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miR-21 synergizes with BMP9 in osteogenic differentiation
by activating the BMP9/Smad signaling pathway
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Abstract. Bone morphogenetic proteins (BMPs), particularly
BMP9, have been shown to promote the osteogenic differentia-
tion of murine multilineage cells (MMCs) and to promote bone
formation in bone diseases; however, the mechanisms involved
remain poorly understood. MicroRNAs (miRNAs or miRs)
have been proven to regulate mesenchymal stem cell (MSC)
differentiation. In this study, we identified a novel mechanism
that unravels the functional axis of a key miRNA (miR-21)
which contributes to BMP9-induced osteogenic differentiation.
We screened differentially expressed miRNAs in MMCs during
BMPO9-induced osteogenic differentiation and found that miR-21
was significantly upregulated by BMP9 during the osteogenesis
of MMC:s. Furthermore, miR-21 was confirmed to promote the
osteogenic differentiation of the MMCs by suppressing Smad7,
which negatively regulates the osteogenic differentiation of
MMCs. The upregulation of miR-21 may promote the osteogenic
differentiation of MMCs in synergy with BMP9. The findings
of our study revealed a novel function of miR-21, and suggest
that the overexpression of miR-21 contributes to bone forma-
tion by promoting BMP9-induced osteogenic differentiation.
Our data may provide a molecular basis for the development
of novel therapeutic strategies to treat bone diseases, such as
osteoporosis and other inflammatory bone diseases.

Introduction

Bone remodeling is regulated by both the number and activity
of osteoblasts and osteoclasts. Osteoblast lineage commitment,
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proliferation and differentiation are controlled by a well-
defined genetic program. MicroRNAs (miRNAs or miRs) are
non-coding RNAs, ~22 nucleotides in length that are involved
in the regulation of gene expression, coordinating a broad
spectrum of biological processes (1). In mammals, the active
strand miRNA sequence of ~22 nucleotides partially recog-
nizes the complementary miRNA recognition element (MRE)
or seed-matched sequences located mostly in the 3'-untrans-
lated region (UTR) of mRNAs (2,3). miRNAs have emerged
as important post-transcriptional regulators of gene expres-
sion (4-9). Aberrant miRNA destabilization is associated with
various developmental abnomalities and human diseases. The
elevated expression of miR-21 has been observed in multiple
types of tumors, and the suppression of miR-21 in tumors has
been shown to lead to reduced cell proliferation and migration,
suggesting that miR-21 acts as an oncogene (10-19).

Several studies have focused on miRNAs being modulated
by bone morphogenetic protein (BMP) signaling as a means
to demonstrate the role of miRNAs in osteoblasts (9,20,21).
BMP7 was identified as a direct target of miR-542-3p; it was
observed that the overexpression of miR-542-3p suppresses
BMP7 and inhibits BMP7/phosphoinositide 3-kinase (PI3K)-
survivin signaling. However, the inhibition of miR-542-3p
by anti-miR-542-3p led to increased bone formation (22).
miR-21 has been shown to modulate the extracellular
signal-regulated kinase (ERK)-mitogen-activated protein
kinase (MAPK) signaling pathway by suppresing sprouty
homolog 2 (Drosophila) (SPRY?2) expression during mesen-
chymal stem cell (MSC) differentiation (23). Another study
indicated that suppressing the expression and function of miR-21
may contribute to the tumor necrosis factor-o. (TNF-a)-induced
inhibition of bone formation in estrogen deficiency-induced
osteoporosis (24).

There are at least 14 BMPs in mammalian cells. BMP2,
BMP4, BMP6, BMP7 and BMP9 have been shown to induce
MSC differentiation into osteoblasts. We have previously
demonstrated that BMP9 is one of the most potent osteogenic
BMPs (25). Therefore, the role of miR-21 in BMP9-induced
osteogenic differentiation is of interest for the development of
therapies for bone fractures and bone diseases, such as post-
menopausal osteoporosis.
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In the present study, a key miRNA (miR-21) was upregu-
lated in murine multilineage cells (MMCs) by BMP9. We
hypothesized that the upregulation of miR-21 may activate the
BMP9/Smad signaling pathway to sustain BMP9/Smad activa-
tion during MMC osteogenic differentiation.

