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Attenuation of TGFBR2 expression and
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Abstract

Background: Dysregulation of transforming growth factor β (TGF-β) signaling and hypoxic microenvironment have
respectively been reported to be involved in disease progression in malignancies of prostate. Emerging evidence
indicates that downregulation of TGFBR2, a pivotal regulator of TGF-β signaling, may contribute to carcinogenesis
and progression of prostate cancer (PCa). However, the biological function and regulatory mechanism of TGFBR2 in
PCa remain poorly understood. In this study, we propose to investigate the crosstalk of hypoxia and TGF-β
signaling and provide insight into the molecular mechanism underlying the regulatory pathways in PCa.

Methods: Prostate cancer cell lines were cultured in hypoxia or normoxia to evaluate the effect of hypoxia on
TGFBR2 expression. Methylation specific polymerase chain reaction (MSP) and demethylation agents was used to
evaluate the methylation regulation of TGFBR2 promoter. Besides, silencing of EZH2 via specific siRNAs or chemical
inhibitor was used to validate the regulatory effect of EZH2 on TGFBR2. Moreover, we conducted PCR, western blot,
and luciferase assays which studied the relationship of miR-93 and TGFBR2 in PCa cell lines and specimens. We also
detected the impacts of hypoxia on EZH2 and miR-93, and further examined the tumorigenic functions of miR-93
on proliferation and epithelial-mesenchymal transition via a series of experiments.

Results: TGFBR2 expression was attenuated under hypoxia. Hypoxia-induced EZH2 promoted H3K27me3 which
caused TGFBR2 promoter hypermethylation and contributed to its epigenetic silencing in PCa. Besides, miR-93 was
significantly upregulated in PCa tissues and cell lines, and negatively correlated with the expression of TGFBR2.
Ectopic expression of miR-93 promoted cell proliferation, migration and invasion in PCa, and its expression could
also be induced by hypoxia. In addition, TGFBR2 was identified as a bona fide target of miR-93.

Conclusions: Our findings elucidate diverse hypoxia-regulated pathways including EZH2-mediated
hypermethylation and miR-93-induced silencing contribute to attenuation of TGFBR2 expression and promote
cancer progression in prostate cancer.
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Background
Prostate cancer (PCa) is the most common malignant
tumor in males with increasing incidence worldwide,
causing immense mortality and heavy health burdens
[1]. The number of newly diagnosed PCa is estimated to
reach 160,000 men in the world, with existing 3.3 mil-
lion survivors [2]. Although most of prostate cancers
exhibit indolent courses, some tumors can also become
metastatic and castration-resistant which ultimately
cause cancer death in men. Active surveillance, surgical
resection or ablation, and radiation continue to be rec-
ommended approaches for localized diseases, while
androgen deprivation therapy, chemotherapy, and other
targeted agents are utilized to extend survival in patients
with metastatic diseases [3]. With the advances in surgi-
cal techniques, radiotherapy and hormone therapy, the
barriers of PCa management becomes the methods to
treat metastatic diseases, especially for the castration-
resistant prostate cancer (CRPC) [4, 5]. Although plenty
of new advances in genetics have already deepened our
understanding of this disease beyond androgen receptor
(AR) pathways [6, 7], the precise regulatory mechanisms
of PCa metastasis are still not fully elucidated, with
scarcity of effective therapeutic targets and correspond-
ing clinical targeted agents. As a result, it is of para-
mount importance to further elucidate the cellular and
molecular mechanisms involved in PCa for developing
anticancer therapies.
Epithelial-mesenchymal transition (EMT) is a multi-

functional biological process required for embryonic
development, wound healing, and tissue reconstruction,
while aberrant EMT engages in some pathologic
processes such as tumor progression, invasion, and me-
tastasis [8]. During EMT, cells undergo morphologic
changes from well differentiated epithelial phenotype to
invasive mesenchymal one, which promotes metastasis
and therapeutic resistance. EMT also impacts on the de-
velopment and progression of metastatic PCa, and thera-
peutic targeting of EMT has the potential to shift the
treatment paradigm of CRPC [9]. Bone is the most com-
mon metastatic lesion in prostate cancer patient, while
transforming growth factor β (TGF-β) signaling is identi-
fied to affect the metastatic tumor cell proliferation and
osteolytic bone metastasis in several cancer types [10].
As a transmembrane serine-threonine kinase, type II
TGF-β receptors (TGFBR2) is a major member to initi-
ate downstream TGF-β signaling in tumorigenesis. The
expression of TGFBR2 is often found to be altered in
several types of malignance, such as metastatic breast
cancer [11], colorectal cancer [12], and prostate cancer
[13]. Loss of TGFBR2 expression in majority of human
PCa-associated stoma was observed, which might relieve
the paracrine suppression of Wnt3a and promote the
progression of PCa [13]. Besides, inactivation of TGF-β

pathway by deleting TGFBR2 in combination of APC
tumor suppressor deletion could result in rapid onset of
invasive PCa, which implied TGFBR2 might exert tumor
suppressive effect in prostate [14]. Methylation silencing
of TGFBR2 was found in rat prostate cancers [15], fur-
ther studies also proved AR/miRNA-21 or AR/miR-2909
positive feedback loop down-regulated the expression of
TGFBR2, leading to attenuation of TGF-β mediated
Smad2/3 activation and subsequent tumor-suppressive
activity [16, 17]. These results demonstrate the critical
roles of TGFBR2 in the progression of PCa and its
down-regulation in PCa by promoter methylation and
certain miRNAs, while the inquiry of more detailed
mechanisms regarding to TGFBR2 in PCa is still needed.
It has been identified that the degree of hypoxia in

