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Abstract: Our previous reports indicated that (+)-cholesten-3-one induces osteogenic differentiation of bone mar-
row mesenchymal stem cells (MSCs) by activating vitamin D receptor (VDR). However, whether and how miRNAs 
modulate osteogenic differentiation induced by (+)-cholesten-3-one have not been explored. In this study, miRNA 
array profiling and further validation by quantitative real-time PCR revealed that miR-351 was downregulated during 
(+)-cholesten-3-one-induced osteogenic differentiation of MSCs. Overexpression of miR-351 by miR-351 precursor 
transfection markedly inhibited the expression of osteoblast-specific genes, such as alkaline phosphatase (ALP), 
collagen type II, osteopontin (OPN), and runt-related transcription factor 2 (RUNX2), which consequently decreased 
a number of calcium mineralized nodules. Inhibition of miR-351 function by anti-miR-351 promoted expression of 
osteoblast-specific genes. Our results suggest that miR-351 is a negative regulator of osteoblast differentiation of 
MSCs induced by (+)-cholesten-3-one. Target prediction analysis tools and experimental validation by luciferase 
3’UTR reporter assay identified VDR as a direct target of miR-351. miR-351 inhibited the expression of the VDR, 
which played a critical role in the control of osteogenic differentiation of MSCs. Importantly, overexpression of VDR 
significantly abolished the inhibitory effect of miR-351 on (+)-cholesten-3-one induced osteogenic differentiation. 
Taken together, our results demonstrate that miR-351 negatively regulates osteoblast differentiation of MSCs in-
duced by (+)-cholesten-3-one through targeting VDR. These findings provid evidence that miR-351 can bea possible 
therapeutic target for bone repair and regeneration. 
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Introduction

Osteoporosis and other bone-related degener-
ative diseases are mainly due to alterations  
in osteoblast differentiation of mesenchymal 
stem cells (MSCs) [1-3]. Understanding the reg-
ulatory mechanism of osteoblast differentia-
tion of MSCs is a prerequisite for developing 
strategies to treat bone loss diseases such as 
osteoporosis. Transcription factors play critical 
roles in osteoblast differentiation of MSCs. The 
activation of lineage-specific transcription fac-

tors, RUNX2, Osterix, and Dlx5, is known to be 
essential for osteoblast differentiation [4]. 
Vitamin D receptor (VDR), ligand-activated tran- 
scription factors, has an important role in the 
control of osteogenic differentiation of MSCs 
[5]. Moreover, the epigenetic regulation of the 
VDR may be key to rejuvenate osteoblastogen-
esis in MSCs from elders [6]. Our recent report 
indicated that (+)-cholesten-3-one induces 
osteogenic differentiation of MSCs by activat-
ing VDR [7]. However, the role of epigenetic 
regulation in the (+)-cholesten-3-one induces 
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osteogenic differentiation of MSCs remains 
poorly understood.

Recently, miRNAs have emerged as important 
regulators of osteoblast differentiation of MSCs 
[8]. Several studies reported that miRNAs tar-
get the critical transcription factors involved in 
osteoblast differentiation of MSCs. miRNAs 
133, 375 and 204 reduced osteoblast differen-
tiation by directly targeting RUNX2 in MSCs 
[9-11]. miRNAs miR-141 and miR-200a were 
downregulated during osteoblast differentia-
tion and inhibited osteoblastogenesis by target-
ing Dlx5 [12]. miR-637 suppressed osteoblast 
differentiation of MSCs by directly targeting 
Osterix, a key transcription factor of osteo-
blasts [13]. miR-26a functionally repress osteo-
blast differentiation by targeting transcription 
factor Smad1 [14]. miR-146a and miR-144-3p 
negatively regulates the osteogenesis by tar-
geting Smad4 [15, 16]. miR34s inhibit osteo-
blast differentiation in the mouse by targeting 
SATB2 [17]. A network connecting RUNX2, 
SATB2, and the miR-23a cluster regulates the 
osteoblast differentiation [18, 19]. Thus, it has 
been strongly suggested that the regulation of 
osteogenic master transcription factors by miR-
NAs is a notable component of the regulatory 
machinery. Moreover, the role of miRNAs in tar-
geting VDR remains to be clarified in osteogenic 
differentiation of MSCs. Here, we used miRNA 
array profiling and cellular model of osteogenic 
differentiation of MSCs to further investigate 
the role of miRNAs in targeting VDR involved in 
(+)-cholesten-3-one-induced osteogenic differ-
entiation of MSCs. 