Materials and methods

Celllines and culture. The HEK-293 (human embryonic kidney),
HCT116 (colorectal carcinoma) and C2C12 (murine myoblasts)
cell lines, and mouse embryonic fibroblasts (MEFs) were
obtained from the American Type Culture Collection (ATCC;
Manassas, VA, USA). The HEK-293 cells were maintained
in complete Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal calf serum (FCS) (HyClone,
Logan, UT, USA), 100 U/ml penicillin and 100 gxg/ml strep-
tomycin at 37°C in 5% CO,. The C2C12 and HCT116 cells
and MEFs were maintained in DMEM, supplemented with
10% fetal bovine serum (FBS) (Gibco, Grand Island, NY,
USA), 100 U/ml penicillin and 100 pg/ml streptomycin at 37°C
in 5% CO,.

Oligoribonucleotide transfection assay. Oligoribonucleotides
for the regulation of miRNA expression were obtained
from GenePharma (Shanghai, China). mmu-miR-21 mimics
(miR-21) were simple-stranded RNA oligonucleotides with
similar biological functions to mature endogenous miR-21, and
mmu-miR-21 inhibitors (anti-miR-21) were designed to down-
regulate endogenous miR-21 expression. The sequences for each
oligonucleotide are listed in Table I. Both oligonucleotides had
their own negative control (NC). Entranster™ R4000 (Engreen
Biosystems, Beijing, China) was utilized according to the manu-
facturer's instructions. The transfection assay was conducted
based on a previously described protocol (26).

The C2C12 cells and MEFs were transfected with 100 nM of
either a non-targeting small RNA oligonucleotide as a negative
control (miR.NC) or miR-21 mimic, or mmu-miR-21 inhibitor
in a well in a 24-well plate or 500 nM of the above in a well in a
6-well plate. The transfection efficiency was determined under
a fluorescence microscope.

Preparation of BMP9-conditioned medium. BMP9 and condi-
tioned media were prepared as previously described (27). Briefly,
subconfluent HCT116 cells (in 75-cm? flasks) were infected with
an optimal titer of Ad-BMP9 or Ad-GFP control. At 8 h post-
transfection, the culture medium was changed to serum-free
DMEM. The conditioned medium was collected 48 h post-
transfection and used immediately. The C2C12 cells and MEFs
were treated with Ad-BMP9- or Ad-GFP-conditioned medium
for 9 days. As a blank group, cells were treated with conditioned
medium without Ad-BMP9 or Ad-GFP and the other teatment
conditions were same as those for the Ad-BMP9 or Ad-GFP
groups.

Reverse transcription-polymerase chain reaction (RT-PCR).
Total RNA was isolated from the cells using TRIzol
reagent (Ambion, Aukland, New Zealand) according to the
manufacturer's instructions for the analysis of mRNA and
miRNA expression. The RNA concentration and purity
were quantified using a spectrophotometer (NanoDrop 1000
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Spectrophotometer; Thermo Fisher Scientific Inc., Waltham,
MA, USA). The isolated RNA was used for successive
experiments. Total RNA (2,000 ng) was reverse transcribed
using reverse transcription primers according to the manufac-
turer's instructions (Reverse Transcriptase M-MLV, Takara
Code: D2639A, Takara Bio Inc., Otsu, Japan). The primers
used for RT-PCR and quantitative PCR (qPCR; RT-qPCR)
are listed in Table II. The specificity of the PCR products was
confirmed by resolving PCR products on 1% agarose gels.
The results were recorded using the Bio-Rad Electrophoresis
Documentation system (GelDoc 1000; Bio-Rad Laboratories,
Hercules, CA, USA) and Quantity One software, version 4.5.0.

