated into each well of 6-well plates and incubated for
2 weeks at 37 �C in the presence of 5% CO2. Next, cells were washed
twice with phosphate buffer solution, fixed with methanol for
15 min, and stained with 0.2% crystal violet for 20 min at room
temperature. Colonies containing more than 50 cells were counted.
Results were expressed as mean values from three independent
experiments.

2.8. Evaluation of apoptosis by flow cytometry

Apoptosis was analyzed by the annexin V-FITC plus propidium
iodide (PI) staining method and flow cytometry measurements
according to manufacturer’s instructions (Ubio Biological
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Technology, Ji’nan, China). The treated cells were analyzed by flow
cytometry (Becton Dickinson, Franklin Lakes, New Jersey, USA). At
least 20,000 cells were acquired for each sample. The experiments
were performed in triplicate.

2.9. Western blotting

Cells were lysed using the radioimmunoprecipitation assay buf-
fer (Keygentec, Nanjing, China) for total proteins. The protein con-
centration was determined by the BCA method (Keygentec,
Nanjing, China). Protein samples (30 lg) were electrophoresed on
10% sodium dodecyl sulfate polyacrylamide gel electrophoresis
gels and transferred onto polyvinylidene fluoride membranes (Mil-
lipore, Billerica, Massachusetts, USA). Membranes were blocked
with 5% skim milk at room temperature for 1 h and incubated
overnight at 4 �C with diluted antibodies specific for either STAT6
(1:1000; Cell Signaling Technology, Danvers, Massachusetts,
USA), Bcl-xL or GAPDH (1:1000; Santa-Cruz Biotechnology, Heidel-
berg, Germany). Membranes were washed 3 times with TBST buf-
fer (pH 7.6, 20 mM Tris–HCl, 137 mM NaCl, 0.01% Tween-20) and
then incubated with horseradish peroxidase-conjugated goat
anti-rabbit secondary antibody at 25 �C for 2 h. Following washes
with TBST buffer, membranes were visualized using enhanced
chemiluminescence (ECL, Millipore, Billerica, Massachusetts,
USA). Protein levels were determined by normalizing to GAPDH.

2.10. Plasmid construction and luciferase reporter assay

The 30-UTR segment of STAT6 mRNA with miR-361-5p binding
site was amplified by PCR using human DNA. The PCR products
were cloned into the XhoI and NotI restriction sites, downstream
of the open reading frame of luciferase in the psiCHECK-2™ Vector
(Promega, Madison, Wisconsin, USA) to generate the STAT6 30-UTR
reporter. Deleting the binding site for miR-361-5p generated the
mutant reporter. For reporter assays, cells were transfected with
STAT6 30-UTR or mutant reporter plasmid and miR-361-5p mimics
or NC. We constructed a fragment of the Bcl-xL promoter region
containing a STAT6-binding sequence and inserted the fragment
into the luciferase reporter plasmid pGL3-basic (Promega, Madi-
son, Wisconsin, USA) as a Bcl-xL pGL3-basic reporter. For reporter
assays, cells were transfected with Bcl-xL pGL3-basic plasmid and
STAT6 siRNA or NC. Luciferase activity was measured by dual-lucif-
erase assays (Promega, Madison, Wisconsin, USA), 48 h after co-
transfection.

2.11. Tumor formation assays in a nude mouse model

Twelve 5-week-old immunodeficient BALB/C nu/nu male mice
(SLAC ANIMAL, Shanghai, China) were bred in aseptic conditions
and maintained under constant humidity and temperature. Animal
experiments were undertaken in accordance with the National
Institute of Health Guide for the Care and Use of Laboratory
Animals and were approved by the ethics committee of Zhongda
Hospital Affiliated with Southeast University. All mice were subcu-
taneously injected with DU145 cells in the dorsal scapula region.
The tumor volume was measured with a caliper every 2 days, using
the formula: volume = (length �width2)/2. When the tumor vol-
ume reached at least 50 mm3, the mice were randomly divided into
two groups (six mice per group). These mice were then treated
with 200 pmol NC or hsa-miR-361–5p mimics in 10 ll Lipofect-
amine 2000 (Invitrogen, Carlsbad, New Mexico, USA), through a
local injection of the xenograft tumor at multiple sites. The treat-
ment was performed once every 3 days for 15 days, and tumors
were harvested 1 week later. Tumors were formalin fixed immedi-
ately following excision and paraffin embedded.
2.12. Immunohistochemical staining (IHC)

The paraffin embedded xenograft tumors for IHC were
processed according to the manufacturer’s instructions [Primary
antibody: STAT6 (1:250; Cell Signaling Technology, Danvers,
Massachusetts, USA) and Bcl-xL (1:300; Santa-Cruz Biotechnology,
Heidelberg, Germany)].

