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MicroRNA-92a overexpression promotes the osteogenic
differentiation of bone mesenchymal stem cells by impeding
Smad6-mediated runt-related transcription factor 2 degradation
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Abstract. Bone mesenchymal stem cells (BMSCs) are
an important source of stem cells for tissue repair and
regeneration; therefore, understanding the mechanisms
that regulate stem cell differentiation in a specific lineage
is critical. Runt-related transcription factor 2 (Runx2) is a
bone-specific transcription factor that serves an important
role in promoting osteogenic differentiation. However, Runx2
protein levels are regulated by the ubiquitin-proteasome
pathway. Previous research has identified that Smad6 can
interact with Runx2 and enhance Smurfl-induced Runx2
degradation in a ubiquitin-proteasome-dependent manner.
Bioinformatics analysis demonstrated that miR-92a can target
Smad6. To characterize the regulatory effect of miR-92a on
osteogenic differentiation of BMSCs and assess the interac-
tive association between Smad6 and miR-92a, BMSCs were
obtained from mice and miR-92a or Smad6 overexpression
vectors were constructed. Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) and western blots were
used to analyze the expression of miR-92a and Smad6, and
the luciferase reporter assay was used to examine the interac-
tion between miR-92a and Smad6. BMSCs were induced in
osteogenic differentiation media for 21 days. The alkaline
phosphatase activity was assessed and Alizarin Red histo-
chemical staining was also performed. The results suggested
that the expression of miR-92a suppressed Smad6-mediated
Runx2 degradation by direct integration with the 3'-UTR of
Smad6 mRNA, which was confirmed by a luciferase reporter
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assay. In addition, the expression of miR-92a promoted the
osteogenic differentiation of BMSCs. However, the regula-
tory effect of miR-92a was inhibited by overexpression of
Smad6. Taken together, the results suggest that miR-92a
expression inhibits the osteogenic differentiation of BMSCs
by targeting Smad6.

Introduction

Stem cells, which are characterized by their self-renewal and
multilineage differentiation capacity, have recently attracted
attention for their potential medicinal applications (1). The
process of osteogenic differentiation is known to involve many
regulatory transcriptional factors. Runt-related transcription
factor 2 (Runx2) has been identified as akey transcription factor
in the early stage of osteogenesis (2,3). Runx2 may regulate
osteogenic differentiation by targeting several bone-specific
transcriptional factors (4,5). Runx?2 is also an important regu-
lator of chondrocyte differentiation and maturation. Evidence
showing an alteration of chondrocyte maturation in long
bones of Runx2 null mutant mice, as well as in cell culture
studies, indicate that Runx2 is a positive regulator of chon-
drocyte differentiation (6-8). Under-expression of Runx2 in
proliferating chondrocytes induces chondrocyte hypertrophy
and partially rescues the chondrocyte phenotype of Runx2
null mutant mice (9,10). Selective inactivation of Runx2 in
chondrocytes results in severe shortening of the limbs due to a
disturbance in chondrocyte differentiation (11). Fan et al have
shown that the CREB-Smad6-Runx?2 axis is involved in osteo-
genesis dysfunction of bone mesenchymal stem cells (BMSCs).
Smad6 can interact with Runx2 and enhance Smurfl-induced
Runx?2 degradation in a ubiquitin-proteasome-dependent
manner (12,13), suggesting that suppressed expression of
Smad6 may promote osteogenic differentiation in BMSCs.

How to effectively promote BMSC osteogenic differentia-
tion has become a core issue in bone repair or regeneration.
Bioinformatics analysis has found that miR-92a can target
Smad6 by direct integration with the 3'-UTR of Smad6 mRNA
(http://www.targetscan.org/), suggesting that miR-92a expres-
sion of may promote the osteogenic differentiation of BMSCs
by targeting Smad6.
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To define the function and regulatory mechanisms of
miR-92a in the osteogenic differentiation of BMSCs, BMSCs
were obtained from mice and miR-92a or Smad6 overexpression
vectors were constructed. Reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) and western blots
were used to analyze miR-92a and Smad6 expression, and a
luciferase reporter assay was used to examine the interaction
between miR-92a and Smad6. BMSCs were induced in osteo-
genic differentiation media for 21 days and then analyzed by
alkaline phosphatase (ALP) activity and Alizarin Red histo-
chemical staining. The results may improve our knowledge
of the epigenetic mechanisms governing BMSC osteoblastic
lineage differentiation, which would benefit the development
of bone tissue engineering or cell therapy based on BMSCs.