Quantitative (real-time) PCR. cDNA was utilized as a
template to amplify target genes, along with SYBR Premix
Ex Taq (Takara Bio Inc.). Each RNA sample was evaluated
in triplicate. Gene expression results were analyzed using the
AACt method, and miR-21 was normalized to U6 and Smad7
to B-actin expression. gJPCR was performed on a Bio-Rad iQ5
instrument (Bio-Rad, Hercules, CA, USA). Data were analyzed
using Optical System software, version 2.0.

Alkaline phosphatase (ALP) staining. ALP staining was
monitored using a Fast Violet B Salt kit (procedure no. 85; Sigma-
Aldrich, St. Louis, MO, USA), as previously described (28).
Briefly, we seeded the C2C12 cells and MEFs in 24-well
cell culture plates and treated them with GFP-conditioned
medium (CM), BMP9-CM, miR.NC + BMP9-CM,
miR-21 + BMP9-CM, or anti-miR-21 + BMP9-CM for 7 days.
One Fast Violet B Salt capsule (FBS25-10CAP) was dissolved
in 48 ml distilled water and 2 ml naphthol AS-MX phosphate
alkaline solution (N4875) (both from Sigma-Aldrich). The cells
were fixed by immersing them in a citrate-buffered acetone
solution (2 parts citrate to 3 parts acetone) for 30 sec and were
then rinsed in deionized water for 45 sec. The samples were
then placed in the dark to undergo ALP staining for 30 min.
After 2 min of rinsing in deionized water, the cells were
treated with Mayer's hematoxylin solution for 10 min. Cells
were scanned at both a lower [cells in a 24-well plate were
scanned under a scanner (ScanMaker 3600; Shanghai Microtek
Technology Co., Ltd., Shanghai, China)] and higher magnifica-
tion (cells scanned under a bright field microscope, x200).

Alizarin red S staining. We seeded the C2C12 cells and MEFs
in 24-well cell culture plates and treated them with GFP-CM,
BMP9-CM, miR.NC + BMP9-CM, miR-21 + BMP9-CM, or
anti-miR-21 + BMP9-CM for 14 days. The cells were fixed
in 0.05% ice-cold glutaraldehyde for 10 min and rinsed with
double-distilled H,O. The cells were then stained with 40 mM
Alizarin red S (Sigma-Aldrich), pH 4.0, for 15 min with gentle
agitation. The cells were rinsed 5 times with double-distilled
H,O and then rinsed for 15 min with 1X phosphate-buffered
saline (PBS) while being gently agitated. Cells were scanned
at both a lower [cells in a 24-well plate were scanned
under a scanner (ScanMaker 3600; Shanghai Microtek
Technology Co., Ltd.)] and higher magnification (cells scanned
under a bright field microscope, x200).

miRNA target site prediction. The target prediction tools,
TargetScan (http:/www.targetscan.org), PicTar (http:/pictar.
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Table I. Oligoribonucleotide information.
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Sense (5'-3")

Antisense (5'-3")

mmu-miR-21

mimic (miR-21)
mmu-miR-21

inhibitor (anti-miR-21)

Negative control (NC)

UUC UCC GAA CGU GUC ACG UTT

UAGCUUAUCAGACUGAUGUUGA

UCAACAUCAGUCUGAUAAGCUA

ACG UGA CAC GUU CGG AGA AIT

Inhibitor NC CAGUACUUUUGUGUAGUACAA
Mimic NC UUGUACUACACAAAAGUACUG
Stable NC UUC UCC GAA CGU GUC ACG UTT

ACG UGA CAC GUU CGG AGA AIT

Table II. Primers used for RT-qPCR.