prostate cancer positively correlates with cancer progres-
sion and worse prognosis. Hypoxia-inducible factor 1α
(HIF-1α) expression is also shown to increase in PCa
tissues. Increased expression of intrinsic markers of
tumor hypoxia and angiogenesis such as VEGF, HIF-1α,
and osteopotin indicate higher risk of biochemical fail-
ure [18]. Moreover, nonspecific HIF-1α inhibitors are
shown to increase the progression-free survival (PFS)
and reduce the risk of CRPC and metastases [19]. It is
clear that hypoxia-regulated molecular events can exert
important effects on the development of PCa and CRPC,
and targeting the hypoxia signaling has the potential to
confront this thorny malignance. Mechanistic investiga-
tion has found out that hypoxia-induced PHF8 can serve
as an essential histone demethylase activity-dependent
AR coactivator, promoting AR signaling pathway and
cancer progression [20]. Hypoxia can also regulate
mTOR signaling which is critical for PCa stem cell
survival [21]. Besides, several miRNAs such as miR-182
and miR-101 can be included by hypoxia in prostate
cancer [22], epigenetic modulators such as Enhancer of
zeste homolog 2 (EZH2) can also be regulated by HIF-
1α induction [23]. However, the actual effect and precise
signaling pathways of hypoxia in prostate cancer are still
largely elusive at the moment, more downstream effector
molecules and associated pathways are in urgent need to
be identified. Our experiments found out that hypoxia
could attenuate the expression of TGFBR2, whereas the
underlying mechanism and significance of this regula-
tion in prostate cancer remain poorly understood.
In this study, we demonstrated the impact of

hypoxia on the expression of TGFBR2 in prostate
cancer cells. Furthermore, several hypoxia-regulated
molecules and signalings such as miRNAs and
epigenetic regulators were explored to resolve the
mechanism of TGFBR2 down-regulation by hypoxia.
Finally, we inquired into the molecules involved in
the regulatory network for their potential of bio-
markers and therapeutic targets in PCa.
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Methods
Patients and tissue specimens
Paired PCa and adjacent normal tissue samples (col-
lected postoperatively from September 2010 to February
2017) were obtained from 56 patients who were admit-
ted to and underwent PCa resection in the Department
of Urology, Tongji Hospital, Huazhong University of
Science and Technology (Wuhan, China). Specimens
were obtained under the informed consent of each pa-
tient and the approval of Ethics Committee of Tongji
Hospital. All the diagnoses were validated by pathology
reports. On removal of the surgical specimen, each sam-
ple was immediately frozen in liquid nitrogen and stored
at − 80 °C until use. The clinicopathologic characteristics
of patients are summarized in Additional file 1: Table S1.

Cell culture and transfection
Human prostate cancer cell lines (PC3, DU145 and
LNCap) were obtained from the American Type Culture
Collection (Manassas, VA), and a primary culture of hu-
man RWPE-1 was obtained from the Shanghai cell bank
of the Chinese Academy of Sciences. Generally, PC3,
DU145 and LNCap were cultured in RPMI-1640, while
RWPE-1 was culture in K-SFM medium, supplemented
with 10% fetal bovine serum (FBS) and placed in incubator
with 5% CO2 at 37 °C. For hypoxic conditions, cells were
cultured in a Forma Series II Water Jacket incubator with
1% O2, 5% CO2 and 94% N2 (Thermo Scientific).
Synthetic, chemically modified short single or double

stranded RNA oligonucleotides and corresponding nega-
tive control were purchased from Ribo Biotech
(Guangzhou, China). SiRNA sequences are available in
Additional file 1: Table S2. For transfection, cells were
seeded into 6-wells plate and incubated overnight, and
then 100 nM of small RNA molecules were trans-
fected into cells by using X-tremeGENE siRNA
transfection reagent (Roche). Besides, plasmids were
transfected into cells with X-tremeGENE HP DNA
Transfection reagent (Roche).

RNA extraction and real-time polymerase chain reaction
analysis
Total RNA from tissues and cultured cells were isolated
using TRIzol reagent (Invitrogen, USA). Total RNA
measuring 1000 ng was reverse transcribed, and real-
time quantitative polymerase chain reaction (RT-qPCR)
was performed on the Mx3000P system (Stratagene,
USA) according to the manufacturer’s instructions. A
qRT-PCR analysis was performed with the Platinum
SYBR Green qPCR SuperMix kit (Invitrogen, Carls-
bad, CA). U6 snRNA and GAPDH were used as
internal controls for miR-93 and TGFBR2, respect-
ively. All primers sequences used are available in
Additional file 1: Table S2.