Methods

Animal and materials

A total of 10 male specific pathogen free 
Sprague-Dawley rats, aged 4 weeks (180-200 
g), were acquired from the Animal Centre of 
Guangzhou University of Chinese Medicine 
(Guangzhou, China). All animals received 
humane care in accordance with the guidelines 
set out by the Care of Experimental Animals 
Committee of Guangzhou University of Chinese 
Medicine. Dulbecco’s modified Eagle medium 
(DMEM) and fetal bovine serum (FBS) were pur-
chased from Gibco (Thermo Fisher Scientific, 
Inc., Waltham, MA, USA); VDR, dimethyl sul-
phoxide (DMSO) and other chemical reagents 
were purchased from Sigma-Aldrich (Merck 

Millipore, Darmstadt, Germany); alizarin red 
stain solution, alkaline phosphatase (ALP; 
BA0632), osteopontin (OPN; PB0589), Runt-
related transcription factor 2 (RUNX2; BA3613-
2), VDR (PB0479) and collagen II (BA0533) anti-
body were provided by Wuhan Boster Biological 
Technology, Ltd., (Wuhan, China).

Culture of MSCs

The femur and tibia were harvested from rats, 
anaesthetized by chloral hydrate (330 mg/kg); 
Wuhan Boster Biological Technology, Ltd.) and 
sacrificed by cervical dislocation, in order to 
collect fresh marrow. The marrow was mixed 
with complete medium (low glucose DMEM 
supplemented with 10% FBS) and gradient cen-
trifuged at 900× g for 30 min at room tempera-
ture with Percoll at a density of 1.073 g•ml-1. 
Cells of the appropriate density were collected, 
washed with PBS three times, manually count-
ed using a light microscope and cultured at a 
density of 1×106 cm-2 on dishes supplemented 
with complete medium, in a humidified atmo-
sphere at 37°C and 5% CO2, using an incubator. 
The medium was refreshed and the suspension 
cells were removed every three days. Isolated 
MSCs were confluent after nine days, and were 
digested using 0.25% trypsin in order to pro-
mote separation. Cells were subsequently pas-
saged at a density of 1×104 cm-2 onto dishes. 
MSCs that had been passaged three times 
were used for subsequent experiments. The 
surface antigen identification and differentia-
tion ability of MSCs were verified by our previ-
ous study.

miRNA microarray analysis

The MSCs of (+)-cholesten-3-one-induced for 3 
days was taken to microRNA microarray assay 
which was performed at Guangzhou RiboBio 
Co., Ltd. The experiment contains 4 steps, like 
pre-hybridization, hybridization, hybridization 
washing, and imaging. CustomArray™ microar-
ray was assembled with hybridization cap and 
clips. Firstly, it’s pre-hybridization: The hybrid-
ization chambers were filled with nuclease-free 
water to incubate at 65°C for 10 min, and then 
bring to room temperature. The pre-hybridiza-
tion solutions were following filled into the 
chambers after the water aspirating out of the 
hybridization chambers, and also kept on incu-
bating at 37°C for 60 min with gentle rotation in 
the hybridization oven. Secondly, the hybridiza-