Gene symbol

Sequence (5'-3")

mmu-miR-21

Mouse OCN (F) TCTGACAAAGCCTTCATGTCC
Mouse Smad7 (F) AAGATCGGCTGTGGCATC
Mouse [3-actin (F) CCTGAGGCTCTTTTCCAGCC
Mouse GAPDH (F) ACCCAGAAGACTGTGGATGG

(F) TGGCGTAGCTTATCAGACTGA
U6 (F) CTCGCTTCGGCAGCACATATACT

(R) GTGCAGGGTCCGAGGT
(R) ACGCTTCACGAATTTGCGTGTC
(R) AAATAGTGATACCGTAGATGCG
(R) CCAACAGCGTCCTGGAGT

(R) TAGAGGTCTTTACGGATGTC
(R) CACATTGGGGGTAGGAACAC

OCN, osteocalcin; F, forward; R, reverse; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

Table III. Smad7 mRNA 3'-UTR binding to miR-21 sequence.

Gene name

Sequence (5'-3")

Smad7 wild-type

(F) CTAGGCTCAATGAGCATGTTTAGAATTTAACATAAGCTATTTTTCTAACTACAAAGG

(R) AGCTCCTTTGTAGTTAGAAAAATAGCTTATGTTAAATTCTAAACATGCTCATTGAGC

Smad7 mutant-type

(F) CTAGGCTCAATGAGCATGTTTAGAATTTAACATATCGAATTTTTCTAACTACAAAGG

(R) AGCTCCTTTGTAGTTAGAAAAATTCGATATGTTAAATTCTAAACATGCTCATTGAGC

F, forward; R, reverse.

mdc-berlin.de/) and miRanda (http://www.microrna.org), were
utilized in order to identify possible target genes of miR-21 in
BMP9-induced osteogenic differentiation. Computational target
prediction was primarily based on the potential pairing of the
miRNA seed sequence to a complementary site in the 3'-UTR
of a target mRNA, according to specific base-pairing rules.

Smad7 3'-UTR cloning and luciferase assay. Smad7 mRNA
3'-UTRs containing one miR-21-binding sequence for the mouse
Smad7 gene (NCBI reference sequence: NM_001042660.1)
were acquired by oligonucleotide synthesis following the
manufacturer's instructions (pMIR-REPORT™ System,
miRNA Expression Reporter Vector, Part No. AMS5795,
Ambion, Shanghai, China) (Table III). The annealing fragment
was then subcloned into the Spel site and HindIlI site in the
pMIR-REPORT™ miRNA expression reporter empty vector
(Ambion, Shanghai, China). Binding-region mutations were
achieved using an oligo synthesis following the manufacturer's

instructions (Ambion). Transient transfection into HEK-293
cells (1x10* cells/well) was carried out in 24-well plates with
Lipofectamine™ 2000 (Invitrogen, Shanghai, China) following
the manufacturer's instructions. The cells were co-transfected
with 200 ng of the luciferase construct plasmid and 50 ng
of pMIR-REPORT {-gal (Ambion) plasmid, and luciferase
assays were performed using the dual-luciferase reporter assay
system (Ambion) according to the manufacturer's instructions.
Luminescent signals were quantified using a luminometer
(Promega, Madison, WI, USA), and each value from the firefly
luciferase construct was normalized by 3-gal assay.

Western blot analysis. Total protein extracts were prepared in
cell disruption buffer. The protein concentration was determined
using the BCA standard curve method. Equal amounts of protein
extract were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred electrophoreti-
cally onto PVDF membranes. The membranes were blocked in
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Figure 1. Upregulation of miR-21 is mediated by increased bone morphogenetic protein (BMP)9 expression during the osteogenic differentiation of murine
multilineage cells (MMCs). The expression levels of miR-21 were increased in the (A) C2C12 cells and (B) MEFs; this increase was induced by Ad-BMP9 or
Ad-green fluorescent protein (GFP) [multiplicity of infection (MOI)=5, normalized to U6]. “p<0.01, “*p<0.001 vs. the value at day 0. NS, no significance vs. the
value at day 0. Effectiveness of transfection of (C) C2C12 cells and (D) MEFs with Ad-BMP9 or Ad-GFP (MOI=5). Magnification, x100. White, white light used
as the excitation light; green, blue light used as the excitation light. The transcription levels of osteocalcin (OCN) were analyzed by RT-qPCR in the (E) C2C12
cells and (F) MEFs during Ad-BMP9-induced osteogenic differentiation (normalized to GAPDH).