2.13. Statistical analysis

Each value in this study was obtained from at least three inde-
pendent experiments and presented as mean ± SD. The significance
of differences was calculated using t-tests for two-group compari-
sons, using the SPSS 16.0 software package. A probability of
P < 0.05 was considered statistically significant.

3. Results

3.1. Expression of miR-361-5p in CRPC tissues is lower than in ADPC
tissues

In our study, evaluating three ADPC and three CRPC miRNA
chips, the expression of miR-361-5p in the CRPC group was lower
than in that in the ADPC group (Fig. 1A). To verify our microarray
results, we detected the expression of miR-361-5p in 16 ADPC tis-
sues and 6 CRPC tissues by qRT-PCR. A similar trend of regulated
miR-361-5p expression was observed (Fig. 1B). Therefore, we con-
cluded that altered expression of miR-361-5p might be associated
with the progression of PCa.

3.2. Effects of miR-361-5p in DU145 in vitro

We examined the expression of miR-361-5p in cells 48 h fol-
lowing transfection with miR-361-5p mimics or NC into DU145
by qRT-PCR. Higher expression was observed in the miR-361-5p
mimics group than in NC group (Fig. 2A). Overexpression of miR-
361-5p significantly inhibited DU145 proliferation in the CCK-8
and colony formation assays (Fig. 2B–D). Flow cytometry assay re-
vealed that cells transfected with miR-361-5p showed a higher
rate of apoptosis than NC (Fig. 2E and F).

3.3. STAT6 is a direct target of miR-361-5p and promotes Bcl-xL

We performed bioinformatics analysis to identify potential tar-
gets of miR-361-5p in PCa using the website microRNA.org, and
found that miR-361-5p could bind to target sequences located in
the 30-UTR of STAT6 mRNA (Fig. 3A). STAT6 protein was inhibited
by treatment with miR-361-5p mimics in Western blotting
(Fig. 3B). To ascertain the direct miRNA-target interaction, STAT6
30-UTR was cloned into a dual-luciferase reporter cloning site in
the psiCHECK-2 dual-luciferase vector. We observed a dramatic
decrease in the luciferase activities with increasing miR-361-5p
levels (Fig. 3C). Further, transfection of STAT6 siRNA resulted in a
concomitant down-regulation of Bcl-xL, which was shown by Wes-
tern blotting (Fig. 3D). Based on a previous report [15] that had
identified STAT6 binding motifs in the Bcl-xL promoter sequence
(Fig. 3E), the Bcl-xL promoter region containing a STAT6-binding
sequence was constructed into pGL3-basic plasmids. Conse-
quently, STAT6 siRNA dramatically decreased luciferase activities
after co-transfection (Fig. 3F).

3.4. MiR-361-5p suppresses tumor growth in vivo

As expected, miR-361-5p inhibited the tumor volume of DU145
cells (Fig. 4A). MiR-361-5p reduced STAT6 and Bcl-xL staining in



Fig. 1. Expression of MiR-361-5p in prostate cancer tissues. (A) A heat map of the expression profiles of microRNAs in three androgen-dependent prostate cancer (ADPC)
tissues and three castration-resistant prostate cancer (CRPC) tissues were analyzed by Agilent microarrays (ADPC: three patients, all in T2, with one patient with a Gleason
score of <7, one patient with a Gleason score of 7, and one patient with a Gleason score of >7; CRPC: three patients all in T4 and with a Gleason score of >7). (B) qRT-PCR
showed decreased miR-361-5p levels in CRPC tissues compared to APDC tissues. ⁄P < 0.05.

