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Transcriptional downregulation of
miR-133b by REST promotes prostate
cancer metastasis to bone via activating
TGF-β signaling
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Xin Zhang 5, Wei Zhou5, Dan Yuan6, Jiazheng Cao6, Yuming Li7, Peiheng He2 and Yubo Tang8

Abstract
High avidity of bone metastasis is an important characteristic in prostate cancer (PCa). Downexpression of miR-133b
has been reported to be implicated in the development, progression and recurrence in PCa. However, clinical
significance and biological roles of miR-133b in bone metastasis of PCa remain unclear. Here we report that miR-133b
is downregulated in PCa tissues and further decreased in bone metastatic PCa tissues. Downexpression of miR-133b
positively correlates with advanced clinicopathological characteristics and shorter bone metastasis-free survival in PCa
patients. Upregulating miR-133b inhibits invasion, migration in vitro and bone metastasis in vivo in PCa cells.
Mechanistically, we find that miR-133b suppresses activity of TGF-β signaling via directly targeting TGF-β receptor I
and II, which further inhibits bone metastasis of PCa cells. Our results further reveal that overexpression of REST
contributes to miR-133b downexpression via transcriptional repression in PCa tissues. Importantly, silencing miR-133b
enhances invasion and migration abilities in vitro and bone metastasis ability in vivo in REST-silenced PCa cells. The
clinical correlation of miR-133b with TGFBRI, TGFBRII, REST and TGF-β signaling activity is verified in PCa tissues.
Therefore, our results uncover a novel mechanism of miR-133b downexpression that REST transcriptionally inhibits
miR-133b expression in PCa cells, and meanwhile support the notion that administration of miR-133b may serve as a
rational regimen in the treatment of PCa bone metastasis.

Introduction
Prostate cancer (PCa) is the second most frequently

diagnosed cancer among men and the fifth leading cause
of cancer-related deaths worldwide1. Despite mortality
rate of PCa patients has been improved in the majority of
developed countries, it remains poor, even rising in some

developing countries, including China2. Tumor cell
metastasis to distant sites, particularly bone, greatly con-
tributes to high mortality of PCa patients3,4. Bone is
among the most preferential metastatic site of PCa5. Once
bone metastasis happens, which brings numerous bone-
associated complications, including hypercalcemia,
intractable pain, fracture, or nerve compression syn-
drome, causing poor survival6.Therefore, understanding
the molecular mechanism underlying the metastatic
proclivity of PCa cells to bone is a profound task that may
facilitate the development of strategies to prevent or treat
bone metastasis of PCa.
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TGF-β signaling has been demonstrated to play an
important role in several biological processes, including
cell differentiation, embryogenesis and bone remodeling7.
From a molecular perspective, TGF-β signaling starts via
ligand-induced cooperative assembly of the receptor
complex, where the kinase domain of the type II receptor
phosphorylates the type I receptor and receptor-bound
SMAD (R-Smad) proteins 2 and 3, which further drives
assembly of R-Smads into a complex with a second class
of Smads, the so-called co-Smad (Smad4), leading to the
nuclear accumulation of heteromeric Smad complexes8.
In the nucleus, Smads regulate transcription of TGF-β
target genes as transcriptional factors by interacting with
a broad range of DNA-binding partners9. In cancer, TGF-
β signaling functions as either an oncogenic or tumor-
suppressive pathway depending on the developmental
stage and type of tumor: in early stages, TGF-β signaling
inhibits cell growth as a tumor suppressor, while in later
stage of cancer, TGF-β promotes invasion and metastasis,
in particular metastasis to bone10. TGF-β signaling pro-
mote bone metastasis of cancers via transcriptionally
regulating multiple bone metastasis-associated genes,
including MMP1, IL-11, or PTHRP11–13. Accumulating
literatures have reported that TGF-β signaling plays a
pivotal role in the development of bone metastasis in
cancer, including breast cancer and melanoma14,15.
Importantly, the pro-bone metastasis role of TGF-β sig-
naling in PCa has been demonstrated. Fournier and col-
leagues reported that activation of TGF-β signaling
upregulated PMEPA1, an important negative regulator of
the TGF-β pathway, and that interrupting this negative
feedback loop by PMEPA1 knockdown drove PCa cells to
disseminate to bone marrow, ultimately increasing bone
metastases in a mouse PCa model16. Furthermore, therapy
targeting TGF-β significantly reduced the development of
bone metastases in PCa17,18. However, the underlying
molecular mechanisms responsible for constitutive acti-
vation of TGF-β in PCa bone metastasis have not been
determined.
Since its discovery, RE1-silencing transcription factor

(REST) has been identified to act as a transcriptional
repressor typically expressed in non-neuronal tissues,
where it suppresses the expression of neuronal genes, and
plays an important role in neuronal development19,20.
Recently, mutations or overexpression of REST have been
extensively reported in various types of cancers21–23.
Strikingly, Kreisler and colleagues have demonstrated that
hypermethylation induced loss of REST expression in
small-cell lung cancer, which was linked to malignant
progression of small-cell lung cancer via leading to an
epidermal growth factor-mediated de-regulation of AKT-
Serine473 phosphorylation24. These studies indicate that
REST may act as an oncogene or tumor suppressor
dependent on tumor type. In PCa, loss of REST has been

reported to be involved in neuroendocrine differentia-
tion25,26. However, no data is available for the role of
REST alterations in bone metastasis of PCa.
microRNAs (miRNAs) are short, noncoding RNAs that

