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Introduction

Prostate cancer is the most common male reproductive 
tumor the third most common causes of death from 
cancer in men in the whole world [1–4]. Although the 
therapeutic options, such as radical prostatectomy and 
radiation, could successfully cure the majority of patients, 
approximately 30–40% of patients will relapse. It is the 
major cause impairing survival of the patients with prostate 
cancer [5–7]. Understanding the pathogenesis of prostate 
cancer and identifying the target for the early detection 
and therapy of prostate cancer is urgently required.

Long-noncoding RNA (lncRNA) plasmacytoma variant 
translocation 1 (PVT1), located at 8q24.21, is associated 
with the cell proliferation, apoptosis, lymph node invasion 
and metastasis, and tumor prognosis [8–12]. A large 
number of studies have focused on its biological function 
in tumor progression. It was confirmed to be aberrant 

expression in gastric cancer, hepatocellular carcinoma, 
nonsmall cell lung cancer, ovarian, and breast cancer [8–10, 
13, 14]. Recent study found that PVT1 was upregulated 
in prostate cancer and identified PVT1 as the oncogene 
to increase the risk of prostate cancer [15, 16]. In our 
previous study, we also demonstrated that PVT1 was 
overexpressed and played an oncogenic role in the pro-
gression of prostate cancer. However, the target gene of 
PVT1 and the molecular mechanism of modulating the 
prostate cancer tumorigenesis were still unknown.

miR-146a was confirmed to be associated with the 
risk of various cancers, including gastric cancer, hepa-
tocellular carcinoma, lung cancer, breast and ovarian 
cancer, bladder cancer, prostate cancer, etc [17–24]. 
Functional study showed that miR-146a played paradoxi-
cal roles in various human cancer tissues. It exerted 
functions as an oncogene in hepatocellular carcinoma 
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Abstract

Prostate cancer is the third most common causes of death from cancer in men. 
Our previous study demonstrated that lncRNA PVT1 was overexpressed and 
played an oncogenic role in the progression of prostate cancer. However, the 
molecular mechanism of modulating the prostate cancer tumorigenesis was still 
unknown. In this study, we aim to investigate the interaction between PVT1 
and miR-146a in prostate cancer and reveal the potential mechanism in prostate 
cancer carcinogenesis. The expression level of miR-146a was assessed by quan-
titative RT-PCR. The correlation analysis and methylation status analysis was 
made to confirm the interaction between PVT1 and miR-146a. Biological func-
tion analysis was performed through gain-of-function and loss-of-function strate-
gies. Our results showed that miR-146a was downregulated and negatively 
correlated with PVT1 level in prostate cancer. PVT1 mediated miR-146a expres-
sion by inducing the methylation of CpG Island in its promoter. miR-146a 
overexpression eliminated the effects of PVT1 knockdown on prostate cancer 
cells. PVT1 regulated prostate cancer cell viability and apoptosis depending on 
miR-146a. Our study suggested a regulatory relationship between lncRNA PVT1 
and miR-146a during the process of the prostate cancer tumorigenesis. PVT1 
regulated prostate cancer cell viability and apoptosis depending on miR-146a. 
It would contribute to the diagnosis, treatment and prognosis of prostate 
cancer.
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and cervical cancer, but as a tumor suppressor in pan-
creatic cancer and breast cancer [25–29]. A study on 
glioblastoma reported that high expression of miR-146a 
could inhibit tumor growth and migration of glioma 
stem-like cells by downregulating Notch-1 [30]. 
Overexpression of miR-146a was confirmed to suppress 
the migration and invasion of gastric cancer cells [31]. 
Transfection of mir-146a in androgen-independent PC3 
cells was markedly reducing cell proliferation, invasion, 
and metastasis [32]. In castration-resistant prostate cancer, 
miR-146a suppressed tumor growth and progression by 
targeting EGFR pathway. However, whether there was 
interaction relationship between miR-146a and PVT1 in 
prostate cancer tumor progression was unclear.

In this study, we aim to explore the interaction between 
lncRNA PVT1 and miR-146a in prostate cancer and reveal 
the potential mechanism in prostate cancer carcinogenesis. 
Our results suggested that PVT1 exhibited oncogenic activ-
ity through the negative regulation of miRNA-146a by 
inducing the methylation in its promoter.