 MiR-351 targets VDR to inhibit osteoblast differentiation

4965 Am J Transl Res 2017;9(11):4963-4973

tion was performed: The hybridization solution 
was prepared like the following steps, total RNA 
from the MSCs in both groups were extracted 
with trizol method and labeled with cy3 as fluo-
rescence labeling by ULSTM (UNIVERSAL 
LINKAGE SYSTEM) notation, and then the solu-
tion was denatured at 95°C for 3 min and 
cooled for 20 seconds on ice to prepare the 
hybridization steps. The hybridization cham-
bers were filled with the hybridization solution 
as the followed that the pre-hybridization solu-
tion was taken out and mixed gently to incubate 
at 37°C for 16 hours. Finally, the microarray 
was rinsed to decrease specific hybridization 
background, and then covered with the imaging 
solution and loaded into the GenePix 4000B 
Microarray Scanner to scan.

Quantitative real-time PCR (qRT-PCR)

The serum miRNAs were enriched using the 
mirVana microRNA Isolation kit (Applied 
Biosystems, Foster City, CA, USA) after total 
RNA was isolated by TRIzol Reagent (Invitrogen). 
The expression of miR-351 was determined by 
TaqMan microRNA assay kit especially for miR-
351 (Applied Biosystems) according to manu-
facturer’s instructions. For data analysis, we 
used the U6 RNA as an endogenous control. 
Total RNA of MSCs was also extracted using 
TRIzol Reagent. Expression of ALP, collagen II, 
OPN, RUNX2 was measured by qRT-PCR. Qu- 
antitative RT-PCR reactions were performed 
using the SYBR Green PCR, included 2-minute 
incubation at 50°C, then 95°C for 10 minutes; 
this was followed by a 2-step PCR program, as 
follows: 95°C for 15 seconds and 60°C for 60 
seconds for 40 cycles. β-actin was used as an 
internal control to normalize for differences in 
the amount of total RNA in each sample. Fold 
changes were calculated using the 2−ΔΔCt meth-
od. All procedures were repeated three times. 

Western blot analysis

MSCs were lysed with RIPA containing protease 
and phosphatase inhibitors (Roche Applied 
Science, Mannheim, Germany). Equal amounts 
of protein were separated by SDS-PAGE, trans-
ferred to a polyvinylidene difluoride membr- 
ane (Millipore, Bedford, MA, USA), immunoblot-
ted with primary Antibody (Ab) (ALP, OPN, RU- 
NX2, VDR, collagen II (all 1:200) and β-catenin 
(ab32572; 1:5,000; Abcam, Cambridge, UK), 

and visualized with horseradish-peroxidase-
coupled secondary Ab.

Calcium mineral deposition

MSCs were cultured for 14 days, as described. 
The level of calcium mineral deposition was 
revealed using alizarin-red staining (AR-S). 
Following three weeks in culture, cells were 
fixed with 70% ethanol, washed five times with 
deionized water and treated with 40 mM aliza-
rin-red solution for 10 min at pH 4.2. Sub- 
sequently, cells were washed with PBS for 15 
min before being treated with 10% cetylpyridin-
ium chloride in 10 mM sodium phosphate for 
15 min at room temperature. An AR-S standard 
curve, at an optical density of 540 nm, was 
used to calculate the AR-S concentration.

Bioinformatic analysis

The bioinformatic prediction was performed 
using three websites: TargetScan (http://www.
targetscan.org), PicTar (http://pictar.mdc-ber-
lin.de) and miRanda (http://www.microrna.org). 
The consistency of the analyses and predic-
tions on these three websites suggests that 
they are reliable.

Transfection of MSCs with miR-351 mimics 
and inhibitor

MSCs were cultured in Gibco DMEM (4500 
mg/L glucose) and supplemented with 10% 
FBS and 1% mixture liquid of penicillin/strepto-
mycin. Cell cultures were incubated at 37°C in 
a humid 5% CO2/95% air environment. MSCs 
were plated into 6 well cell culture cluster at a 
density of 2×104 cells per cm2 and transfected 
with 100 nM miR-351 mimics or inhibitor for 6 
h according to the protocol of Lipofectamine 
2000. The cells were collected after the termi-
nal transfection for 24 h with 0.025% trypsin 
digestion and lysed with RIPA buffer for west-
ern blot analysis. 