regulate downstream target genes expression at a post-
transcriptional level via binding with specific sequences in
the 3′ untranslated region (3′-UTR) of downstream target
genes27. miRNAs play important roles in many cellular
and biological processes28, and aberrant expression of
miRNAs have been reported to be implicated in the
progression and metastasis of cancers29–34. Furthermore,
several miRNAs have been reported as critical mediators
in the bone metastasis of PCa35–37. Our previous
studies demonstrated that the loss of wild-type p53
induced downexpression of miR-145, promoted bone
metastasis of PCa via regulating several positive regulators
of EMT38–40. These studies indicate that aberrant
expression of miRNAs is significantly associated with the
bone metastasis of PCa.
In this study, our results found that miR-133b was

downregulated in PCa tissues and further decreased in
bone metastatic PCa tissues, and miR-133b expression
levels was inversely associated with poor clin-
icopathological characteristics and bone metastasis-free
survival in PCa patients. In addition, upregulating miR-
133b dramatically inhibited invasion and migration
in vitro, and bone metastasis in vivo in PCa cells. Our
results further demonstrated that miR-133b directly tar-
geted TGFBRI and TGFBRII, which further repressed
activity of TGF-β signaling, invasion and migration abil-
ities of PCa cells. Importantly, our findings revealed that
REST transcriptionally inhibited miR-133b expression,
leading to miR-133b downexpression in PCa tissues.
Furthermore, downregulating miR-133b reversed the
effects of silencing REST on bone metastasis of PCa
in vitro and in vivo. Therefore, our results indicate that
REST/miR-133b/TGF-β signaling axis plays an important
role in bone metastasis of PCa.

Results
miR-133b is downregulated in PCa tissues and further
decreased in bone metastatic PCa tissues
To investigate the clinical significance of miR-133b in

PCa, we first analyzed several publicly available miRNA
sequencing data set of PCa from The Cancer Genome
Atlas (TCGA) and ArrayExpress, and found that miR-
133b expression was downregulated in separate and
paired PCa tissues compared with the adjacent normal
tissues (ANT) (Fig. 1a, b, and Supplementary Figure 1a
and 1b), and further reduced in bone metastatic PCa
tissues compared with that in non-bone metastatic PCa
tissues (Fig. 1c). Consistently, low expression of miR-133b
was demonstrated in our 202 individual and 20 paired
PCa tissues compared with benign prostate lesions,
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including benign prostate hyperplasia and prostatitis
(Fig. 1d,e), particularly in bone metastatic PCa tissues
(Fig. 1f). We further examined the expression levels of
miR-133b in normal prostate epithelial cells RWPE-1 and
other 6 PCa cells and found that miR-133b expression
were differentially decreased compared with RWPE-1,
especially in bone metastatic PCa cell lines (PC-3 and C4-
2B) (Fig. 1g). These results indicate that downexpression
of miR-133b may be associated with the progression and
bone metastasis of PCa.

Downexpression of miR-133b correlates with advanced
clinicopathological characteristics and poor bone
metastasis-free survival in PCa patients
We further analyzed the clinical correlation of miR-

133b expression levels with clinicopathological char-
acteristics in PCa. As shown in Fig. 2a–d, Supplementary
Figure 2a–d and Supplementary Table 1, low expression
of miR-133b positively correlated with Gleason grade, T
classification, N classification and M classification in PCa
patients. Kaplan–Meier survival analysis indicated that

PCa patients with low miR-133b expression correlated
with shorter bone metastasis-free and progression-free
survival (Fig. 2e and Supplementary Figure 2f). Univariate
Cox-regression analysis indicated patients with low miR-
133b expression had shorter bone metastasis-free survi-
vals (P < 0.001; hazard ratio= 0.08, 95% CI= 0.03–0.22)
compared to patients with high miR-133b expression
(Supplementary Table 2). Multivariate Cox regression
analysis revealed that low expression of miR-133b may be
used as independent factors to predict bone metastasis-
free survival (Fig. 2g and Supplementary Table 2). How-
ever, low expression of miR-133b had no obvious effect on
overall survival in PCa patients (Fig. 2f, Supplementary
Figure 2e and Supplementary Table 3). It was noteworthy
that downexpression of miR-133b combined with lymph
node metastasis or high level of serum PSA predicted
poorer bone metastasis-free and progression-free survival
(Fig. 2h–j). Taken together, our results indicated that low
expression of miR-133b is positively associated with poor
bone metastasis-free and progression-free survival in PCa
patients.

Fig. 1 miR-133b is downregulated in PCa tissues and further decreased in bone metastatic PCa tissues. a miR-133b expression levels was
decreased in PCa tissues compared with that in adjacent normal tissues (ANT) by analyzing the PCa miRNA sequencing data set from TCGA (ANT,
n= 52; PCa, n= 498). b miR-133b expression levels was reduced in 52 paired PCa tissues compared with that in the matching ANT by analyzing the
PCa miRNA sequencing data set from TCGA. c miR-133b expression levels was further downregulated in bone metastatic PCa tissues (BM) compared
with that in non-bone metastatic PCa tissues (non-BM) by analyzing the PCa miRNA sequencing data set from TCGA. (non-BM, n= 11; BM, n= 9).
d Real-time PCR analysis of miR-133b expression in 48 benign prostate lesions tissues and 202 PCa tissues. Transcript levels were normalized to U6
expression. Lines represent median and lower/upper quartiles. e Real-time PCR analysis of miR-133b expression ration in 20 paired PCa tissues (miR-
133b expression level in PCa tissues: miR-133b expression level in benign tissues). Transcript levels were normalized to U6 expression. f Real-time PCR
analysis of miR-133b expression in 168 non-bone metastatic and 9 bone metastatic PCa samples. Transcript levels were normalized to U6 expression.
Lines represent median and lower/upper quartiles. *P < 0.05. g Real-time PCR analysis of miR-133b expression levels in normal prostate epithelial cell
(RWPE-1), primary PCa cell 22RV1, bone metastatic PCa cell lines (PC-3, C4-2B and VCaP) and brain metastatic cell line DU145 and lymph node
metastatic cell line LNCaP. Transcript levels were normalized to U6 expression. *P < 0.05
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miR-133b inhibits TGF-β signaling pathway
To investigate the underlying signaling pathways med-