Materials and Methods

Patients

Prostate cancer samples and adjacent noncancerous tissues 
were obtained from Qian-fo-shan Hospital Affiliated to 
Shangdong University. The diagnosis of prostate cancer 
was performed according to World Health Organization 
criteria. Informed consent for the collection of samples 
was obtained from all patients and donors. This study 
protocol was approved by the Medical Ethics Committee 
of Qian-fo-shan Hospital Affiliated to Shangdong 
University.

Cell culture

The human prostate cancer cell lines LNCaP, PC-3 and 
DU145 were purchased from the American Type Culture 
Collection (ATCC). Cultures were maintained at 37°C in 
an atmosphere of 5% CO2.

Cell viability and apoptosis assay

Cells were seeded into 96-well plates at 2  ×  103  cells/
well. Cell viability was detected using the MTT Cell 
Proliferation/Viability Assay kit (Sigma, Germany) accord-
ing to the guidelines. Experiments were independently 
repeated three times.

Cells were seeded at a density of 1  ×  106  cells/well in 
six-well plates. Apoptosis was evaluated using an Annexin-
V-Fluos and Propidium Iodide (PI) Apoptosis Detection 
Kit (Sigma, Germany) by fluorescence activated cell sorter 

(FACS) according to the manufacturer’s protocol. 
Experiments were independently repeated three times.

Quantitative RT-PCR and MSP

Total mRNA was isolated using TRIzol Reagent (Takara, 
Japan) and reverse transcribed into cDNA using Prime 
Script RT reagent kit (Takara, Japan) according to the 
manufacturer’s protocol. Real-time PCR was performed 
by the SYBR Premix Ex TaqTM II kit (Takara, Japan) 
on a Stratagene MX3005P system (Agilent, Santa Clara, 
CA, USA). 5 μL was then subjected to Methylation-specific 
PCR (MSP) with Power SYBR Green PCR Master Mix 
(Applied Biosystems, Shanghai, China) according to the 
manufacturer’s guidelines. GAPDH served as an internal 
standard. Experimental operation and reaction conditions 
referred to the description previously [33].

Cell infection and transfection

PVT1 siRNA/negative control siRNA and PCDNA3-PVT1/
PCDNA3-Ctrl were synthesized from Santa Cruz Biological 
(Santa Cruz, Paso Robles, CA, USA). miR-146a target 
vector/empty vector and (LNA-anti-miR-146a)/negative 
control inhibitor (LNA-Ctrl) were purchased from Exiqon 
(Copenhagen, Denmark). Cells were grown on six-well 
plates to confluency and, respectively, transfected using 
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA). 
Cells were harvested 48  h post transfection for qRT-PCR 
to determine the transfection efficiency.

Statistical analysis

Data were presented as mean  ±  standard deviation (SD). 
Statistical analysis was performed using SPSS software 
version 16.0. Comparisons of continuous data were ana-
lyzed using the independent t-test between the two groups, 
whereas categorical data were analyzed by the χ2 test. 
P  <  0.05 was considered statistically significant.

Results

Expression level of miR-146a is 
downregulated and negatively correlated 
with PVT1 level in prostate cancer

In our previous study, it has been found that PVT1 was 
overexpressed in prostate cancer and promoted prostate 
cancer growth in vivo and in vitro. Due to close asso-
ciation between miR-146a and the risk of various cancers 
[17–24], we speculated that miR-146a may participate 
in the progress of prostate cancer. To explore whether 
miR-146a involved in the tumorigenesis of prostate cancer, 
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we firstly analyzed the expression pattern of miR-146a 
in prostate cancer tissues. As shown in Figure  1, the 
mRNA level of miR-146a was significantly downregulated 
in prostate cancer tissues (P < 0.0001), whereas the PVT1 
expression was obviously upregulated (P < 0.0001). Linear 
regression analysis showed that the expression level of 
miR-146a was negatively correlated with the PVT1 in 
prostate cancer (Fig.  1C, R2  =  0.7291, P  <  0.0001).