Luciferase reporter assay

Luciferase reporter assay was performed using 
the Firefly Luciferase Reporter Gene Assay Kit 
(Beyotime Biotechnology), according to the 
manufacturer’s instructions. Briefly, wild-type 
and mutant VDR (without miR-351 binding 
sites) plasmids were co-transfected with 100 
ng of pre-miR-351 or pre-miR-ctrl into MSCs 
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using Lipofectamine 2000 (Invitrogen). pRL-TK 
that express Renilla luciferase served as an 
internal reference. Thirty-six hours later, the 
cell lysates were subjected to the Dual 
Luciferase Reporter Gene Assay Kit (Beyotime 
Biotechnology).

Statistical analysis

SPSS 20.0 software (IBM SPSS, Armonk, NY, 
USA) was used for the statistical analyses. The 

(+)-cholesten-3-one treated MSCs compared 
with untreated control (Figure 1B).

MiR-351 negatively regulates osteoblast dif-
ferentiation of MSCs

To evaluate the role of miR-351 in osteoblast 
differentiation of MSCs, we transfected MSCs 
with miR control, mimic miR-351 or anti-
miR-351 respectively. Then the cells were cul-
tured with or without (+)-cholesten-3-one for 7 

Figure 1. The cluster diagram and bar graph of differential miRNA were illus-
trated after (+)-cholesten-3-one-induced MSCs osteogenic differentiation for 
3 days. A. Compared with control group, there were 52 miRNA up-regulated  
and 55 down-regulated in (+)-cholesten-3-one induction group. In the micro-
array cluster diagram, red color represents the miRNAs expression were in 
relatively high quantity, and green means relatively low. Especially, the data of 
some miRNA were nearly to limits line. B. We collected significantly (like miR-
351-3p), but which we certified with the following qRT-PCR. The fold-change 
value of miRNA in osteogenic induction group compared with control group. 
In the total database of miRNA microarray, we made further screening and 
selected some possible miRNA to identify with qRT-PCR. *p<0.05 versus con-
trol group.

data were expressed as 
mean ± standard deviation. 
The differences between two 
groups and among more 
than two groups were ana-
lyzed using Tukey’s test and 
ANOVA, respectively. P<0.05 
was considered to indicate a 
statistically significant diff- 
erence. Spearman’s correla-
tion coefficients were used 
to examine the correlation 
between miR-351 expres-
sion and VDR expression. 
The plots were made using 
GraphPad Prism 6.0 (Graph-
Pad Software Inc, La Jolla, 
CA, USA).

Results

MiR-351 is down regulated 
during MSC osteogenic dif-
ferentiation

To study the expression of 
miRNAs during (+)-cholest- 
en-3-one-induced osteobl- 
ast differentiation, we treat-
ed MSCs with (+)-cholesten-
3-one for 3 days. MSCs treat-
ed with or without (+)-chol- 
esten-3-one were subjected 
to microarray analysis to id- 
entify differentially expres- 
sed miRNAs. Of these, the 
most interesting was miR-
351 as its expression was 
significantly downregulated 
during osteoblast differentia-
tion (Figure 1A). These data 
were further verified by quan-
titative real-time PCR (qRT-
PCR). Consistently, the ex- 
pression of miR-351 was sig-
nificantly downregulated in 
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days to induce osteogenic differentiation. 
Alizarin-red staining assay showed that miR-
351 significantly suppressed MSC osteogenic 
differentiation compared with miR control. 
However, anti-miR-351 markedly promoted 
osteogenic differentiation (Figure 2A). The 
mRNA and protein levels of osteogenesis relat-
ed markers, such as ALP and collagen II, were 
tested by qRT-PCR and western blot after miR-
351 transfection. qRT-PCR results show that 
mRNA levels of the osteogenic related markers 

indicated that miR-351 may directly regulate 
VDR expression. Further experiments confirmed 
that miR-351 overexpression markedly sup-
pressed the expression of VDR, at both the 
mRNA and protein levels (Figure 3B). Moreover, 
VDR expression at mRNA and protein levels 
(Figure 3C) was found to be markedly increased 
in the presence of anti-miR-351 group com-
pared with miR control group. These results 
indicate that VDR is the target gene of 
miR-351.