iating the role of miR-133b in bone metastasis of PCa,
luciferase reporter plasmids of multiple signaling path-
ways were transfected into PCa cells respectively. As
shown in Fig. 3a, TGF-β/Smad-responsive luciferase
reporter activity was consistently downregulated by
upregulation of miR-133b in three bone metastatic PCa

cells, and upregulated by silencing miR-133b in these
three cells. Gene Set Enrichment Analysis (GSEA) was
further analyzed based on miR-133b expression from
TCGA, and the result indicated that miR-133b expression
levels correlated with TGF-β signaling pathway (Fig. 3b)
that has been extensively demonstrated to play a pivotal
role in bone metastasis of several human cancer, including
PCa11,15,41. Therefore, we further examined the effects of

Fig. 2 Low expression of miR-133b correlates with poor clinicopathological characteristics and bone metastasis-free survival in PCa
patients. a miR-133b expression levels in PCa tissues with different Gleason score. b miR-133b expression levels in PCa tissues with different tumor
volume. c miR-133b expression levels in PCa tissues with different lymph node metastasis status. d miR-133b expression levels in PCa tissues with
different distant metastasis status. e Kaplan–Meier analysis of bone metastasis-free survival curves of PCa patients with high miR-133b expression
(n= 93) vs. low miR-133b expression (n= 92). The mean survival times: miR-133b-low > 60 months, and miR-133b-high > 60 months. f Kaplan–Meier
analysis of overall survival curves of PCa patients with high miR-133b expression (n= 101) vs. low miR-133b expression (n= 101). The mean survival
times: miR-133b-low > 60 months, and miR-133b-high > 60 months. g Multivariate Cox regression analysis to evaluate the significance of the
association between miR-133b expression and bone metastasis-free survival. HR values were presented by log2 transformation. h Kaplan–Meier
analysis of bone metastasis-free survival curves of the PCa patients stratified by miR-133b expression and lymph node metastasis status. The mean
survival times: N0_miR-133b-high > 60 months, N1_miR-133b-low= 43.5 months, and other > 60 months. i Kaplan–Meier analysis of bone
metastasis-free survival curves of the PCa patients stratified by miR-133b expression and serum PSA levels. The mean survival times: PSA/L_miR-133b-
high > 60 months, PSA/H_miR-133b-low= 46.8 months, and other > 60 months. j Kaplan–Meier analysis of progression-free survival curves of the
PCa patients stratified by miR-133b expression and lymph node metastasis status as assessed by TCGA. The mean survival times: N0_miR-133b-high
> 120 months, N1_miR-133b-low= 38.5 months, and other= 49.1 months
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Fig. 3 (See legend on next page.)
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miR-133b on TGF-β signaling activity in PCa cells by
exogenously overexpressing miR-133b and endogenously
knocking down miR-133b via virus transduction in PCa
cells (Supplementary Figure 3a). As shown in Fig. 3c and
Supplementary Figure 4a, upregulating miR-133b sig-
nificantly repressed, while silencing miR-133b enhanced
the transcriptional activity of the TGF-β/Smad-responsive
luciferase reporter in the absence or presence of ectopic
TGF-β in PCa cells, and the expression levels of miR-133b
in PCa cells was not affected by TGF-β treatment (Sup-
plementary Figure 4b). Western blotting analysis revealed
that upregulation of miR-133b decreased nuclear trans-
location of pSMAD3 in PCa cells in the absence or pre-
sence of ectopic TGF-β, whereas silencing miR-133b
increased its expression (Fig. 3d and Supplementary Fig-
ure 4c). In addition, upregulation of miR-133b reduced,
while silencing miR-133b increased multiple downstream
bone metastasis-related genes of the TGF-β pathway in
both the absence and presence of ectopic TGF-β (Fig. 3e).
Importantly, the stimulatory effects of silencing miR-133b
on invasion and migration abilities of PCa cells were
abrogated by TGF-β signaling inhibitor SD208 (Supple-
mentary Figure 4d). Thus, our results demonstrate that
miR-133b inhibits TGF-β signaling activity in PCa cells.

miR-133b targets TGFBI and TGFBII
By several available algorithms TargetScan and miR-

anda, we found that TGF-β receptor I (TGFBRI) and II
(TGFBRII) may be potential target of miR-133b (Sup-
plementary Figure 5a). RT-PCR and western blotting
revealed that upregulating miR-133b reduced, while
silencing miR-133b increased the mRNA and protein
expression levels of TGFBRI and TGFBRII (Fig. 4a, b).
Luciferase assay revealed that upregulating miR-133b
decreased, while silencing miR-133b increased the
reporter activity of the 3′-UTRs of TGFBRI and TGFBRII
transcripts (Fig. 4c–e). Furthermore, RNA immunopre-
cipitation (IP) assay demonstrated a selective association
of miR-133b with TGFBRI and TGFBRII transcripts
(Fig. 4f–h). Furthermore, individual silencing TGFBRI or
TGFBRII or both differentially attenuated the stimulatory
effects of silencing miR-133b on invasion and migration
abilities of PCa cells (Supplementary Figure 5b).