Protein isolation and western blot analysis
Whole-cell lysates were prepared with RIPA lysis buffer
of appropriate volume. Proteins were separated by 10%
SDS-PAGE gel and transferred to PVDF membrane, fol-
lowing membrane blocking with 5% Albumin from
bovine serum (BSA). Then the membranes were incu-
bated in primary antibodies against targeted protein at
4 °C overnight, and after further incubated with HRP-
conjugated secondary antibody, the bands were scanned.
Antibodies used in experiments included: anti-TGFBR2
(Cell Signaling Technology, USA), anti-EZH2 (Abcam,
USA), anti–HIF1A (Cell Signaling Technology, USA),
anti-HIF2A (Cell Signaling Technology, USA), and anti-
H3K27me3 (Abcam, USA). All primary antibodies ex-
cept for internal control were used at 1:1000 dilution.
GAPDH and α-tubulin (Boster, China) were used as the
internal control at 1:5000 dilution.

Demethylation assay and methylation-specific polymerase
chain reaction (MSP)
To determine whether TGFBR2 expression can be ele-
vated in prostate cancer cells by demethylation, we
treated the cells with 5-aza-2′-deoxycytidine (5-Aza-
DC). Cells were seeded in 6-well plates and treated with
5-Aza-DC (Sigma-Aldrich) at the final concentration of
10 μM, and culture for 72 h before the total RNA was
extracted. The relative expression of TGFBR2 was mea-
sured by qRT-PCR with the untreated cells as control.
Genomic DNA from prostate cancer tissues and corre-

sponding normal tissues and prostate cell lines was
isolated using a simplified Proteinase K digestion
method, and then bisulfited using Epitect Fast Bisulfite
Conversion Kit(Qiagen) according to the manufacturer’s
instructions. Then the methylation status of TGFBR2
promoter was determined by methylation specific PCR
by amplified the genomic DNA after standard sodium
bisulfate modification. Primer sequences which specific-
ally recognized either the methylated or unmethylated
TGFBR2 promoter were designed with Methprimer
(http://www.urogene.org/cgi-bin/methprimer/methpri-
mer.cgi). The PCR conditions were: 95 °C for 5 min,
followed by 40 cycles of 95 °C for 15 s, 57 °C for 30s,
72 °C for 30s; and a final extension at 72 °C for 10 min.
PCR products were separated on 1.5% agarose gels
which stained with Gel-Red, and visualized under UV
illumination.

Cell proliferation and viability assay
Proliferation of cells was detected by the MTS assay
using the CellTiter 96®AQueous One Solution Cell
Proliferation Assay kit (Promega). One thousand treated
cells were seeded in each well in a 96-well plate, the
absorbance at 490 nm was measured every 24 h from
day 0 to 4.
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For colony formation assay, 1000 treated cells were
seeded into 6-wells plates and cultured for another 10–
14 days. The colonies were stained with 0.5% crystal vio-
let (Sigma, USA) and counted.

Flow cytometry for apoptosis
Cell apoptosis was detected via Annexin V Apoptosis
Detection Kit APC (eBioscience, Affymetric). Briefly, the
cells were washed in PBS and resuspended in 1 × binding
buffer. Then the cells were stained by fluorochrome-
conjugated Annexin V for 15 min at room temperature.
After we washed the cells and resuspended them in
binding buffer, we stained the cells with Propidium
iodide (PI) staining solution and then analyzed them by
flow cytometry.

Transwell assay for migration and invasion
About 5 × 104 of PC3 and DU145 cells were plated in
the upper chambers of 24-well Transwell plates (Corn-
ing) in FBS-free medium. Complete medium (10% FBS)
was deposited in the lower chambers to serve as a
chemo-attractant. After 12 h, cells remaining on the
upper filter were removed, while cells that passed
through the Transwell filter were stained by 0.5% crystal
violet for 20 min. Images were taken of five random op-
tical fields (200×) on each filter and cell number was
quantified by utilizing the ImageJ software (National In-
stitutes of Health, USA).
To evaluate cell invasion, Transwell membranes were

coated with Matrigel (BD Biosciences) prior to seeding
treated cells or control cells. The Matrigel served as a
basement membrane barrier that cells would have to
destroy in order to invade the lower chamber. After 24 h
for PC3 and DU145, crystal violet staining and cell
counting were performed as above.

Luciferase reporter assays
After constructing the wild-type 3′-untranslated region
(3’-UTR) of TGFBR2 using PCR, we sub-cloned it into
the NotI and XhoI sites in the luciferase reporter plas-
mid psiCHECK2 (Promega). All used primers were
included in Additional file 1: Table S3. DNA sequencing
was used to validate the validity of plasmids. After co-
transfection with siRNAs and plasmids, cells were
cultured for another 48 h before harvested. Then the
cells were lysed and assayed for Renilla and Firefly lucif-
erase activity using Dual-Luciferase Reporter Assay Sys-
tem (Promega). The ratio of Renilla luciferase intensity
to luciferase one was calculated for each assay.

Statistical analysis
Data were expressed as mean ± standard deviation, the
Student t-test was used to analyze data between two
groups, and one-way ANOVA was used to assess the

multiple comparisons between groups. Correlation be-
tween the expression of two molecules was analyzed
using the Pearson correlation coefficient analysis. All
statistical analyses were performed using SPSS 21.0
(SPSS, Chicago). P values < 0.05 were considered to be
statistically significant.