PVT1 regulates miR-146a expression by 
inducing the methylation of CpG Island in 
its promoter

To further investigate the relationship between PVT1 and 
miR-146a, we evaluated the expression of miR-146a in 
three prostate cancer cell lines (LNCaP, PC-3 and DU145) 
transfected with either PCDNA3-PVT1 or si-PVT1. 
Apparently the expression of PVT1 was increased in cells 
transfected with PCDNA3-PVT1, but decreased in cells 
transfected with si-PVT1 (Fig. S1). As shown in Figure 2A, 
the expression of miR-146a was significantly inhibited in 
LNCaP, PC-3 and DU145 cells when PVT1 was overex-
pressed (P < 0.001). In contrast, PVT1 silencing markedly 
promoted miR-146a expression in prostate cancer cells 
(Fig.  2B, P  <  0.001). It implied that PVT1 regulated the 
expression of miR-146a. To explore the mechanism of 
negative regulation of miR-146a by PVT1, we analyzed 
the level of three active DNA methyltransferases (DNMT1, 
DNMT3a, and DNMT3b) in prostate cancer cell lines 
using qRT-PCR when PVT1 was aberrantly expressed. It 
was found that the expression level of DNMT1, DNMT3a, 
and DNMT3b were obviously increased when PVT1 was 
overexpressed (Fig.  2C, P  <  0.001). And the contrary 
result was observed when PVT1 was knocked-down 
(Fig.  2D, P  <  0.001). These results suggested that PVT1 
might participate in the regulation of miR-146a methyla-
tion. The methylation inhibitor, aza (5-azacytidine), was 

used to demethylate the miR-146a promoter. As shown 
in Figure 2E–G, aza increased the expression of miR-146a 
in a concentration-dependent manner in prostate cancer 
cell lines. In addition, MSP analysis provided evidences 
that PVT1 overexpression promoted the methylation of 
miR-146a CpG islands (Fig.  2H). Taken together, these 
finding indicated that in prostate cancer, PVT1 regulated 
miR-146a expression through inducing the methylation 
of CpG Island in its promoter.

PVT1 regulates prostate cancer cell growth 
depending on miR-146a

The significant aberrant expression of miR-146a in pros-
tate cancer tissues and negative regulation relationship 
with PVT1 suggested possible biological significance in 
tumorigensis. To investigate the biological roles of PVT1 
and miR-146a in prostate cancer, we applied gain-of-
function and loss-of-function strategies. Knockdown of 
miR-146a was evidenced by marked decrease in miR-146a 
expression while significantly increased miR-146a expres-
sion was observed in cells transfected with miR-146a 
target vector (Fig. S1). It was demonstrated that PVT1 
knockdown caused a significant reduction in cell viability 
and a promotion in cell apoptosis (Fig.  3, P  <  0.001). 
Similarly, miR-146a overexpression significantly inhibited 
cell survival and accelerated cell apoptosis in prostate 
cancer (Fig.  3, P  <  0.001). But miR-146a overexpression 
eliminated the effect of PVT1 knockdown on cell pro-
liferation and apoptosis in prostate cancer cells (Fig.  3). 
Furthermore, as shown in Figure  4, miR-146a silencing 
significantly promoted the cell viability, suppressed cell 
apoptosis. And the antitumor effect of PVT1 knockdown 
was counteracted when miR-146a was silenced in prostate 
cancer cells. These results suggested that PVT1 regulated 
prostate cancer cell viability and apoptosis depending 
on miR-146a.