Consequently, our results reveal that TGFBRI and
TGFBRII are the direct targets of miR-133b in PCa cells.

REST transcriptionally inhibits miR-133b expression in PCa
tissues
To investigate the underlying mechanism responsible for

miR-133b downexpression in PCa tissues, we analyzed the
deletion levels in PCa data set from TCGA from a genetic
perspective and found that only 6.25% of PCa tissues
appeared deletion (~29 cases) (Supplementary Figure 6a).
However, the expression level of miR-133b with deletion
was no significant difference compared with those without
deletion (Supplementary Figure 6b). This finding sug-
gested that deletion may be not responsible for miR-133b
downexpression in bone metastatic PCa tissues. Further-
more, CpG island was not found in the promoter of MIR-
133B through UCSC analysis, suggesting that methylation
level is not a primary mechanism regulating miR-133b
expression in PCa. Numerous studies have reported that
dysregulation of miRNAs frequently occurred at a tran-
scriptional level42. So, we further analyzed whether some
transcriptional factor may be involved in miR-133b
downexpression in bone metastatic PCa tissues. The
UCSC bioinformatics identified two transcriptional fac-
tors, CTGF and REST, with the potent binding ability in
the promoter region of MIR-133B (Fig. 5a). Through
analyzing JASPAR, several potential REST or CTGF-
binding motifs were identified inside the putative pro-
moter region of MIR-133B (Fig. 5b). RT-PCR analysis
showed that upregulation of REST repressed, while silen-
cing REST enhanced miR-133b expression levels, but
CTGF had no any effect on miR-133b expression
(Fig. 5c–e). A ChIP assay indicated that only REST bound
to the P1-binding site in the promoter region of MIR-133B
in PCa cells (Fig. 5f–h). Furthermore, upregulation of
REST reduced, while silencing REST elevated the pro-
moter luciferase activity of MIR-133B (Fig. 5i–k). How-
ever, upregulation or downregulation of REST had no
effect on the luciferase activity of the MIR-133B promoter
without P1-binding sites (Fig. 5i–k). These results indi-
cated that REST transcriptionally inhibits miR-133b
expression. Collectively, our results demonstrated that
REST transcriptionally inhibits miR-133b expression.

(see figure on previous page)
Fig. 3 Overexpression of miR-133b inhibits TGF-β signaling activity in PCa cells. a Activity of luciferase reporter constructs of several signaling
pathway were examined in the miR-133b-overexpressing or –silencing PCa cells. b Gene set enrichment analysis (GSEA) revealed that miR-133b
expression correlated with TGF-β signaling pathway. c Upregulation of miR-133b repressed the transcriptional activity based on a TGF-β/Smad-
responsive luciferase reporter in the absence or presence of TGF-β (5 ng/ml). *P < 0.05. d Western blot analysis showing that upregulation of miR-
133b decreased nuclear translocation of pSMAD3 in PCa cells in the absence or presence of TGF-β. The nuclear protein p84 was used as a nuclear
protein marker. e Overexpressing miR-133b repressed downstream bone metastasis-related genes of the TGF-β pathway, including CTGF, PTHRP,
IL-11, NEDD9, MMP13, ADAM19, THBS1, COL1A1 and VEGFA, in the absence or presence of TGF-β. Transcript levels were normalized to GAPDH
expression
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Clinical relation of miR-133b with TGFBRI, TGFBRII and
REST expression, and TGF-β signaling activity in human
PCa tissues
To determine the clinical correlation of miR-133b with

TGFBRI, TGFBRII, REST expression, and TGF-β signal-
ing activity in clinical PCa tissues, the miR-133b expres-
sion and protein levels of TGFBRI, TGFBRII, REST and
nuclear SMAD2/3 expression were examined in four bone
metastatic and four non-bone metastatic PCa tissues. As
shown in Fig. 6a, b, protein expression of TGFBRI,
TGFBRII, REST and nuclear pSMAD3 in bone metastatic
PCa tissues (T1–4) was upregulated compared with that
in non-bone metastatic PCa tissues (T5–8). Conversely,
miR-133b displayed an opposite pattern. Pearson analysis
revealed that miR-133b expression inversely correlated

with TGFBRI, TGFBRII and REST expression, and
nuclear pSMAD3 expression (Fig. 6c–f.). Taken together,
our results indicate that transcriptional repression of miR-
133b by REST in bone metastatic PCa tissues activates
TGF-β signaling by upregulating TGFBRI and TGFBRII
expression, finally promoting the development of PCa
bone metastasis.