Results
TGFBR2 expression was decreased under hypoxic
conditions
Recent studies have provided evidence that hypoxia
promote cancer progression in prostate cancer, while the
exact effects of hypoxia on EMT are not fully under-
stood. As TGF-β signalling plays critical roles in PCa, we
sought to study the impact of hypoxia on the pivotal
receptor, TGFBR2. The Cancer Genome Atlas (TCGA)
data showed that TGFBR2 expression was significantly
reduced in prostate cancer tissues (Additional file 1:
Figure S1). Since high level of hypoxia and decreased
TGFBR2 expression has been reported to occur in
human or rat PCa [15, 16], we hypothesized that hyp-
oxia might at least partly contribute to low expression
of TGFBR2 in PCa. In an attempt to test our hypoth-
esis, we cultured three of prostate cancer cell lines,
PC3, DU145 and LNCap, under hypoxic conditions to
evaluate the impacts of hypoxia. 24 h after the hyp-
oxic treatment, cells were harvested and the protein
and mRNA expression levels of TGFBR2 were exam-
ined by western blot and RT-PCR, respectively. As
shown in Fig. 1a and Additional file 1: Figure S4,
compared to cells in normoxia, all cell lines in hyp-
oxia showed decreased levels of TGFBR2 protein,
while the well-established hypoxia indicator HIF-1α
protein expression was elevated. RT-PCR results also
demonstrated that hypoxia treatment decreased the
mRNA levels of TGFBR2, which was in accordance
with the western blot results (Fig. 1b). These results
indicated that TGFBR2 expression was attenuated by
hypoxia pathway. However, since the transcription
factors (HIF-1α and HIF-2α) always activated the
transcription of downstream gene with hypoxia
response element (HRE, consensus sequence G/
ACGTG) on their promoter region [20], which
seemed that TGFBR2 was not likely to be a direct
downstream molecule of hypoxia. As a result, we
turned to find other hypoxia-regulated pathways
which involved in TGFBR2 down-regulation.

Hypoxia-induced EZH2 regulated TGFBR2 promoter
hypermethylation and contributed to its epigenetic
silencing in PCa
One of the common reasons of transcriptional silencing
of tumour suppressor genes in cancer is CpG-island pro-
moter hypermethylation. Previous studies have shown
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that methylation silencing of TGFBR2 resulted in lower
expression of TGFBR2 in rat prostate cancer. However,
we further validated the epigenetic changes of TGFBR2
in human PCa. Firstly, we treated the three prostate can-
cer cell lines with 10 μmol/L of DNA demethylation
agent 5-Aza-2′-deoxycytidine (5-Aza-DC), and detected
the expression level of TGFBR2 by RT-PCR. As seen in
Fig. 2a, the TGFBR2 expression in all cell lines elevated
significantly after the 5-Aza-DC treatment, which im-
plied the potential regulatory roles of DNA methylation.
Besides, we detected the methylation status of TGFBR2
promoter in our six paired prostate tissues by methyla-
tion specific PCR (MSP). Using MethPrimer algorithm,
we detected CpG-island around the presumed transcrip-
tional start site (TSS) and designed the methylation (M)
and unmethylation (U) primers (Fig. 2b). As shown in
Fig. 2c, only methylated DNA molecules were detected
in six prostate cancer tissues, while only unmethylated
DNA molecules were identified in corresponding non-
cancerous tissues. As a result, methylation silencing of
TGFBR2 in prostate cancers contributed at least partly
the decreased expression of TGFBR2.
It reported that rat prostate cancer cell lines had

increased H3K4me2 or H3K9me3 at the Tgfbr2 pro-
moter, while human prostate cancer cell lines were likely
to have increased H3K27me3 at the TGFBR2 promoter
[15]. As a histone methyltransferase, the enhancer of
zeste homolog 2 (EZH2) is proved to exert its primary
function to methylate H3K27me by transferring methyl
group. EZH2 has been proved to exert important
oncogenic functions in PCa, TCGA data also implies
that high expression of EZH2 was associated with worse
overall survival and disease-free survival (Additional file 1:
Figure S2). Therefore, we hypothesized that EZH2 in-
duced the epigenetic silencing of TGFBR2 by H3K27me3
or other epigenetic modifications. Firstly, we examined
the expression relationship of EZH2 and TGFBR2 using

the Pearson correlation coefficient analysis. Our panel of
56 PCa tissues showed significant inverse correlation be-
tween the expression of EZH2 and TGFBR2 (r = − 0.273,
p < 0.01) (Fig. 2d). By processing the data from TCGA, we
also found significant negative correlation between the ex-
pression of these two molecules in 568 cases of PCa (r = −
0.3479, p < 0.0001) (Additional file 1: Figure S3). To fur-
ther validate our hypothesis, we used siRNA targeting
EZH2 or EZH2 inhibitor 3-deazaneplanocin (DZNep) to
knockdown EZH2 expression in DU145 cell lines. After
the reduction of EZH2 and H3K27 trimethylation, the
mRNA and protein expression levels of TGFBR2 elevated
significantly (Fig. 2e, f, Additional file 1: Figure S5). More-
over, we conducted MSP with prostate cancer cells which
were treated with DZNep or not. The results in Fig. 2g
illustrated that DZNep could partially decreased the
methylation levels of cancer cell lines and helped the cells
restore the hypomethylation status, as both methylated
and unmethylated DNA molecules could be detected in
DZNep-treated cells. Besides, other epigenetic modula-
tors, such as H3k9 methylation inhibitor BIX-01294 [24],
had only slight effects on MSP results, which also proved
the importance of EZH2-mediated H3K27me3 on regulat-
ing the TGFBR2 promoter methylation. These combined
results demonstrated that EZH2 regulated TGFBR2
promoter hypermethylation could contribute to its epi-
genetic silencing in PCa.
In an effort to explore the mechanism of hypoxia-

induced TGFBR2 down-regulation, we further tried to
evaluate the impact of hypoxia on EZH2. Previous study
showed the expression of EZH2 could be regulated by
HIF-1α/HIF-1β dependent hypoxic pathway in prostate
cancer [25]. Therefore, we detected the EZH2 mRNA
and protein expression of prostate cancer cells under nor-
moxic or hypoxic conditions. As we could see in Fig. 2h, i
and Additional file 1: Figure S6, hypoxia induced both the
mRNA and protein expression of EZH2. Taken together,