Figure 2. miR-351 negatively regulated MSC osteogenic differentiation. The 
miR control or miR-351 or anti miR-351 were transfected into MSCs. The 
mRNA and protein levels of osteogenesis markers (ALP, collagen II) proteins 
were detected by qRT-PCR and western blot, respectively. A. AR-S indicated 
the level of calcium mineral deposition. B. qRT-PCR detection of mRNA expres-
sion of osteogenic markers in miR-351 or anti miR-351 transfected MSCs dur-
ing osteogenic differentiation. C. Western blot detection of protein expression 
of osteogenic markers in miR-351 or anti miR-351 transfected MSC during 
osteogenic differentiation. D. Comparison of the density between the experi-
mental groups. miR control group: MSCs transfected with miR control; miR-
351 group: MSCs transfected with miR-351 mimic; anti miR-351 group: MSCs 
transfected with anti miR-351. *P<0.05 vs. miR control group. #P<0.05 vs. 
miR-351 group.

were declined in the miR-
351 group compared with 
the miR control group, 
whereas they enhanced in 
the anti-miR-351 group (Fi- 
gure 2B). Western blot re- 
sults also demonstrated that 
the changes in protein levels 
were similar to that of the 
mRNA levels (Figure 2C and 
2D). These data suggest that 
miR-351 negatively regu-
lates osteoblast differentia-
tion of MSCs.

MiR-351 directly targets 
VDR

To gain insight into the 
molecular mechanisms by 
which miR-351 regulates the 
osteogenic differentiation of 
MSCs, we predicted the po- 
tential targets of miR-351 
using TargetScan and found 
that osteogenic-related ge- 
nes VDR have miR-351 bind-
ing sites in their 3’UTR. To 
test whether miR-351 direct-
ly targets these genes, we 
constructed luciferase re- 
porters that had either a 
wild-type (WT) 3’UTR or a 
3’UTR containing mutant 
sequences of the miR-351 
binding site. We found that 
overexpression of miR-351 
remarkably inhibited the 
luciferase reporter activity of 
the WT VDR 3’UTR, but not 
that of the mutated 3’UTR or 
another gene’s 3’UTR (Figure 
3A and 3C). These findings 
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MiR-351 regulated VDR downstream signaling

To better understand the underlying mecha-
nism of miR-351 regulated VDR downstream 
signaling in MSCs osteogenic differentiation, 
we detected the mRNA and protein levels of 
OPN, RUNX2 by qRT-PCR and western blot after 
miR-351 transfection at (+)-cholesten-3-one-
induced 7 days. qRT-PCR results show that 
mRNA levels of the OPN and RUNX2 were 
declined in the miR-351 group compared with 
the miR control group, whereas they enhanced 
in the anti-miR-351 group (Figure 4A). Western 
blot results also demonstrated that the chang-
es in protein levels were similar to that of the 
mRNA levels (Figure 4B and 4C), suggesting 
that miR-351 inhibits osteogenic differentiation 
through VDR downstream signaling.

VDR overexpression eliminated the inhibitory 
effect of miR-351 on osteoblast differentiation