Overexpression of miR-133b represses bone metastasis of
PCa cells in vivo
Our results above indicated that miR-133b was down-

regulated in bone metastasis PCa tissues, which positively
correlated with poor bone metastasis-free survival in PCa
patients. Therefore, we further investigated the effect of
miR-133b on the bone metastasis of PCa in vivo. A mouse

Fig. 4 miR-133b targets TGFBRI and TGFBRII. a Western blotting of TGFBRI and TGFBRII expression in the indicated cells. α-Tubulin served as the
loading control. b Real-time PCR analysis of TGFBRI and TGFBRII expression in the indicated PCa cells. Transcript levels were normalized by GAPDH
expression. Error bars represent the mean ± s.d. of three independent experiments. *P < 0.05. c–e Luciferase assay of cells transfected with pmirGLO-
3′-UTR reporter in the indicated PCa cells, respectively. *P < 0.05. f–h MiRNP IP assay showing the association between miR-133b and TGFBRI and
TGFBRII transcripts in PCa cells. Pulldown of IgG antibody served as the negative control
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model of bone metastasis was used, in which the
luciferase-labeled vector or miR-133b-overexpressing PC-
3 cells were inoculated, respectively, into the left cardiac
ventricle of male nude mice to monitor the progression of
bone metastasis by bioluminescence imaging (BLI). As

shown in Fig. 7a, b, ectopic expression of miR-133b dra-
matically suppressed bone metastasis ability compared
with the control group by X-ray and BLI. H&E staining of
the tumor sections from the indicated mice tibias showed
that upregulating miR-133b decreased the tumor burden

Fig. 5 REST transcriptionally inhibits miR-133b expression in PCa cells. a Schematic representation of the promoter regions of MIR-133B with
the putative REST and CTGF-binding sites through UCSC. b The putative binding sites of REST and CTGF in MIR-133B promoter by JASPAR.
c–e Real-time PCR analysis of miR-133b expression in the REST or CTGF overexpressing or silencing PC-3 (c), C4-2B (d) and VCaP (e) cells.U6 was used
as endogenous controls in RT-PCR. Each bar represents the mean values ± SD of three independent experiments. *P < 0.05. f–h Analysis of MIR-133B
promoter physically associated with REST or CTGF by using chromatin immunoprecipitation (ChIP) assay in the indicated PCa cells. *P < 0.05.
i–k Relative luciferase activity of the indicated promoter vectors in the indicated PCa cells. *P < 0.05

Huang et al. Cell Death and Disease  (2018) 9:779 Page 8 of 15

Official journal of the Cell Death Differentiation Association



in bone (Fig. 7c). Furthermore, mice injected with miR-
133b-overexpressing cells exhibited fewer bone metastatic
sites and smaller osteolytic area of metastatic tumors, as
well as longer survival and bone metastasis-free survival
compared to the control group (Fig. 7d–g). Furthermore,
upregulating miR-133b repressed, while silencing miR-
133b increased invasion and migration abilities of PCa
cells (Supplementary Figure 7a–d). Consistently, upregu-
lating miR-133b reduced, while silencing miR-133b
enhanced several migration and invasion markers,
including MMP9, MMP13 and TIMP2 (Supplementary
Figure 7e and f). Consequently, our results demonstrate
that upregulating miR-133b represses the bone metastasis
of PCa in vivo.

REST promotes bone metastasis via inhibiting miR-133b in
PCa cells
We further evaluated whether miR-133b mediated the

function role of REST in bone metastasis of PCa. We first
examined the effect of REST on bone metastasis of PCa
in vivo. As shown in Fig. 8a–g, we found that silencing
REST repressed bone metastasis ability of PC-3 cells,

including decreasing bone metastatic score and osteolytic
area of tumors, and prolonging bone metastasis-free
survival compared to the control group by biolumines-
cence imaging (BLI), X-ray, H&E staining and survival
analysis. Next, to investigate the role of REST/miR-133b
axis in bone metastasis of PCa, we further downregulating
miR-133b in REST-silenced PC-3 cells, and we found that
silencing miR-133b enhanced bone metastasis ability
in vivo in REST-silenced PCa cells (Fig. 8a–g). Con-
sistently, silencing miR-133b enhanced the TGF-β sig-
naling activity, invasion and migration abilities in REST-
silencing PCa cells (Supplemental Fig. 8a–d). These
findings indicated that REST activates TGF-β signaling,
and promotes bone metastasis via inhibiting miR-133b in
PCa cells.

Discussion
In the present study, we reported that miR-133b was

downregulated in PCa tissues, particularly in bone meta-
static PCa tissues. Importantly, low expression of miR-
133b correlated with advanced clinicopathological char-
acteristics and poor bone metastasis-free survival in PCa

Fig. 6 Clinical relevance of miR-133b with TGFBRI, TGFBRII and REST expression, and TGF-β signaling activity in PCa tissues. a, b Analysis of
miR-133b expression with TGFBRI, TGFBRII and REST, and nuclear pSMAD3 expression in 4 bone metastatic PCa tissues (T1–4) and 4 non-bone
metastatic PCa tissues (T5–8). U6 was used as the control for RNA loading. miR-133b expression levels were normalized to that miR-133b expression
of sample one. Each bar represents the mean ± SD of three independent experiments. *P < 0.05. Loading controls were α-tubulin and p84 for the
cytoplasmic and nuclear fractions respectively. c–f Correlation between miR-133b levels and TGFBRI, TGFBRII and REST, and nuclear pSMAD3
expression in PCa tissues.The expression levels of TGFBRI, TGFBRII and REST, and nuclear pSMAD3 expression were quantified by densitometry using
Image J, and normalized to the levels of α-tubulin and p84, respectively. The sample 1 was used as a standard. The relative expressions of miR-133b
and these proteins were used to perform the correlation analysis
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patients. Our results further revealed that miR-133b
inhibited invasion and bone metastasis of PCa cells via
targeting TGFBRI and TGFBRII, leading to the inactiva-
tion of TGF-β signaling. These results determine the
tumor-suppressive role of miR-133b in bone metastasis of
PCa.
Constitutive activation of TGF-β signaling has been