Fig. 1 TGFBR2 expression was decreased under hypoxia. a. Prostate cancer cell lines (PC3, DU145, and LnCap) showed decreased levels of TGFBR2
protein in hypoxic condition, as measured by western blot. HIF-1α and HIF-2α expressions were elevated under hypoxia, while GAPDH was used as
internal control. b. RT-PCR results also demonstrated that hypoxia treatment decreased the mRNA levels of TGFBR2 in PCa cell lines. **, P < 0.01
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hypoxia-induced EZH2 mediated the epigenetic silencing
of TGFBR2 in PCa through promoter hypermethylation.

Hypoxia-responsive miR-93 was increased in PCa and
correlated with cancer progression
MicroRNAs (miRNAs) are a sort of small, endogenously
expressed, well-conserved non-coding single stranded
RNAs which can negatively regulate gene expression by
binding directly to the 3′ untranslated region (3’-UTR)
of corresponding target messenger RNAs (mRNAs) in a
sequence-specific manner. Previous studies have identi-
fied a series of hypoxia-induced miRNAs in several can-
cers, such as miR-182 in PCa [22], and miR-25/93 in
breast cancer [26]. Thus, we postulated that some

deregulated hypoxia-responsive miRNAs might facilitate
the PCa progression via reducing the expression of
TGFBR2. By intersecting the potential miRNA-mRNA
regulatory networks via an experimentally validated
microRNA-target interactions database (miRTarBase)
and well-known hypoxia-induced miRNAs in published
articles, we extrapolated that miR-93 might be potential
miRNAs which could regulate TGFBR2 expression and
be induced by hypoxia. To validate whether miR-93 was
a bona fide hypoxia-regulated miRNA in prostate cancer,
we detected its expression in normoxic or hypoxic con-
ditions. As shown in Fig. 3a, compared to cells in nor-
moxia, expression of miR-93 was markedly increased in
hypoxic conditions in all three PCa cell lines. To further

Fig. 2 Hypoxia-induced EZH2 regulated TGFBR2 promoter hypermethylation and contributed to its epigenetic silencing in PCa. a. TGFBR2
expression in PCa cell lines elevated significantly after the 5-Aza-DC treatment via RT-qPCR. b. Graphic presentation of putative CpG island in
promoter of TGFBR2 and primer for methylation specific PCR, as designed by MethPrimer website. c. Methylation specific PCR detected the
methylation status of TGFBR2 promoter in six pairs of prostate cancer samples (T1-T6) and corresponding noncancerous tissues (N1-N6). M,
methylation primer; U, unmethylation primer. d. Significant negative correlation between the expression of EZH2 and TGFBR2 via data from TCGA.
e-f. The expression levels of TGFBR2 elevated significantly after treatment with siRNAs targeting EZH2 or EZH2 inhibitor DZNep, as detected by
RT-qPCR (E) and western blot (F). G. Methylation specific PCR results showed DZNep and BIX-01294 partially decreased the methylation levels of
PCa cell lines. h-i. Hypoxia induced both the mRNA (H) and protein expression (I) of EZH2.**, P < 0.01
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confirm the results, we repeated the experiments in cells
with siRNA-mediated HIF-1α knockdown, Additional
file 1: Figure S7 showed that HIF-1α silencing was effect-
ive in prostate cancer cells, especially in DU145 and
PC3. The experimental data showed that HIF-1α knock-
down compromised the ability of hypoxia to induce
miR-93 expression (Fig. 3b). These results combined
together to confirm that miR-93 was a genuine target
of hypoxia.
In an attempt to evaluate the potential of TGFBR2 as

the direct target of miR-93, we firstly detected the
expression pattern of miR-93 in PCa. We examined
miR-93 expression levels in a panel of 45 human PCa
tissues and found that the level of miR-93 was elevated
in most of the malignant PCa tissues by 1.5 to 6 folds
(Fig. 3c). Furthermore, compared to noncancerous pros-
tate cells RWPE-1, the expression levels of miR-93 in
three prostate cancer cell lines was significantly higher
(Fig. 3d). To further investigate the clinical significance
of elevated miR-93 expression, we assessed the associ-
ation between miR-93 expression and several clinico-
pathologic characteristics of prostate cancer. Gleason
score (GS) which reflects the differentiation and bio-
logical behavior of PCa is critical for PCa grading. In
accordance with our prediction, higher GS accompanied
with significantly higher expression of miR-93 (Fig. 3e).
Besides, miR-93 expression levels are significantly ele-
vated in patients of higher tumor stage (Fig. 3f ). These
findings demonstrated that higher expression of expres-
sion was correlated with the PCa progression and miR-
93 had the potential to be useful biomarker for PCa.