To further understand the functional role of 
miR-351 on ALP and collange II expression 
through regulating VDR, we transfected MSCs 
with miR-351 and VDR under (+)-cholesten-
3-one treatment. As shown in Figure 5A, AR-S 

assay demonstrated that osteogenic differenti-
ation expression was significantly up-regulated 
after pCMV-VDR transfection compared with 
(+)-cholesten-3-one group. More calcium min-
eralized nodules (Figure 5A) were observed in 
VDR transfected MSCs compared with untrans-
fected control. We also observed that overex-
pression of VDR remarkably increased the 
expression of ALP, collange II, but miR-351 sup-
pressed (+)-cholesten-3-one-induced ALP, col-
lange II expression. Moreover, pCMV-VDR trans-
fection also markedly increased ALP, collange II 
expression, even in the presence of miR-351 
overexpression (Figure 5B). In addition, overex-
pression of VDR could significantly reverse the 
inhibitory effects of miR-351 overexpression  
on osteogenic differentiation, restoring the 
osteogenic markers ALP, collange II expression 
(Figure 5C). These results indicate that VDR 
overexpression abolished the inhibitory effect 
of miR-351 on osteoblast differentiation.

Discussion

Osteogenic differentiation of MSCs contributes 
greatly to bone regeneration. Hence, it is of the 
utmost importance to explore the positive and 

Figure 3. miR-351 directly targets VDR. To confirm whether miR-351 targeted the 3’-UTR of VDR, a luciferase activ-
ity assay was performed. MSCs were co-transfected with wild type VDR 3’-UTR (VDR-3’-UTR) or mutant VDR 3’-UTR 
(VDR-3’-UTR-mut) and miR-351 or anti miR-351. The relative luciferase activity was detected. A. The predicted miR-
351 target sequence in the 3’UTR of VDR. B. Western blot detection of VDR protein expression in miR-351 or anti 
miR-351 transfected MSCs during osteogenic differentiation. C. Dual-luciferase reporter assay of MSCs transfected 
with the VDR-3’UTR reporter and miR-351 or anti miR-351. *P<0.05 vs. miR control. #P<0.05 vs. miR-351 group. 
D. Correlation analysis of miR-351 and VDR expression. 
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negative regulators of osteogenic differentia-
tion of MSCs. The findings will provide promis-
ing therapeutic targets for osteoporosis and 
other degenerative bone diseases. In the previ-
ous study, we indicated that steroids in tradi-
tional Chinese medicine (TCM) have the thera-
peutic potential to treat bone disease, 
(+)-cholesten-3-one induces osteogenic differ-
entiation of MSCs by activating VDR [7]. The 
aim of this study was further to identify miRNAs 
regulating osteogenic differentiation of MSCs 
induced by (+)-cholesten-3-one. The major find-
ings of the present study were: 1) miR-351 is 
down regulated during (+)-cholesten-3-one 
induce-MSC osteogenic differentiation; 2) miR-
351 is a negative regulator of osteoblast differ-
entiation of MSCs induced by (+)-cholesten-
3-one; 3) VDR is a direct target of miR-351. 

(+)-cholesten-3-one induce-MSCs osteogenic 
differentiation. Therefore, we further confirm 
that miR-351 is a negative regulator of osteo-
blast differentiation of MSC induced by 
(+)-cholesten-3-one. 

The MSCs used in this study are osteoblasts. 
As an osteoblast cell line, MSCs have been 
used in various bone-related studies, including 
investigations of osteoporosis, bone formation, 
and osteoblast proliferation. In this study, 
MSCs were used to evaluate osteogenic differ-
entiation, as assessed by the expression of 
osteogenic markers and Alizarin Red staining. 
The increased expression of ALP, collagen II 
and RUNX2, improved and mineralized nodules 
all suggest enhanced osteogenic differentia-
tion. miRNAs down-regulate target genes by 

Figure 4. miR-351 regulated VDR downstream signaling. The miR control or 
miR-351 or anti miR-351 were transfected into MSCs. The mRNA and protein 
levels of VDR downstream signaling (OPN, RUNX2) proteins were detected by 
qRT-PCR and western blot, respectively. A. qRT-PCR detection of mRNA ex-
pression of osteogenic markers in miR-351 or anti miR-351 transfected MSCs 
during osteogenic differentiation. *P<0.05 vs. miR control group. #P<0.05 
vs. miR-351 group. B. Western blot detection of protein expression of OPN, 
RUNX2 in miR-351 or anti miR-351 transfected MSC during osteogenic dif-
ferentiation. C. Comparison of the density between the experimental groups. 
miR control group: MSCs transfected with miR control; miR-351 group: MSCs 
transfected with miR-351 mimic; anti miR-351 group: MSCs transfected with 
anti miR-351. *P<0.05 vs. miR control group. #P<0.05 vs. miR-351 group.