reported in bone metastases of various types of can-
cer11,14,15, to which several regulatory mechanisms con-
tributed, such as increase of autocrine TGF-β, mutation of
core components of TGF-β signaling43–45. Recent studies
have demonstrated that aberrant of miRNAs is another
important mechanism responsible for activation of TGF-β
signaling, giving rise to tumor cell metastasis in different
types of cancer. The study by Bonci has reported that
simultaneous loss of miR-15/miR-16 in PCa cells sig-
nificantly activated TGF-β signaling, which further pro-
moted invasion, distant bone marrow colonization and

development of osteolytic tumor46. In this study, we
found that downxpression of miR-133b repressed the
activity of TGF-β signaling via targeting TGFBRI and
TGFBRII in PCa cells, which further inhibited bone
metastasis of PCa cells. Taken together, our findings
unravel a novel mechanism of TGF-β signaling-mediated
bone metastasis of PCa.
As one of the originally identified muscle-specific

microRNAs, the roles of miR-133b in the development
and remodeling of heart and skeletal muscle have been
well documented47,48. Furthermore, numerous studies
have shown that miR-133b comes into playing important
pathological role in human cancer49. In gastric cancer,
bladder cancer, renal cell carcinoma, squamous cell car-
cinoma of esophagus and tongue, miR-133b has been
reported to be downregulated and low expression of miR-
133b promoted the progression and metastasis via vary
mechanism50–54. However, high expression of miR-133b

Fig. 7 Upregulating miR-133b represses bone metastasis of PC-3 cells in vivo. a Representative BLIs signal of bone metastasis of a mouse from
the indicated groups of mice at 5 mins and 45 day, respectively. b Representative radiographic images of bone metastases in the indicated mice
(arrows indicate osteolytic lesions). c Representative H&E-stained sections of tibias from the indicated mouse. d The sum of bone metastasis scores for
each mouse in tumor-bearing mice inoculated with vector (n= 9) or miR-133b (n= 11) cells. e Quantification of the BLI signaling in the vector and
miR-133b-overexpression groups at 6, 7 and 8 weeks, respectively. *P < 0.05. f Kaplan–Meier analysis of mouse bone metastasis-free survival in the
vector and miR-133b-overexpression groups. The mean survival times: vector= 49 days, and miR-133b > 80 days. g Kaplan–Meyer analysis of mouse
survival in the vector and miR-133b-overexpression groups. The mean survival times: vector= 66 days, and miR-133b > 80 days. NS no significance
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has been demonstrated in cervical carcinoma and glio-
blastoma,55,56. There studies indicated that the pro- and
anti-tumor roles of miR-133b are environment and
tumor-type dependent. Interestingly, a study by Li et al.
has shown that overexpression of miR-133b in LNCaP
cells boosted cell proliferation and cell-cycle progression,
but inhibited apoptosis; in contrast, upregulation of miR-
133b yielded an opposite role in PC-3 cells, indicating that
miR-133b might enhance tumor-promoting properties in
less aggressive LNCaP cells, whereas this miR may act as a

tumor suppressor in more aggressive PC-3 cells57. Fur-
thermore, several lines of evidence have shown that miR-
133b was downregulated in PCa tissues and acted as a
tumor-suppressive miRNA in PCa58–61. Importantly,
Coarfa and colleagues reported that miR-133b was dra-
matically downexpressed in metastatic PCa tissues62.
These studies support the ideal that miR-133b is down-
regulated in PCa tissues, which was involved in the
metastatic phenotype of PCa. However, the clinical sig-
nificance and biological roles of miR-133b in bone

Fig. 8 REST promotes bone metastasis via inhibiting miR-133b in PCa cells in vivo. a Representative BLIs signal of bone metastasis of a mouse
from the indicated groups of mice at 5 mins and 45 days, respectively. b Representative radiographic images of bone metastases in the indicated
mice (arrows indicate osteolytic lesions). c Representative H&E-stained sections of tibias from the indicated mouse. d The sum of bone metastasis
scores for each mouse in tumor-bearing mice inoculated with vector (n= 10), siREST (n= 11) or siREST-anti-miR-133b (n= 10) cells. e Quantification
of the BLI signaling in the vector and miR-133b-overexpression groups at 6, 7 and 8 weeks, respectively. *P < 0.05. f Kaplan–Meier analysis of mouse
bone metastasis-free survival in the vector, siREST and siREST-anti-miR-133b groups. The mean survival times: NC= 40 days, si-REST#1 > 80 days and
si-REST#1+ anti-miR-133b= 38 days. g Kaplan–Meyer analysis of mouse survival in the vector, siREST and siREST-anti-miR-133b groups. The mean
survival times: NC= 63 days, si-REST#1 > 80 days and si-REST#1+ anti-miR-133b= 60 days. NS no significance
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metastasis of PCa remain unclear. In this study, our
results showed that miR-133b was downregulated in PCa
tissues and further decreased in bone metastatic PCa
tissues, which was associated with poor clin-
icopathological characteristics and bone metastasis-free
survival in PCa patients. In addition, upregulating miR-
133b dramatically inhibited invasion and migration
in vitro, and bone metastasis in vivo in PCa cells by
repressing activity of TGF-β signaling via targeting
TGFBRI and TGFBRII in PCa cells. Therefore, our results
indicate that miR-133b plays an inhibitory role in bone
metastasis of PCa.
As discussed above, the downexpression of miR-133b