TBST containing 5% bovine serum albumin (BSA) at 37°C for
2 h. The blocked membranes were probed with rabbit anti-Smad7
polyclonal antibody (1:1,000 dilution, Cat. no. ab124890; Abcam,
Cambridge, MA, USA), rabbit anti-phosphorylated (p-)Smad1/5
monoclonal antibody (1:1,000dilution Cat.no.9516; Cell Signaling
Technology, Inc., Beverly, MA, USA), rabbit anti-Smad1/5/8
monoclonal antibody (1:1,000 dilution, Cat. no. sc-6031-R,
Lot no. D1911; Santa Cruz Biotechnology, Inc., Santa Cruz, CA,
USA), rabbit anti-runt-related transcription factor 2 (Runx2)
monoclonal antibody (1:1,000 dilution, Cat. no. sc-10758, Lot
no. A0810, Santa Cruz Biotechnology) or anti-f3-actin mouse
monoclonal antibody (1:1,000 dilution; Zhongshan Golden
Bridge Biotechnology Co., Ltd., Beijing, China) overnight
at 4°C, and were subsequently washed with TBS containing
0.1% Tween-20. After being washed with TBST 3 times, with
each wash lasting 15 min, the membranes were incubated with
goat anti-rabbit or goat anti-mouse horseradish peroxidase-
conjugated secondary antibody (1:5,000 dilution; Zhongshan
Golden Bridge Biotechnology Co., Ltd.), for 1 h at 37°C. The
secondary antibodies were detected with western chemilumines-
cence reagent (Millipore Corp., Billerica, MA, USA). The results
were recorded using the Bio-Rad Electrophoresis Documentation
system (Gel Doc 1000) and Quantity One software, version 4.5.0.

Statistical analysis. All quantitative experiments were
performed in triplicate and/or repeated 3 times. Data are
presented as the means + SD. Statistical significances between
the control and treatment groups were determined by one-way

analysis of variance and the Student's t-test. All statistical
analyses were performed using GraphPad Prism 5 (GraphPad
Software, Inc., La Jolla, CA, USA). P-values <0.05, <0.01 or
<0.001 was considered to indicate statistically significant differ-
ences. NS represents no significant difference.

Results

Upregulation of miR-21 is mediated by increased BMP9
expression during the osteogenic differentiation of MMCs.
To identify the role which miR-21 plays during osteoblastic
differentiation, we induced the osteogenic differentiation
of C2C12 cells (mouse precursor myoblasts) and MEFs by
stimulating the cells with BMP9-conditioned medium.
We measured the expression levels of miR-21 during the
osteogenic differentiation of the C2C12 cells and MEFs by
RT-qPCR. We found that the expression of miR-21 increased
on the 3rd day of differentiation, and peaked on the 5th day
of differentiation (Ad-BMP9 group). The expression of miR-21
began to decrease from day 7 and on day 9, its expression was
decreased (Fig. 1A). However, the expression of miR-21, in the
control group (Ad-GFP; cells not infected with BMP9) was not
significantly altered. Monitoring the expression of miR-21 in
the MEFs confirmed the changes in miR-21 expression during
osteogenic differentiation (Fig. 1B). Moreover, we showed that
Ad-BMP9 and Ad-GFP, which both expressed the GFP marker,
were effectively transfected into the C2C12 cells and MEFs, as
determined under a fluorescence microscope (Fig. 1C and D).
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Figure 2. Overexpression of miR-21 enhances bone morphogenetic protein (BMP)9-induced alkaline phosphatase (ALP) activity and calcium deposition in murine
multilineage cells (MMCs). miR-21 potentiates BMP9-induced ALP staining. (A) Subconfluent C2C12 cells and (B) MEFs were treated with green fluorescent
protein (GFP)-conditioned medium (CM), BMP9-CM, miR.NC (100 nM) + BMP9-CM, miR-21 (100 nM) + BMP9-CM, or anti-miR-21 (100 nM) + BMP9-CM.
The staining results were recorded at a lower (A and B, top panel) and higher magnification (A and B, bottom panel). ALP staining was conducted following
7 days of differentiation. miR-21 potentiates BMP9-induced matrix mineralization. (C) Subconfluent C2C12 cells and (D) MEFs were treated with GFP-CM,
BMP9-CM, miR.NC (100 nM) + BMP9-CM, miR-21 (100 nM) + BMP9-CM, or anti-miR-21 (100 nM) + BMP9-CM. The Alizarin red S staining of matrix
mineralization results were recorded at a lower (C and D, top panel) and higher magnification (C and D, bottom panel). Alizarin red S staining was conducted
following 14 days of differentiation. Each assay condition was done in triplicate. The results were repeated in at least 2 independent batches of experiments. NC,
negative control. Lower magnification refers to cells in a 24-well plate being scanned under a scanner (ScanMaker 3600). Higher magnification refers to cells