These findings suggest that 
miR-351-VDR signaling path-
way is an important part of 
the regulatory machinery invol- 
ved in early osteogenesis, 
and that the miR-351-VDR 
signaling pathway might be a 
key target for drug develop-
ment in bone repair and 
regeneration.

An important finding of the 
present study is that miR-
351 is down regulated dur- 
ing (+)-cholesten-3-one indu- 
ce-MSCs osteogenic differ-
entiation. The previous study 
reported that miR-351 pro-
moted cellular antiviral activ-
ities [20], regulated develop-
ment of the neural stem cell 
[21], promoted muscle re- 
generation [22], regulated 
two-types of cell death [23] 
and behaviors of MSCs [24]. 
However, little is understood 
about the roles of miR-351 in 
the osteogenic differentia-
tion of MSCs. We hypothe-
size that miRNAs targeting 
the positive regulator during 
osteogenic differentiation of 
MSCs are important. In our 
results, our microarray data 
and qRT-PCR identified miR-
351 to be down-regulated in 
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either promoting mRNA degradation or inhibit-
ing their translation and play significant roles in 
cell proliferation and differentiation. Moreover, 
altered miRNA expression has been identified 
in bone metabolism and other bone diseases. 
Therefore, it is important to identify specific 
miRNAs and their targets that are involved in 
MSCs regulation and investigate the detailed 
mechanisms of osteogenic differentiation. 

Cell fate transition from stem cell to differentia-
tion involves not only positive regulators but 
also negative regulators that suppress differen-
tiation. More and more miRNAs have been 
reported to have positive regulation of osteo-
genic differentiation, including miR-335-5p tar-
geting DDK1 [25], miR-20a/b targeting PPARc 
[26, 27], miR-15 targeting Smurf1 [28], miR-
214 down-regulated PTEN [29] and miR-let-7 
down-regulate Axin2 in human MSCs [30]. Only 
a few miRNAs have been reported to suppress 
osteogenic differentiation [31, 32]. In this 
study, the decrease in the expression of miR-
351 during osteoblast differentiation prompted 
us to test if miR-351 inhibits osteoblast differ-
entiation. We investigated the action of miR-
351 in the process of osteoblastogenesis. MiR-

target genes that have an established function 
in promoting osteogenesis using target predic-
tion tools like Pictar and Target scan. 
Interestingly, it was observed that the VDR is 
one target of miR-351. Our previous study 
showed that VDR positively regulates osteo-
blast differentiation induced by (+)-cholesten-
3-one, this is the reason why we choose VDR as 
the target gene. VDR has a key role in the dif-
ferentiation of MSCs to bone and cartilage [33]. 
Using a luciferase VDR 3’UTR reporter gene, we 
show that over-expression of mimic miR-351 
suppressed the luciferase activity of the report-
er construct. However, this effect was abol-
ished when luciferase reporter containing a 
mutant 3’UTR of VDR was co-transfected with 
mimic miR-351, thus confirming the specificity 
of action. In the present study, we found that 
miR-351 could significantly inhibit the osteo-
genic differentiation of MSCs. This study pro-
vides evidence that VDR was predicted to be 
one of the target genes of miR-351 via bioinfor-
matic analysis, and via direct targeting of miR-
351 to 3’UTR region of VDR mRNA. 
Overexpression of VDR markedly reversed the 
effects of miR-351 overexpression, indicating 
that VDR was the effector of miR-351 in the 