Materials and methods

Ethics statement. BALB/C mice (6-8 weeks old) were
obtained from the Shanghai SLAC Laboratory Animal Co.,
Ltd. (Shanghai, China). All animal studies were performed in
accordance with the Guide for the Care and Use of Laboratory
Animals. All study protocols were approved by the Scientific
Research Projects Approval Determination of the Ethics
Committee of the 455th Hospital of PLA.

Isolation and characterization of BMSCs. BMSCs were
harvested from 6- to 8-week-old mice as described previ-
ously (14). Mice were euthanized and both femurs and tibiae
were aseptically removed. Then the ends of the femurs and
tibiae were cut and the bone marrow was flushed out and
diluted 1:2 with phosphate buffer solution and loaded in a 5 ml
Percoll (density, 1.077, Pharmacia Biotech, Uppsala, Sweden).
Cells were harvested from the interface after centrifugation
at 2,000 x g for 20 min and washed with Dulbecco's modified
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific,
Inc., Waltham, MA, USA). They were then resuspended in
low-glucose DMEM containing 10% fetal bovine serum
(HyClone; GE Healthcare Life Sciences, Logan, UT, USA),
100 U/ml penicillin, 100 g/ml streptomycin, and incubated at
37°C. Cells of the 2nd to Sth passages were used in this study.

For BMSC characterization, cells were seeded again at
1:4 density ratios and tested by immunofluorescence, with posi-
tive results for CD29, CD44, CD90, and CD105, but negative
results for hematopoietic markers such as CD34 and CD45.

For multiple differentiation capacity assays, BMSCs were
cultured for 3 weeks in either adipogenic differentiation media
or osteogenic differentiation media (Cellular Engineering
Technologies Inc., Coralville, IA, USA). Oil-red O stain or
ALP were used to identify the multiple differentiation capaci-
ties of BMSCs.

Transfection of cells with the miR-92a mimics vector, Smad6
overexpression vector or treatment with miR-92a inhibitor. For
miR-92a overexpression, the miR-92a mimic or corresponding
negative control (miR-NC) were purchased from GenePharma
(Shanghai, China). BMSCs were transfected with either the
miR-92a mimic or miR-NC at a final concentration of 50 nM
using Lipofectamine® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) according to the manufacturer's protocol.
Cells were used for miR-92a expression analysis or other

YAN et al: miR-92a OVEREXPRESSION PROMOTES OSTEOGENIC DIFFERENTIATION

experiments after 48 h of transfection. For miR-92a inhibition,
BMSCs were treated with a miR-92a inhibitor (Invitrogen;
Thermo Fisher Scientific, Inc.) for 48 h, then BMSCs were
collected for further experiments.

For Smad6 overexpression, human Smad6 cDNA with the
3'-UTR was cloned into a pMSCV-hygro vector. The primers
corresponded to the NCBI reference sequence (AF202257.3)
and were as follows: Forward, 5'-CAGAGCTCATGTTCA
GGTCTAAACG-3' and reverse, 5'-GGTCTAGACTATCTG
TGGTTGTTGAGT-3". The Smad6 cDNA was inserted into
a pMDI8-T Simple Vector (Takara Bio, Inc., Otsu, Japan) to
form pMDI18-T-Smad6. After sequencing, the recombinant
segment of the correct clone was digested by BamHI and Xbal
(Takara Bio, Inc.). The recombinant segment was inserted
into pMSCV-hygro after digestion by the same two restric-
tion endonucleases. The pMSCV-hygro-Smad6 clones were
sequenced and the correct clones were amplified and identified
by restriction enzyme digestion.