Figure 1. PVT1 was overexpressed in prostate cancer and negatively correlated with miR-146a expression. (A) The expression level of PVT1 was 
upregulated in prostate cancer tissues. (B) The expression level of miR-146a was downregulated in prostate cancer tissues. (C) Expression level 
of PVT1 was negatively correlated with miR-146a. RNA was extracted from human prostate cancer tissue and adjacent normal tissues. The 
expression level of PVT1 and miR-146a was analyzed by qRT-PCR. GAPDH served as an internal standard. n = 152 in PCa group, n = 30 in normal 
group.
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Figure 2. PVT1 regulated the expression of miR-146a by inducing the methylation of CpG Island in its promoter. (A–B) miR-146a expression level was 
down-regulated with PVT1 overexpression and upregulated with PVT1 silencing. The expression level of miR-146a was measured by qRT-PCR in 
LNCaP, PC-3, and DU145 cells transfected with either PCDNA3-PVT1 or si-PVT1. (C–D) DNMT1, DNMT3a, and DNMT3b expression levels were 
increased with PVT1 overexpression, and decreased with PVT1 silencing. The level of DNMT1, DNMT3a, and DNMT3b were analyzed using qRT-PCR. 
(E–G) Methylation inhibitor 5-azacytidine increased the miR-146a expression. The expression level of miR-146a was examined by qRT-PCR in LNCaP, 
PC-3, and DU145 cells. (H) PVT1 overexpression promoted the methylation of miR-146a CpG islands. The methylation of miR-146a CpG sites was 
analyzed by Methylation-specific PCR (MSP) analysis in LNCaP, PC-3, and DU145 cells. **P < 0.01

Figure 3. miR-146a overexpression eliminated the effects of PVT1 knockdown on prostate cancer cells. (A–C) miR-146a overexpression eliminated 
the effect of PVT1 knockdown on cell viability of prostate cancer cells. LNCaP, PC-3, and DU145 cells were transfected with empty vector or miR-146a 
target vector for 24 h and then infected with si-PVT1. Relative cell numbers were evaluated using MTT analysis at the indicated time points. **P < 0.01 
indicates victory+si-Ctrl versus vector+si-PVT1, #P < 0.05, ##P < 0.01 indicate vector+si-Ctrl versus miR-146a+si-Ctrl. (D–F) miR-146a overexpression 
blocked the effect of PVT1 knockdown on the apoptosis of prostate cancer cells. The percentage of apoptotic cells were analyzed with FACS. n.s., no 
significance; FACS, fluorescence activated cell sorter.
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Discussion

LncRNA PVT1, a powerful predictive factor of tumor 
progression and patient survival in various cancers, has 
been demonstrated to play important roles in various 
biological processes, such as proliferation, apoptosis, mobil-
ity, and invasion [8–12]. In our previous study, we con-
firmed that PVT1 predicted patient prognosis and regulated 
tumor growth in prostate cancer. However, the underlying 
molecular mechanism and related target genes were still 
unclear. In this study, we presented evidences that PVT1 
exhibited oncogenic activity through the negative regula-
tion of miRNA-146a. PVT1 mediated the miR-146a expres-
sion by inducing the methylation in its promoter.

miR-146a was found to be associated with the risk of 
various cancers, including gastric cancer, hepatocellular 
carcinoma, lung cancer, breast and ovarian cancer, bladder 
cancer, prostate cancer, etc [17–24]. Some researchers have 
focused on its biological role and association with clinical 
response. It was found that miR-146a decreased the sen-
sitivity of HCC cells to the cytotoxic effects of IFN-α 
through the suppression of apoptosis [25]. Overexpression 

of miR-146a was confirmed to suppress the migration 
and invasion of gastric cancer cells [31]. Deregulation 
expression of miR-146a affected EGFR signaling in pan-
creatic cancer model [34]. In this study, it was found 
that miR-146a was significantly low expression in prostate 
cancer tissues, suggesting possible biological significance 
in tumorigensis of prostate cancer. In addition, the expres-
sion level of miR-146a was negatively correlated with the 
PVT1 expression. It implied that there may be a certain 
relationship between PVT1 and miR-146a in prostate 
cancer.

Further research indicated that PVT1 regulated miR-
146a expression through the methylation in miR-146a 
promoter. PVT1 knockdown markedly promoted miR-
146a expression, whereas the expression of miR-146a was 
significantly inhibited in prostate cancer cells transfected 
with PCDNA3-PVT1. In addition, PVT1 overexpression 
obviously increased the activity of DNA methyltransferases 
(DNMT1, DNMT3a, and DNMT3b) in prostate cancer 
cells. MSP analysis also provided evidences that PVT1 
overexpression promoted the methylation of miR-146a 
CpG islands. DNA methylation played an important role 