being scanned under a bright field microscope (x200).

Furthermore, we measured the osteocalcin (OCN; marker of
osteogenic differentiation) expression levels by RT-qPCR, and
the results revealed that the successful osteogenic differentia-
tion of the C2C12 cells and MEFs had occurred (Fig. 1E and F),
as OCN expression increased with the induction of differentia-
tion. We also compared the levels of endogenous miR-21 in the
C2C12 cells and MEFs by RT-qPCR. The miR-21 expression
level was approximately 3- and 5-fold higher compared to the
control (Ad-GFP) on day 5 of differentiation in the C2C12 cells
and MEFs, respectively (Fig. 1A and B).

Overexpression of miR-21 increases BMP9-induced
ALP and calcium deposition in MMCs. Subsequently, we
examined the effect of exogenous miR-21 expression on
BMP9-induced osteogenic differentiation. To achieve consis-
tent and robust gene expression, miR-21 was overexpressed
or inhibited using synthetic mmu-miR-21mimic (miR-21)
or mmu-miR-21 inhibitor (anti-miR-21), respectively. The
expression levels of miR-21 following transfection were veri-
fied by RT-qPCR (Fig. 3C and D). Whereas the exogenous
expression of miR-21 alone did not induce any significant
ALP activity (data not shown), the co-expression of BMP9
and miR-21 (miR-21 + BMP9 group) synergistically induced

ALP activity in the C2C12 cells (Fig. 2A). Similar results
were obtained with the MEFs (Fig. 2B). These results indicate
that miR-21 potentiates the BMP9-induced osteoblast lineage
commitment of MMCs.

We further analyzed the effect of miR-21 on late osteogenic
differentiation by Alizarin red S staining of matrix mineraliza-
tion. Whereas the exogenous expression of miR-21 alone did
not induce any obvious calcium deposition (data not shown),
the co-expression of BMP9 and miR-21 (miR-21 + BMP9
group) synergistically induced calcium deposition in the
C2C12 cells (Fig. 2C). Similar results were obtained with the
MEFs (Fig. 2D). These results indicate that miR-21 potentiates
the BMP9-induced osteoblast lineage commitment of MMCs.

miR-21 increases BMP9/Smad signaling in MMCs. The
BMP9/Smad signaling pathway plays a pivotal role in
MSC differentiation (37). The positive correlation between
BMP9-Smad signaling activity and miR-21 expression during
the osteogenic differentiation of the C2C12 cells and MEFs
was revealed during our research. To determine whether the
expression level of miR-21 affects Smad signaling activity
during osteogenic differentiation, miR-21 was transfected
into the C2C12 cells and MEFs, and this was followed by
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Figure 3. miR-21 increases bone morphogenetic protein (BMP)9-Smad signaling in murine multilineage cells (MMCs). (A) C2CI12 cells and (B) MEFs were
treated with green fluorescent protein (GFP)-conditioned medium (CM), BMP9-CM, miR.NC (500 nM) + BMP9-CM, miR-21 (500 nM) + BMP9-CM, or anti-
miR-21 (500 nM) + BMP9-CM, and phosphorylated (p-)Smad1/5, Smad1/5/8 and runt-related transcription factor 2 (Runx2) levels were measured by western

blot analysis. B-actin was used as the internal control.