RT-qPCR for the detection of miR-92a. Total RNA was
isolated using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). RT was performed using the RT-PCR system
(Promega, Shanghai, China). RT-qPCR was performed in a
final reaction volume of 20 ul using SYBR®-Green I Supermix
(Takara Biotechnology Co., Ltd., Dalian, China) according to
the manufacturer's protocol. All reactions were run in tripli-
cate on a iCycler IQ Multicolor Detection System (Bio-Rad
Laboratories, Inc., Hercules, CA, USA) with the following
cycling parameters: 95°C for 10 sec followed by 40 cycles of
94°C for 15 sec, annealing at 55°C for 30 sec, and a final exten-
sion at 70°C for 30 sec. All quantifications were normalized
to the level of human U6 snRNA in the same reaction. The
comparative quantification (Cq) cycle method (244°%), which
compares differences in Cq values between common reference
RNA and target gene RNA, was used to obtain the relative
fold-changes in gene expression. The miR-92a primers for
PCR were designed by GenePharma.

MTT assay. Cell toxicity was measured with an MTT assay to
detect NADH dependent dehydrogenase activity. Fifty micro-
liters of MTT solution (5 mg/ml) in 1X phosphate-buffered
saline were directly added to the cells, which were then
incubated for 2 h to allow MTT to metabolize to formazan.
Absorbance was measured at a wavelength of 540 nm using an
ELISA reader (Beckman Coulter, Inc., Brea, CA, USA).

Osteoblastic differentiation. To identify the effect of miR-92a
and Smad6 on osteoblastic differentiation, BMSCs were
transfected with miR-92a or the Smad6 overexpression vector
or treated with a miR-92a inhibitor after BMSCs reached
70-80% confluence in basal medium. Then the medium was
changed to osteogenic differentiation media to allow the cells
to differentiate into osteoblasts and then cultured for 21 days,
with fresh culture medium changed every 3 days.

ALP activity assay and Alizarin red staining. BMSCs were
seeded into 96-well plates at a density of 2x10° cells/well
and cultured in routine medium or mineralization-inducing
medium (MM) containing a-MEM, 10% fetal bovine serum,
100 U/ml penicillin, 100 ug/ml streptomycin, 100 M ascorbic



acid, 2 mM 2-glycerophosphate, and 10 nM dexamethasone.
The ALP activity assay was performed using an ALP activity
kit (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and
the activity was normalized to total protein content in the cell.
Alizarin red staining was performed after treatment on day 21.
Calcified nodules were stained using 10% cetylpyridinium chlo-
ride in 10 mM sodium phosphate (pH 7.0). Calcium concentration
was determined by measuring the absorbance at 526 nm with a
universal microplate reader (BioTek Instruments, Inc., Winooski,
VT, USA). This experiment was performed in triplicate and the
results are presented as the mean + standard deviation (SD).

Luciferase reporter assay. To construct luciferase reporter
vectors, the 3'-UTR of Smad6 cDNA fragments containing
the predicted miR-92a binding sites were amplified by PCR
and subcloned downstream of the luciferase gene in the
PYr-MirTarget luciferase vector (Ambion; Thermo Fisher
Scientific, Inc.). The 3'-UTR of Smad6 (containing the binding
sites for miR-92a) was amplified from a cDNA library with
the following primers: Forward, 5'-CTCGAGCGTAATTAT
TTATATATGGTGCAATGTG-3' and reverse, 5'-GCGGCC
GCGGTCTGGGCATTAATATTT-3". The mutant 3'-UTR of
Smad6 (in which six nucleotides were mutated in the binding
sites) was amplified using the following primer sequences:
Forward, 5'-CTCGAGCGTAATTATTTATATATGCAC
GTTGTG-3' and reverse, 5-GCGGCCGCGGTCTGGGCA
TTAATATTT-3".

For luciferase assays, HEK293T cells were cultured in
24-well plates and co-transfected with 50 ng of the corre-
sponding vectors containing firefly luciferase together with
50 ng of miR-92a or the control. Transfection was performed
using Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). At 48 h post-transfection, the relative luciferase
activity was calculated by normalizing the firefly luminescence
to the Renilla luminescence using the Dual-Luciferase Reporter
Assay (Promega Corporation, Madison, WI, USA) according to
the manufacturer's instructions.