Figure 4. miR-146a silencing counteracted the effects of PVT1 knockdown on prostate cancer cells. (A–C) miR-146a silencing counteracted the effect 
of PVT1 knockdown on cell viability of prostate cancer cells. LNCaP, PC-3, and DU145 cells were infected with LNA-Ctrl or LNA-anti-miR-146a for 
24 h and then infected with si-PVT1. Relative cell numbers were evaluated using MTT analysis at the indicated time points. **P < 0.01 indicates si-
Ctrl+LNA-Ctrl versus si-PVT1 + LNA-Ctrl, #P < 0.05, ##P < 0.01 indicates si-Ctrl+LNA-Ctrl versus si-Ctrl+ LNA-anti-miR-146a. (D–F) miR-146a silencing 
counteracted the effect of PVT1 knockdown on the apoptosis of prostate cancer cells. The percentage of apoptotic cells were analyzed with FACS. 
FACS, fluorescence-activated cell sorter.
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in regulating the expression of tumor-related genes [35]. 
Abnormality of DNA methylation was a crucial cause 
for tumorigensis [36]. In this study, the methylation 
inhibitor, Aza, was used to demethylate the miR-146a 
promoter. It was showed that methylation inhibitor 
increased the expression of miR-146a in prostate cancer 
cell lines. PVT1 suppressed the miR-146a expression 
through promoting the methylation level. There’s little 
research involved in the relationship between PVT1 and 
miRNA except for some PVT1-encoded miRNAs, such 
as miR-1204, miR-1205, miR-1206, miR-1207-5p, miR-
1207-3p, and miR-1208 [37]. It was reported that miR-
1207-5p, as a PVT1-derived microRNA, was abundantly 
expressed in kidney cells and increased the expression 
of TGF-β1, PAI-1, and FN1 in a PVT1-independent man-
ner [38]. Our study first reported the regulatory relation-
ship between PVT1 and miR-146a in prostate cancer 
tumorigenesis. However, it was proved not to be a direct 
interaction in our following study. It might be a complex 
process involving multiple factors and worth further study.

Previous studies have showed that PVT1 was over-
expressed in many kinds of human cancers and associ-
ated with the cell proliferation, apoptosis, lymph node 
invasion, metastasis, and tumor prognosis [8–14]. Recent 
research indicated that upregulation of PVT1 inhibited 
apoptosis in gastric cancer cell lines, increased the 
expression of MDR1, MRP, mTOR, and HIF-1α, pro-
moted the development of multidrug resistance [39]. 
PVT1 expression was found to be correlated with hor-
mone sensitivity and androgen receptor status of prostate 
cancer cell lines in vitro [15]. In this study, we inves-
tigated the biological function of miR-146a in prostate 
cancer. It was demonstrated that miR-146a silencing 
obviously increased cell viability and suppressed cell 
apoptosis. In contrast, miR-146a overexpression signifi-
cantly inhibited cell survival and accelerated cell apop-
tosis in prostate cancer. Furthermore, miR-146a 
overexpression eliminated the inhibition effect of PVT1 
knockdown on cell proliferation and apoptosis in pros-
tate cancer cells. Due to the negative regulation rela-
tionship, the antitumor effect of PVT1 knockdown was 
counteracted when miR-146a was silenced in prostate 
cancer cells. These results suggested that PVT1 regulated 
prostate cancer cell viability and apoptosis depending 
on miR-146a. It provided additional evidence to the 
reciprocal repression between PVT1 and miR-146a in 
a functional aspect.

Our study suggested a regulatory relationship between 
lncRNA PVT1 and miR-146a in prostate cancer tumori-
genesis. A better understanding of the molecular mechanism 
of modulating the prostate cancer tumorigenesis would 
contribute to the diagnosis, treatment, and prognosis of 
prostate cancer.
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Supporting Information

Additional supporting information may be found in the 
online version of this article:

Figure S1. Relative expression level of PVT1 and miR-
146a. (A–C) Relative expression level of PVT1 in LNCaP, 
PC-3 and DU145 cells when PVT1 was overexpressed 
or knocked-down. (D–F) Relative expression level of 
miR-146a in LNCaP, PC-3, and DU145 cells when 
miR-146a was overexpressed or silenced. **P  <  0.01 
versus Ctrl.