has been widely reported in PCa. However, the underlying
mechanism responsible for miR-133b downexpression in
cancers was not clarified. With this question, we first
analyzed the deletion levels of miR-133b in the PCa data
set from TCGA and found that 6.25% of 496 PCa tissues
occurred deletions, but the miR-133b expression levels in
PCa tissues with deletions was no significant difference
compared with those without gains. This finding sug-
gested that deletion was not responsible for miR-133b
downexpression in PCa tissues. Numerous studies have
reported that dysregulation of miRNAs frequently
occurred at a transcriptional level42. In this study, our
results demonstrated that REST transcriptionally inhib-
ited miR-133b expression, which resulted in miR-133b
downexpression in PCa tissues. These results indicated
that overexpression of REST contributed to miR-133b
downexpression in PCa tissues. Indeed, REST has been
extensively demonstrated to be a transcriptional repressor
involved in the control of neuroendocrine gene expres-
sion63,64, and overexpression of REST has previously been
reported in various types of cancer21,22,65. Importantly, a
study by Epping has reported that the TSPYL2/REST
complex activated TGF-β signaling in breast cancer66.
However, how REST promotes TGF-β signaling remains
unknown. In this study, our results found that REST
transcriptionally inhibited miR-133b expression, and miR-
133b repressed activity of TGF-β signaling via targeting
TGFBRI and TGFBRII, indicating that REST activates
TGF-β signaling via transcriptional repression of miR-
133b. Therefore, our results in combination with other
reveal that REST/miR-133b axis promotes bone metas-
tasis via constitutively activating TGF-β signaling in PCa.
Several lines of evidence reported that miR-133b was

identified in the serum of cancer patients, suggesting that
miR-133b may serve as a potential diagnostic and prog-
nostic marker in human cancers. Zhang et al. reported
that expression levels of miR-133b were significantly
decreased in the serum of osteosarcoma patients com-
pared with the healthy controls67. Moreover, high
expression level of miR-133b expression was identified in
the serum of breast cancer patients68. Interestingly,

miRNA profiling of prostate secretion samples (PSS) from
23 PCa and 25 benign prostate hyperplasia (BPH) patients
revealed that miR-133b was significantly downregulated
in PSS of PCa patients. Importantly, miR-133b has much
power than PSA to discriminate PCa from BPH patients59,
suggesting that miR-133b expression levels in PSS could
be used as diagnostics markers for PCa. In this study, our
results showed that miR-133b expression inversely cor-
related with bone metastasis-free survival in PCa patients,
suggesting that miR-133b may be used as a potential bone
metastasis diagnostic marker in PCa cancers. However,
whether miR-133b expression in the serum or prostate
secretion samples of PCa patients may be used as a
minimal invasive diagnostic marker for the bone metas-
tasis of PCa needs to be further validated in a larger series
of studies.
In summary, our results indicate that miR-133b inhibits

bone metastasis of PCa by targeting TGFBRI and
TGFBRII, leading to inactivation of TGF-β signaling
pathway, suggesting that administration of miR-133b may
serve as a therapeutic strategy in the treatment of PCa
bone metastasis. Better understanding of the underlying
mechanism of miR-133b in the inactivation of TGF-β
signaling will facilitate the development of novel anti-
metastatic therapeutic methods against PCa.

Materials and Methods
Cell lines and cell culture
The human PCa cell lines 22RV1, PC-3, VCaP, DU145,

LNCaP and normal prostate epithelial cells RWPE-1 were
obtained from Shanghai Chinese Academy of Sciences cell
bank (China). RWPE-1 cells were grown in defined
keratinocyte-SFM (1×) (Invitrogen). PC-3, LNCaP and
22Rv1 cells were cultured in RPMI-1640 medium (Life
Technologies, Carlsbad, CA, US) supplemented with
penicillin G (100 U/ml), streptomycin (100 mg/ml) and
10% fetal bovine serum (FBS, Life Technologies). DU145
and VCaP cells were grown in Dulbecco’s modified Eagle’s
medium (Invitrogen) supplemented with 10% FBS. The
C4-2B cell line was purchased from the MD Anderson
Cancer Center and maintained in T-medium (Invitrogen)
supplemented with 10 % FBS. All cell lines were grown
under a humidified atmosphere of 5% CO2 at 37 °C.

Plasmids, transfection and generation of stable cell lines
The human miR-133b gene was PCR-amplified from

genomic DNA and cloned into a pMSCV-puro retroviral
vector (Clontech, Japan). The (CAGAC) 12/pGL3 TGF-β/
Smad-responsive luciferase reporter plasmid and control
plasmids (Clontech, Japan) were used to quantitatively
assess the transcriptional activity of TGF-β signaling
components. The 3′-UTR of TGFBRI and TGFBRII were
PCR-amplified from genomic DNA and cloned into
pmirGLO vectors (Promega, USA), and the list of primers
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used in cloning reactions is shown in Supplementary
Table 4. AntagomiR-133b, small interfering RNA (siRNA)
for TGFBRI and TGFBRII knockdown and corresponding
control siRNAs were synthesized and purified by RiboBio.
Human REST cDNA was purchased form (Vigene Bios-
ciences, Shandong, China). Transfection of miRNA, siR-
NAs, and plasmids was performed using Lipofectamine
3000 (Life Technologies, USA) according to the manu-
facturer’s instructions.