Western blot analysis. Western blot analysis was carried out
using cell lysates in urea buffer (§ M urea, 1 M thiourea, 0.5%
CHAPS, 50 mM dithiothreitol, 24 mM spermine). Protein
fractions were prepared using cytoplasmic extraction reagents
(Pierce; Thermo Fisher Scientific, Inc.) following manufac-
turer's protocols. GAPDH was used as a loading control.
Samples (40 pg total protein) were separated on SDS-PAGE
and transferred to nitrocellulose membranes (EMD Millipore,
Billerica, MA, USA). After blocking in 5% nonfat milk for 1 h,
the membranes were incubated with primary antibodies against
Smad6 (1:1,000), Runx2 (1:200), osteopontin (OPN, 1:200),
osteocalcin (OCN, 1:200), osterix (OSX, 1:200) and GAPDH
(1:2,000), respectively, at 4°C overnight. After washing, the
membranes were incubated with horseradish peroxidase-conju-
gated secondary antibodies for 1 h at room temperature. Signals
were detected using an ECL detection system (GE Healthcare,
Aurora, OH, USA) and analyzed with ImageJ 1.42q software
(National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. Results are expressed as the mean + SD.
Statistical significance was evaluated by one-way analysis of
variance followed by the Tukey-Kramer multiple comparison
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Figure 1.(A) Bone mesenchymal stem cells (BMSCs) showingatypical cobble-
stone-like morphology. Magnification, X200x. (B-H) Immunofluorescence
analysis of stem cells markers in isolated BMSCs. Detection of cell surface
markers by immunofluorescence staining with antibodies against (B) CD29,
(C) CD44, (D) CD90, (E) CD105, (F) CD34, and (G) CD45 labeled with FITC
(green color) or PE (red color). (H) A negative FITC IgG isotype control was
included. Magnification (200x). (I) Oil-red O staining. Magnification, x200.
(J) ALP staining. Magnification, x200.

test and by Student's t-test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Isolation and identification of BMSCs with stem cell markers.
In order to identify if the expression of miR-92a can promote
osteogenic differentiation in BMSCs, BMSCs were isolated
from mice. The predominant cells after 9-10 days of culture
were morphologically homogeneous and spindle-shaped, and
most of them were mesenchymal stem cells (Fig. 1A). Isolated
BMSCs were labeled with different cell surface markers to
verify that the isolated cells were truly mesenchymal stem
cells. The results show that BMSCs were positive for the MSC
markers CD29, CD90, CD44, and CD105 and negative for the
endothelial markers CD34 and CD45 (Fig. 1B-H), indicating
that the isolated cells were BMSCs. Oil-red O staining and
ALP activity showed the adipogenic (Fig. 1I) and osteogenic
differentiation (Fig. 1J) potential of BMSCs under adipogenic
or osteogenic induction conditions.

miR-92a expression promotes osteogenic differentiation of
BMSCs. To identify if miR-92a expression can promote the
osteogenic differentiation of BMSCs, miR-92a overexpression
and miR-92a mimic vectors were constructed and transfected
into BMSCs and cultured for 48 h. For the inhibition of
miR-92a expression, BMSCs were pretreated with a miR-92a
inhibitor for 48 h. The results show that miR-92a expres-
sion was significantly increased compared with the negative
control (NC), but decreased significantly after treatment with
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Figure 2. Expression of miR-92a promotes the osteogenesis of bone mesenchymal stem cells (BMSCs). (A) RT-qPCR shows miR-92a expression after trans-
fection with miR-92a mimics or treatment with miR-92a inhibitor for 48 h. (B) Cell viability was determined with an MTT assay. Data are presented as the
mean * SD, (n=5). (C and D) Alkaline phosphatase (ALP) histochemical staining assay showing the effect of miR-92a on the osteogenic ability of BMSCs
after being induced in osteogenic differentiation media for 21 days. ALP activities were evaluated by spectrophotometry. Data are presented as the mean + SD.
“"P<0.001 vs. the untreated control (n=5). Magnification, x400. (E and F) Mineralized bone matrix formation was evaluated by Alizarin Red staining after
BMSCs were induced in osteogenic differentiation media for 21 days. Mineralized nodule formation was assessed by Alizarin red staining. The stains were
eluted and measured at 590 nm. Data are presented as the mean + SD. "“P<0.001 vs. the untreated control (n=5). Magnification, x 200. (G) Western blot assess-

ok

ment of Smad6, Runx2, OPN, OCN, and OSX expression. (H-L) Quantification of relative protein expression. Data are presented as the mean + SD. " 'P<0.001

vs. the untreated control (n=3). NC, negative control; Runx2, runt-related transcription factor 2; OPN, osteopontin; OCN, osteocalcin; OSX, osterix.

a miR-92a inhibitor (Fig. 2A). The MTT assay showed that
both miR-92a overexpression and downregulation have not
significantly affected cell activity (Fig. 2B).