Fig. 2. Effect of miR-361-5p on DU145 in vitro. (A) MiR-361-5p mimics increased miR-361-5p expression compared to NC, as evaluated by qRT-PCR. (B) Cell proliferation,
determined by CCK-8 assay, revealed that overexpression of miR-361-5p significantly inhibited DU145 proliferation. (C and D) The results showed that forced expression of
miR-361-5p in DU145 decreased the colony-forming efficiency of the cells. (E and F) Annexin V-FITC/PI-stained cells transfected with miR-361-5p showed a higher rate of
apoptosis, as evaluated by flow cytometry. ⁄P < 0.05, ⁄⁄P < 0.01.
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Fig. 3. STAT6 is a direct target of miR-361-5p and promotes Bcl-xL. (A) microRNA.org showed that miR-361-5p could bind to target sequences located in the nucleotides of
the 30-UTR of STAT6 mRNA. (B) STAT6 protein was inhibited by treatment with miR-361-5p mimics, as evaluated by Western blotting. (C) STAT6 30-UTR was cloned into a
luciferase reporter cloning site in the psiCHECK-2 dual luciferase vector. With increasing miR-361-5p level, luciferase activities decreased dramatically. (D) Expression of
STAT6 and Bcl-xL was down-regulated using STAT6 siRNA compared with that in the controls in DU145 cells, as evaluated by Western blotting. (E) Schematic representation
of putative STAT6 binding motifs in the Bcl-xL promoter sequence. (F) Bcl-xL promoter-containing pGL3-basic plasmid and STAT6 siRNA were co-transfected into cells.
Luciferase assays performed after 48 h confirmed the inhibition of Bcl-xL promoter activity by STAT6 siRNA. ⁄P < 0.05.
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tumor xenografts, as detected by IHC (Fig. 4B), suggesting that
miR-361-5p reduced STAT6/Bcl-xL and tumorigenicity in a nude
mouse model.
4. Discussion

Androgen ablation therapy for PCa can result in a regression of
tumor size and reduce PSA levels. However, most ADPCs inevitably
progress to CRPCs [16]. To date, the mechanisms for the progres-
sion of PCa remain unclear. Recently, accumulating evidence has
associated dysregulated expression patterns of miRNAs to various
types of human cancers, including PCa [17]. Previous studies have
reported that miRNA play a critical role in tumorigenicity, tumor
progression and drug resistance [18]. We observed that the expres-
sion of miR-361-5p in CRPC tissues was significantly lower than
those in ADPC tissues, which suggests that miR-361-5p could be
useful for the preventing the progression of ADPC to CRPC. Func-
tional analyses showed that the forced expression of miR-361-5p
suppressed proliferation and triggered apoptosis in DU145 cells
and reduced tumorigenicity in vivo. However, a contradictory re-
port identified miR-361-5p as an oncogene that enhanced the pro-
liferation of cervical carcinoma cells, promoted cell invasion and
was accompanied with epithelial-to-mesenchymal transition, sug-
gesting that miR-361-5p is an important factor in the progression
of cervical cancer [19]. These conflicting roles of miR-361-5p in dif-
ferent cancers necessitate the verification of the precise role of this
miRNA in various tumors in the future.

STAT proteins are a family of latent cytoplasmic transcription
factors that are activated by cytokines and growth factors. The
homogenous or heterogeneous polymerization dimers of activa-
tion of transcription activating factor could translocate into the nu-
cleus and target the gene promoter sequences of specific sites after
phosphorylation [20]. STAT6 is a member of the STAT family that
has been found to be constitutively activated in cancers [21,22].
STAT6 activity in prostate neoplasms was observed to be signifi-
cantly higher than matched normal tissues adjacent to tumors
and in normal prostate from donors, and STAT6 was proved to be
a survival factor in CRPC [23–25]. We found that STAT6 directly
regulated the expression of Bcl-xL at the transcriptional level in
CRPC. Furthermore, our experiments identified STAT6 as a direct
target of miR-361-5p. Overexpression of miR-361-5p reduced the
malignant progression of PCa and diminished the expression of
the STAT6/Bcl-xL signaling pathway in vitro and in vivo.

In summary, our results clearly showed that miR-361-5p, which
suppressed cell proliferation and triggered apoptosis through
STAT6/Bcl-xL pathway in vitro and in vivo, was down-regulated
in CRPC. These results suggest that the role of miR-361-5p in
preventing the progression of ADPC to CRPC requires further
evaluation.



Fig. 4. MiR-361-5p suppresses tumor growth in vivo. (A) After establishment of subcutaneous tumors, miR-361-5p was injected as a multi-site injection every 3 days for
15 days. Tumor volumes were measured every 2 days. The tumor volume of the miR-361-5p group was significantly decreased compared to that of the NC group. (B) IHC was
performed on xenograft tumors after miR-361-5p treatment. MiR-361-5p reduced STAT6 and Bcl-xL immunostaining in tumors. (Magnification, �200 bar). ⁄⁄P < 0.01.
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