TGFBR2 was a direct target of miR-93 in prostate cancer
To figure out if hypoxia-responsive miR-93 contributed
to the attenuation of TGFBR2 expression via targeting
the 3’-UTR of TGFBR2 mRNA, we performed correl-
ation coefficient analysis between miR-93 and TGFBR2
using data of TCGA. We found significant negative correl-
ation between the expression of miR-93 (MIMAT0000093)
and TGFBR2 in 568 cases of PCa (r = − 0.5488, p < 0.0001)
(Fig. 3g). Then we transfected the synthetical mimics and
inhibitor of miR-93 into two PCa cell lines. As shown in
Fig. 3h, i and Additional file 1: Figure S8, after transfection
of miR-93 mimics, both mRNA and protein expression of
TGFBR2 were significantly decreased, while TGFBR2
expression elevated after transfection of miR-93 inhibitor.
According to seed sequence data of TGFBR2 via TargetS-
can (Fig. 3j), we constructed dual luciferase reporter of
wild-type or mutant 3’-UTR of TGFBR2 mRNA and per-
formed a dual luciferase reporter assay. As seen in Fig. 3k,
miR-93 mimics had the ability to decrease the relative lucif-
erase activity of wild-type TGFBR2, while the inhibitory
effects were abolished when the seed sequence of TGFBR2

3’-UTR was mutated. These results proved that TGFBR2
was exactly the target of miR-93 in prostate cancer cells.

MiR-93 functions as an oncogenic miRNA in prostate cancer
To explore the role of miR-93 in prostate cancer cells,
we transfected PC3 and DU145 with miR-93 mimics or
inhibitor to upregulate or decrease miR-93 expression,
respectively. MTS assay showed that the proliferation
rate of PC3 and DU145 cells was significantly repressed
after silencing of miR-93, while the cell proliferation
was dramatically accelerated following overexpression
of miR-93 (Fig. 4a). Furthermore, the ability of colony
formation was also affected by miR-93 mimics or an-
tagonist in same manner of that of MTS (Fig. 4b,
Additional file 1: Figure S9).
To determine whether miR-93could regulate the

epithelial-mesenchymal transition of PCa cells, we per-
formed in vitro gain-of-function or loss-of-function ana-
lyses by overexpressing or silencing miR-93 in PC3 and
DU145 cells, and detected the effects of miR-93 on cell
migration and invasion. Transwell migration and inva-
sion assays were performed, which showed that ectopic
expression of miR-93 significantly promoted the migra-
tion and invasion of PC3 and DU145 cells (Fig. 4c-f). In
contrast, the migration and invasion ability of PCa cells
was suppressed when endogenous miR-93 was silenced
with miR-93 specific inhibitors (Fig. 4c-f). Besides, west-
ern blot and RT-qPCR showed that miR-93 mimics
decreased the expression of epithelial marker E-
cadherin, while increasing the expression of mesenchy-
mal markers such as N-cadherin, Vimentin, Zeb1/2. In
addition, miR-93 inhibitor exerted inversed regulatory
roles on EMT markers (Fig. 4g, Additional file 1: Figure
S10). These observations suggested that miR-93 could
promote PCa cell migration and invasion in vitro.

TGFBR2 mediated the oncogenic functions of miR-93 in
functional rescue assays
As we had shown that miR-93 silencing could decrease
the proliferation, migration, and invasion of PCa cells,
we were curious that if TGFBR2 could mediate the
oncogenic functions of miR-93 and if TGFBR2 silencing
could restore these functions of PCa cells. Thus, we con-
ducted a series of functional rescue assays to settle these
puzzles. Cells which were co-transfected with miR-93
inhibitor and TGFBR2 siRNA showed significantly lower
mRNA and protein expression of TGFBR2, compared to
cells with single transfection of miR-93 inhibitor or add-
itional negative control (Fig. 5a). These cells were then
analyzed by flow cytometry apoptosis assay, which
showed that additional TGFBR2 silencing decreased the
cell ratio of early apoptosis in PC3 cells (Fig. 5b). Be-
sides, TGFBR2 interference resulted in increased cap-
ability of colony formation in two PCa cell lines (Fig. 5c)
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Fig. 3 Hypoxia-induced miR-93 was upregulated in PCa with prognostic significance, while TGFBR2 was a bona fide direct target of miR-93. a.
Compared to cells in normoxia, PCa cells in hypoxic conditions showed markedly increased expression of miR-93. b. Induction of miR-93 was
attenuated under hypoxia in PCa cells after treatment of siRNA for HIF-1α. c. miR-93 expression levels are significantly elevated in PCa tissues in
comparison to normal ones. d. Compared to normal prostate epithelial cell RWPE-1, PCa cell lines showed significant higher expression of
miR-93. e. miR-93 expression levels were significantly increased in patients with Gleason score (GS) > 7 in comparison to the patients with
GS ≤ 7. f. miR-93 expression levels were significantly increased in patients with higher tumor stage in comparison to the patients with
lower one. g. Significant negative correlation between the expression of miR-93 (MIMAT0000093) and TGFBR2 in TCGA data. h-i. Both
mRNA (H) and protein expression (I) of TGFBR2 were significantly decreased after transfection of miR-93 mimics, while TGFBR2 expression
elevated after transfection of miR-93 inhibitor. j. Respective figure of seed sequence of TGFBR2 via TargetScan. k. Dual luciferase assay
validated that miR-93 mimics silenced the wide-type TGFBR2 while had no inhibitory effect on seed sequence mutated TGFBR2. *, P <
0.01; **, P < 0.01
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, which was paralleled with the effects of miR-93 overex-
pression in PCa cell lines. Subsequently, to test whether
abrogation of TGFBR2 could rescue the pro-tumorigenic
effects of miR-93, we conducted the Transwell migration
essays. We found that TGFBR2 blocking promoted
the restoration of migratory ability of PCa which were
inhibited by miR-93 inhibitor (Fig. 5d). Taken to-
gether, our data presented here supported our hy-
pothesis that abrogation of TGFBR2 restored the
oncogenic functions of PCa cells which were compro-
mised by miR-93 silencing, and cellular functions of
miR-93 were mediated at least partly by directly
targeting TGFBR2.