To identify if miR-92a expression can promote the osteo-
genic differentiation, BMSCs transfected with miR-92a mimic
or miR-92a-NC, or treated with a miR-92a inhibitor were
induced in osteogenic differentiation media for 21 days. Then
ALP activity (Fig. 2C and D) and Alizarin Red S staining
(Fig. 2E and F) were used to detect osteogenic differentiation.
The results show that miR-92a overexpression significantly
increased ALP activity and calcium deposition compared with
the control group. However, the ALP activity and calcium depo-
sition were decreased after treatment with a miR-92a inhibitor.

Western blot detection showed that miR-92a expression
suppressed Smad6 expression, which increased Runx2 expres-
sion indirectly. Previous studies have found that Runx2 is
upstream of OSX in the osteogenic differentiation signaling
pathway (15,16). Our study also verified that miR-92a overex-
pression promotes OCN, OPN, and OSX expression. However,
miR-92a-specific inhibitors suppressed Runx2 expression by
promoting Smad6, which then inhibited the relative protein
expression of osteogenic differentiation (Fig. 2G-L).

Smad6 overexpression reversed miR-92a induced osteogenic
differentiation of BMSCs. To identify if the promotion effect
of miR-92a on the osteogenic differentiation of BMSCs is
by downregulating Smad6, a Smad6 overexpression vector
was constructed and transfected into BMSCs. BMSCs were
cultured for 48 h and then analyzed with western blot (Fig. 3A)
and RT-qPCR (Fig. 3B). The results show that the expression

of Smad6 was significantly increased at both the protein and
mRNA level when Smad6 was overexpressed. After osteogenic
differentiation was induced in media for 21 days, ALP activity
(Fig.3C and D) and Alizarin Red S staining (Fig. 3E and F) were
used to detect osteogenic differentiation in BMSCs. The results
show that Smad6 overexpression reversed miR-92a induced
ALP activity and calcium deposition increased compared
with the control group. Western blot detection showed that the
expression of Smad6 decreased Runx?2 expression. Our study
also verified that Smad6 overexpression decreased miR-92a
induced OCN, OPN, and OSX expression (Fig. 3G-L).

Smadé6 is the direct target of miR-92a. To determine the
possible interaction between miR-92a and Smad6, we first
performed a bioinformatics screen for its possible target
genes using an online 3'-UTR binding site prediction database
(http://www.targetscan.org/). Overlap analyses showed that
miR-92a had a broadly conserved binding site. A mutated
version of the Smad6 3'-UTR was constructed in which six
complementary nucleotides in the binding site were altered
(Fig. 4A). This mutated construct was fused to the luciferase
coding region (PYr-Smad6 3'-UTR) and co-transfected into
HEK?293T cells along with miR-92a mimics. The relative lucif-
erase activity showed that when the wild-type Smad6 3'-UTR
was co-transfected with miR-92a mimics, Smad6 expression
was significantly decreased compared with co-transfection
with the control miRNA (Fig. 4B). However, this effect was
not observed after mutant 3'-UTR of Smad6, indicating that
miR-92a can specifically target and suppress the 3'-UTR of
Smad6. Western blot analyses further confirmed that miR-92a
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Figure 3. Smad6 overexpression reversed miR-92a induced osteogenesis of bone mesenchymal stem cells (BMSCs). (A) Western blotting and (B) RT-qPCR
analysis show the expression of Smad6 in BMSCs cells after transfection with the Smad6 overexpression vector or the NC vector for 48 h. Data are presented
as the mean = SD. “"P<0.001 vs. control (n=5). (C and D) Alkaline phosphatase (ALP) histochemical staining assay showing the effect of miR-92a on the
osteogenic ability of BMSCs. ALP activities were evaluated with spectrophotometry. Data are presented as the mean + SD. ““P<0.001 vs. the untreated control.
#P<0.001 vs. the mimic (n=5). Magnification, x400. (E and F) Mineralized bone matrix formation was evaluated with Alizarin Red staining after BMSCs
were induced in osteogenic differentiation media for 21 days. Mineralized nodule formation was assessed with Alizarin red staining. The stains were eluted
and measured at 590 nm. Data are presented as the mean = SD. ““P<0.001 vs. the untreated control. ##P<0.001 vs. the mimic (n=5). Magnification, x200.
(G) Western blot assessment of the expression of Smad6, Runx2, OPN, OCN, and OSX. (H-L) Quantification of relative protein expression. Data are presented