RNA extraction, reverse transcription, and real-time RT-PCR
Total RNA from tissues or cells was extracted using the

RNA Isolation Kit (Qiagen, USA) according to the man-
ufacturer’s instructions. Messenger RNA (mRNA) and
miRNA were reverse transcribed from total mRNA using
the RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher, USA) according to the manufacturer’s protocol.
Complementary DNA (cDNA) was amplified and quan-
tified on the CFX96 system (BIO-RAD, USA) using iQ
SYBR Green (BIO-RAD, USA). The primers are provided
in Supplementary Table 5. Primers for U6 and miR-133b
were synthesized and purified by RiboBio (Guangzhou,
China). U6 or glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the endogenous controls. Relative
fold expressions were calculated with the comparative
threshold cycle (2-ΔΔCt) method.

Patients and tumor tissues
A total of 182 individual and 20 paired PCa tissues, and

48 benign prostate lesions tissues were obtained during
surgery or needle biopsy at The Clinical Biobank of Col-
laborative Innovation Center for Medical Molecular
Diagnostics of Guangdong Province, The Affiliated Jiang-
men Hospital of Sun Yat-sen University (Guangdong,
China), and the Second Affiliated Hospital of Guangzhou
Medical University (Guangdong, China) between January
2008 and December 2016. Patients were diagnosed based
on clinical and pathological evidence, and the specimens
were immediately snap-frozen and stored in liquid nitro-
gen tanks. For the use of these clinical materials for
research purposes, prior patient’ consents and approval
from the Institutional Research Ethics Committee were
obtained. The clinicopathological features of the patients
are summarized in Supplementary Table 6-8. The median
of miR-133b expression in PCa tissues was used to stratify
high and low expression of miR-133b.

miRNA immunoprecipitation
Cells were co-transfected with HA-Ago2, followed by

HA-Ago2 immunoprecipitation using anti-HA-antibody.
Real-time PCR analysis of the IP material was performed
to test the association of the mRNA of TGFBRI and
TGFBRII with the RISC complex. The specific processes
were performed as previously described69.

Western blot
Western blot was performed according to a standard

method, as previously described70. Antibodies against
TGFBRI, anti–TGFBRII and p84 were purchased from
Abcam, anti–pSMAD3 and anti–SMAD3 from Cell Sig-
naling Technology. Nuclear extracts were prepared using
the Nuclear Extraction Kit (Active Motif), according to
the manufacturer’s instructions. As a loading control,
membranes were stripped and reprobed with an anti-α-
tubulin antibody (Sigma-Aldrich, USA).

Luciferase reporter assay
Cells (4 × 104) were seeded in triplicate in 24-well plates

and cultured for 24 h and performed as previously
described71. Luciferase and Renilla signals were measured
36 h after transfection using a Dual Luciferase Reporter
Assay Kit (Promega).

Chromatin immunoprecipitation (ChIP)
Cells were cultured as described above. Cross-linking

was performed with formaldehyde (Merck) at a final
concentration of 1 % and terminated after 5 min by the
addition of glycine at a final concentration of 0.125M.
Cells were collected with SDS buffer, pelleted by cen-
trifugation, and resuspended in IP buffer. Chromatin was
sheered by sonication (HTU SONI 130; Heinemann) to
generate DNA fragments with an average size of 500 bp.
Preclearing and incubation with anti-Flag (F1804, Sigma)
antibodies or IgG control (M-7023, Sigma) for 16 h was
performed. Immunoprecipitated DNA was decrosslinked,
digested with proteinase K and purified. Immunopreci-
pitated DNA was analyzed by qPCR and the primers of
MIR133B promoter was presented in Supplementary
Table 4. Enrichment was expressed as the percentage of
the input for each condition.

Invasion and migration assays
The invasion and migration assays were performed as

described previously72. The cell count was performed
under a microscope (x100).

Animal study
All mouse experiments were approved by The Institu-

tional Animal Care and Use Committee of Sun Yat-sen
University and the approval-No. was L102012016110D.
For the bone metastasis study, BALB/c-nu mice
(5–6 weeks old) were anaesthetized and inoculated into
the left cardiac ventricle with 1 × 105 PC-3 cells in 100 μl
of PBS. Osteolytic lesions were identified on radiographs
as radiolucent lesions in the bone. The area of the
osteolytic lesions was measured using the Metamorph
image analysis system and software (Universal Imaging
Corporation), and the total extent of bone destruction per
animal was expressed in square millimeters. Each bone
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metastasis was scored based on the following criteria: 0,
no metastasis; 1, bone lesion covering < 1/4 of the bone
width; 2, bone lesion involving 1/4–1/2 of the bone width;
3, bone lesion across 1/2–3/4 of the bone width; and 4,
bone lesion > 3/4 of the bone width. The bone metastasis
score for each mouse was the sum of the scores of all bone
lesions from four limbs.

Statistical analysis
All values are presented as the mean ± SD. Significant

differences were determined using the GraphPad 5.0 soft-
ware (USA). Student’s t test was used to determine statis-
tical differences between two groups. The Χ2 test was used
to analyze the relationship between miR-133b expression
and clinicopathological characteristics. Survival curves
were plotted using the Kaplan–Meier method and com-
pared by log-rank test. P < 0.05 was considered statistical
significant. All experiments were repeated three times.
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