Figure 5. VDR rescues the inhibitory effect of miR-351 on osteoblast differ-
entiation of MSCs. Primary osteoblasts expressing miR-351 were transfected 
with either the VDR-expressing or control plasmid into MSCs of (+)-cholesten-
3-one promotes the osteogenic differentiation. Subsequently, AR-S and West-
ern blot was analyzed. A. AR-S indicated the level of calcium mineral deposi-
tion. B. Western blot detection of protein expression of osteogenic markers 
was analyzed. C. Comparison of the density between the experimental groups. 
miR control group: MSCs transfected with miR control; miR-351 group: MSCs 
transfected with miR-351 mimic; anti miR-351 group: MSCs transfected with 
anti miR-351. *P<0.05 vs. miR control group. #P<0.05 vs. miR-351 group.

351 over-expression inhibi- 
ted osteoblast differentia-
tion. In contrast, over-expres-
sion of anti-miR-351 in- 
creased osteoblast differen-
tiation as assessed by ALP, 
collage II. MiR-351 over-
expression also decreased 
the mineral nodule forma-
tion. Our data suggested 
miR-351 as a negative regu-
lator of osteoblast differenti-
ation of MSCs. These find-
ings may provide a new 
regulatory role of miR-351 in 
the process of osteogenic 
differentiation. In the cell 
fate-specific type, miR-351 
only brake on the osteogenic 
initiation, because releasing 
the brake results in en- 
hanced osteogenic differen-
tiation of MSCs. 

To study the molecular mech-
anism by which miR-351 reg-
ulates osteoblastogenesis, 
we searched for potential 
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osteogenic differentiation of MSCs. Following 
osteoblast differentiation induced by (+)-cho-
lesten-3-one, miR-351 was significantly down-
regulated and VDR was released from miR-351 
inhibition, thereby facilitating the escape of 
MSCs from the quiescent state into osteogenic 
differentiation. 

The results of the present study have several 
important clinical implications. First, Osteopo- 
rosis leads to heavy economic burdens [34]. 
Understanding of differentiation of MSCs to 
develop effective drugs for the prevention and 
treatment of postmenopausal osteoporosis is 
vital, alterations in the balance between osteo-
blast and adipocyte differentiation of MSCs can 
lead to osteoporosis and other bone-related 
degenerative diseases. The earliest symptoms 
of Osteoporosis present as a relative deficit. 
Therefore, sensitive and specific biomarkers for 
early detection are urgently needed. In this 
study, we found that miR-351 was decreased 
significantly in early osteogenic differentiation. 
Thus, the miR-351 may be potential biomark-
ers for the early diagnosis of Osteoporosis. 
Second, currently, there are no therapies to 
prevent the progression of Osteoporosis. Vi- 
tamin D has been used in clinics to stimulate 
bone formation and treat osteoporosis. How- 
ever, long-term trials showed that these drugs 
had no effects on the prevention of hip frac-
ture. The side-effects, such as hypercalcemia, 
also affect long-term administration [35]. We 
find that miR-351 functions as a negative regu-
lator of osteogenesis by repressing VDR expres-
sion, which in turn, may result in suppression of 
VDR signaling pathway. Hence, pharmacologi-
cal inhibition of miR-351 could represent a 
therapeutic strategy for enhancing bone forma-
tion in osteoporosis. Third, our study employing 
a screen of miRNA array profiling provided an 
example of highly efficient miRNAs identifica-
tion and functional dissection of the miRNAs-
VDR pathway regulating stem cell fate. Further 
studies on the identified miRNAs-VDR network 
will not only help us understand the critical 
molecular switches on osteogenic differentia-
tions of MSCs but also facilitate the character-
ization of the miRNAs basis of bone diseases 
as well as the development of new therapies to 
treat them.

In conclusion, our study uncovered that miR-
351 functions as a negative regulator of osteo-

genic differentiation of MSCs by repressing 
VDR expression, which in turn, results in sup-
pression of the VDR signaling pathway. Thus, 
miR-351 should be considered an important 
candidate as an osteoblast differentiation of 
MSCs molecular target for the development of 
preventive or therapeutic approaches against 
osteogenic disorders.
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