Discussion
Identifying the mechanisms underlying carcinogenesis
and tumor progression remains a great challenge for the
current study of prostate cancer. The present study
demonstrated that hypoxia could attenuated the expres-
sion of TGFBR2 to promote prostate cancer progression
via diverse cellular pathways. We propose that prostate
cancer generates a hypoxic microenvironment, and hyp-
oxia induces the expression of a series of downstream
genes such as hypoxia-inducible factors and ten-eleven
translocation 1 (TET1), which promotes the upregulation
of epigenetic modulator EZH2 and hypoxia-responsive
miR-93. The histone-lysine N-methyltransferase enzyme

Fig. 4 miR-93 exerted oncogenic functions in PCa. a. MTS assay showed that the proliferation rate of PC3 and DU145 cells was significantly
repressed after silencing of miR-93, while the cell proliferation was dramatically accelerated following overexpression of miR-93. b. Representative
photographs of the colony formation assay showed miR-93 mimics promoted PCa cell survival and proliferation. c-d. Transwell assay showed high
expression of miR-93 promoted PCa cell migration (C) and invasion (D). e-f. Column figures using data from Transwell assay showed high expression
of miR-93 promoted PCa cell migration (E) and invasion (F) in two PCa cell lines. g. Western blot results showed the regulatory functions of miR-93
expression on epithelial-mesenchymal markers in DU145 cells. *, P < 0.01; **, P < 0.01
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EZH2 can catalyze the trimethylation of H3K27
(H3K27me3) or recruit several DNA methyltransferases,
which results in higher level of promoter methylation of
TGFBR2 gene and subsequent epigenetic silencing of
TGFBR2. Besides, hypoxia-regulated miR-93 can reduce
the expression of TGFBR2 via binding to 3’-UTR of
TGFBR2 mRNA and form the RNA-induced silencing
complex (RISC), which can further repress the expression
of TGFBR2. A proposed working model of hypoxia-
EZH2/miR-93-TGFBR2 axis in prostate cancer progres-
sion is presented in Fig. 6.

The first important finding of our study is that hypoxia
reduces the expression of TGFBR2 in prostate cancer.
Tumor microenvironmental changes such as hypo-
nutrition and hypoxia can force cancer cells to develop
strategies which can help them adapt to adverse condi-
tions or provide growth advantage for them via regulating
specific cell signaling. For example, EpCAM-CD98hc-
CD147 complex can regulate the Akt/mTOR/AMPK
signaling through stablizing the amino acid transporter
LAT1 and changing the susceptibility of PCa stem-like
cells to EGF, and finally promote the adaption to hypo-

Fig. 5 Rescue assays validated that TGFBR2 mediated the oncogenic functions of miR-93. a. The expression of TGFBR2 was shown after treatment
of miR-93 mimics with or without siRNA for TGFBR2, as detected by RT-qPCR and Western blot. b. Annexin V-FITC apoptotic assays for treated
cells. Additional TGFBR2 silencing decreased the cell ratio of early apoptosis in PC3 cells. c. Colony formation assay showed TGFBR2 siRNA resulted
in increased capability of colony formation in two PCa cell lines with miR-93 inhibitor. d. Transwell assay showed TGFBR2 siRNA resulted in increased
capability of cell migration in two PCa cell lines with miR-93 inhibitor. *, P < 0.01; **, P < 0.01
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nutrient condition [27, 28]. TGF-β signaling is pivotal for
tissue development in normal cells and aberrant prolifera-
tion and EMT in cancer cells [29, 30], as a critical modula-
tor of TGF-β signaling, the deregulation of TGFBR2 has
the potential to affect a variety of biological processes of
prostate cancer cells. Previous transgenic mice with condi-
tional stromal knockout of TGFBR2 were inclined to
promote tumorigenesis as a result of Wnt3a upregulation,
which highlighted the suppressive roles of TGFBR2 in
TGF-β/Wnt signaling axis [13]. Furthermore, TGF-β/Wnt
signaling following the knockout of TGFBR2 enabled the
prostatic intraepithelial neoplasia lesions to progress to
adenocarcinoma and even facilitated the epithelia to
become resistant to androgen ablation [31]. Cancer cells
undergo complex biological responses when placed in
hypoxia microenvironment, including activation of
hypoxia-responsible genes and changes of signaling path-
ways that affect cell proliferation, EMT, and angiogenesis.
Cancer cells have the ability to adjust to and exploit
these downstream molecules and signaling pathways,
promoting their growth and evading the restriction of
immune system [32]. As for prostate cancer cells,
previous findings have validated the existence of
hypoxic conditions in cancer tissues and several bio-
markers of tumor hypoxia and angiogenesis are even
capable of predicting the clinical outcomes of radio-
therapy for localized PCa [18]. Therefore, identifying
the regulatory relationship of hypoxia and TGFBR2 is
of paramount importance for understanding the
crosstalk between TGF-β/Wnt signaling and hypoxia-
response pathway in PCa.