as the mean + SD. ""P<0.001 vs. the untreated control. “/P<0.001 vs. the mimic (n=3). NC, negative control; Runx2, runt-related transcription factor 2; OPN,
osteopontin; OCN, osteocalcin; OSX, osterix.
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Figure 4. Smad6 is a potential target of miR-92a. (A) Complementary sequences between miR-92a and the 3'-UTR of Smad6 mRNA were obtained using
publicly available algorithms. The mutated version of the Smad6 3'-UTR is also shown. (B) The 3'-UTR of Smad6 was fused to the luciferase coding region
(PYr-Smad6 3'-UTR) and co-transfected into HEK293T cells with miR-92a mimics to confirm that RGS-17 is the target of miR-203. The PYr-Smad6 3'-UTR
and miR-92a mimic constructs were co-transfected into HEK293T cells with a control vector and the relative luciferase activity was determined 48 h after

transfection. The data are expressed as the mean + SD. ""P<0.001 vs. the control. (C) Western blot analysis of Smad6 expression in BMSCs cells after transfec-
tion with miR-92a mimics (n=3). GAPDH expression levels were detected as an endogenous control.

expression significantly inhibited Smad6 expression in vitro  vector was constructed. Our data have provided the evidence that

(Fig. 4C). overexpression of miR-92a promotes osteogenic differentiation
of BMSCs by targeting Smad6. Shen et al have identified that
Discussion Smad6 can interact with Runx2 and enhance Smurfl-induced

Runx?2 degradation in a ubiquitin-proteasome-dependent
In this study, we investigated whether Smad6 could be used asa  manner (12,17). Runx2 expression was also increased with
potential target to promote osteogenic differentiation of BMSCs.  miR-92a overexpression, which resulted in increased ALP
BMSCs were isolated from mice and a miR-92a overexpression  activity and matrix mineralization capacity in BMSCs.
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Runx2 is an important osteoblast lineage-determining
transcription factor involved in directing osteoblastic differen-
tiation, and Runx2 appears to be the master gene in osteogenesis
as it induces the expression of OCN, OSX, and OPN, which are
required in terminal osteoblast differentiation (18,19). Our data
strongly suggest that miR-92a plays a major role in osteogenic
differentiation and functions in a Smad6-Runx2-dependent
manner, adding a new layer of control to the regulation of the
epigenetic program of osteogenesis. A previous report showed
that miR-92a may have the potential to promote osteoblast
proliferation and differentiation (20). However, our results show
that Runx2 expression was not affected by Smad6overexpression
in a miR-92a mimic treatment group in BMSCs from mice,
indicating that miR-92a can suppress Smad6 expression by
targeting the 3'-UTR of Smad6 at the mRNA level. This result
was confirmed with a bifluorescein reporting assay.

In conclusion, our in vitro study using transgenic BMSCs
is the first demonstration that miR-92a can induce osteo-
genesis. Our findings are also consistent with the ability of
miRNA-modified BMSCs to promote osteoblast differentiation
by targeting Smad6. Although our results are very promising,
further experimentation will be needed to investigate whether
miRNA-modified BMSCs could also promote osteogenesis
with miR-92a-modified BMSCs in vivo. Despite these limita-
tions, our study supports the therapeutic promise of miR-92a
in promoting osteogenic differentiation.
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