Among multiple hypoxia-response pathway, the HIF-
dependent pathway is the most prominent one. HIFs
have the ability to bind to hypoxia responsive elements
(HREs) sites of target genes, which activates the tran-
scription of their targets [33]. However, we did not
identify any HREs around the promoter of TGFBR2
gene, which implied more underlying mechanisms might
be involved. Epigenetic regulation has become an emer-
ging field of gene expression regulation, and higher level
of DNA methylation especially in CpG island of gene
promoter has resulted in gene silencing in cancers [34].
Our experiments showed that hypermethylation in

TGFBR2 promoter reduced the expression of TGFBR2,
which was in accordance with previous findings that
Tgfbr2 underwent methylation silencing in rat prostate
cancers [15, 35]. Epigenetic markers provide us import-
ant clues to identify critical modulators, the relatively
common epigenetic marker H3K27me3 in human pros-
tate cancer cell lines imply the involvement of H3K27
enzyme EZH2 [15]. Significant negative correlation
between EZH2 and TGFBR2 also consolidated our hy-
pothesis that EZH2 regulated the expression of TGFBR2.
Our results validated the induction of EZH2 expression
upon hypoxia treatment, and provided evidences that si-
lencing of EZH2 could partially rescue the expression of
TGFBR2. These results, together with findings which
proved the upregulation of EZH2 in cultured endothelial
cells exposed to hypoxia [36], formed a hypoxia-EZH2-
TGFBR2 axis in regulating the expression of TGFBR2.
MiRNAs are well-conserved non-coding single stranded

RNAs which play vital roles in many biological processes

Fig. 6 Proposed working model of hypoxia-EZH2/miR-93-TGFBR2 axis in prostate cancer progression. Prostate cancer generates a hypoxic
microenvironment which induces the expression of a series of downstream genes such as HIF-1α, HIF-1β, and TET1, which further
promotes the upregulation of epigenetic modulator EZH2 and hypoxia-responsive miR-93. EZH2 may catalyze H3K27me3 or recruit several
DNA methyltransferases, which results in higher level of promoter methylation of TGFBR2 gene and subsequent epigenetic silencing of
TGFBR2. Besides, miR-93 may reduce the expression of TGFBR2 via binding to 3’-UTR of TGFBR2 mRNA, which can further repress the
expression of TGFBR2
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of tumors. As master posttranscriptional regulators, miR-
NAs can negatively regulate gene expression by binding
directly to the 3’-UTR of corresponding target mRNAs in
a sequence-specific manner, forming RISC and inducing
mRNA degradation or protein translation repression [37].
Recent evidence reveals that a variety of miRNAs can
functions as tumor enhancers or suppressors in the evolu-
tion of tumor progression in PCa [38]. Besides, hypoxic
tumor microenvironment contributes to important hall-
marks of cancer phenotypes through regulating a panel of
downstream molecules including miRNAs, while miRNAs
can also regulate the expression and stabilization of
hypoxia-inducible factors. The interaction between miR-
NAs and HIFs accounts for many critical events during
tumorigenesis, therefore, the efforts to clarify the machin-
ery how miRNAs interact with hypoxia in tumor cells are
of paramount importance [37, 39]. MiR-93 has been
frequently reported to have aberrant expression in various
malignant tumors, it’s also been identified as a member of
a pan-cancer, co-regulated oncogenic miRNA ‘superfamily’
which co-targets important tumor suppressive genes by a
central GUGC core motif [40]. Besides, miR-93 expression
was found to markedly increase in breast cancer under
hypoxia conditions in a HIF-1α-independent manner,
mediating the hypoxic regulation with direct TET1 bind-
ing [26]. Nevertheless, the definite functions and regula-
tory mechanisms of miR-93 in PCa still remains largely
unknown. Our experimental data showed that TGFBR2
was a bona fide target of hypoxia-regulated miR-93 which
exerted oncogenic roles in the carcinogenesis and devel-
opment of PCa. A series of in vitro assays and rescue
experiments proved that TGFBR2 regulation mediated the
oncogenic functions of miR-93 in PCa. Furthermore, we
identified the significant correlations between miR-93 and
several clinicopathologic characteristics and clinical prog-
nosis of PCa, which highlighted the potential of miR-93 as
a promising biomarker in evaluating the aggressiveness of
PCa and predictive survival of PCa patients.

Conclusions
In conclusion, hypoxic condition in prostate cancer
induces the expression of EZH2 and miR-93, which initi-
ates H3K27me3 in TGFBR2 promoter and microRNA-
induced silencing of target gene respectively. These
diverse pathways regulated by hypoxia eventually
contribute to attenuation of TGFBR2 expression and
promote tumor progression in PCa.
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