“p<0.01, "p<0.5 vs. miR.NC + BMP9. NS, not significant vs. miR.NC + BMP9. (C) C2C12 cells and

(D) MEFs were treated with GFP-CM, BMP9-CM, miR.NC (500 nM) + BMP9-CM, miR-21 (500 nM) + BMP9-CM, or anti-miR-21 (500 nM) + BMP9-CM,
and RT-qPCR analysis of miR-21 expression in the C2C12 cells and MEFs was conducted. ““p<0.001 vs. BMP9. NC, negative control.

RT-qPCR analysis. Increased levels of miR-21 [approximately
700- and 400-fold greater compared to the endogenous miR-21
levels (BMP9 group)] were expressed in the C2C12 cells and
MEFs, respectively (Fig. 3C and D). We then measured the
expression levels of p-Smadl/5 and Runx2 by western blot
analysis. Compared with the negative control (NC), during
osteogenesis induced by BMPY, the levels of p-Smad1/5 and
Runx2 were upregulated. However, in the C2C12 cells trans-
fected with anti-miR-21 (anti-miR-21 + BMP9), p-Smad1/5
expression did not differ significantly compared to the NC and

Runx2 expression was decreased compared to the NC; in the
MEFs transfected with anti-miR-21 (anti-miR-21 + BMP9),
p-Smadl/5 expression was decreased compared to the NC
and Runx?2 expression did not differ significantly compared to
the NC (Fig. 3A and B). These data indicated that the ectopic
expression of miR-21 promoted p-Smad1/5 expression during
the osteogenic differentiation of MMCs. We also observed
that Runx2 expression tended to be elevated when the cells
were transfected with miR-21 during osteogenesis induced by
BMP9. However, the inhibition of miR-21 (with anti-miR-21)
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Figure 4. miR-21 regulates expression of Smad7. (A) C2C12 cells and (D) MEFs were treated with miR.NC (500 nM), miR-21 (500 nM), anti-miR-21 (500 nM),
Analysis of miR-21 expression in each group by RT-qPCR. “p<0.01 and "“p<0.001 vs. negative control (NC). (B) C2C12 cells and (E) MEFs: analysis of Smad7
epxression by RT-qPCR. NS, not significant. (C) C2C12 cells and (F) MEFs: the levels of Smad7, phosphorylated (p-)Smad1/5 and Smad1/5/8 were measured by
western blot analysis. $-actin was used as the internal controls. “p<0.01 vs. negative control (NC). NS, not significant vs. NC.

had an almost reverse effect during osteogenic differentiation.
We found that the inhibition of miR-21 by transfection with
anti-miR-21 only slightly affected BMP9-Smad signaling,
whereas the enhancement of miR-21 had a marked effect on
Smad signaling. These data indicate that a high expression level
of miR-21 is significant for sustaining BMP9-Smad signaling
activity during osteogenesis.

miR-21 regulates the expression of Smad7. To investigate
the downstream targets underlying the regulation of MSC
differentiation by miR-21, we used a bioinformatics approach
and summarized the context of three widely used miRNA
databases, TargetScan, PicTar and miRanda, to identify the
target genes. Bioinformatics prediction targets are usually
categorized by specified cellular function. The majority of the
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miR-21 targets predicted by these databases are involved in the
BMP9-Smad signaling pathway, and our results demonstrated
that miR-21 affected BMP9-Smad signaling activity during the
osteogenic differentiation of MMCs. We hypothesized that the
desired target of miR-21 would be more robustly expressed in
a less-differentiated cell population. The target gene is likely
to interfere with the events that are essential to cell fate or the
initiation of differentiation. Based on these considerations, we
selected Smad7 as the miR-21 target candidate. Smad7 is a
negative regulator of the BMP9/Smad signaling pathway (29).
To determine whether Smad?7 is a direct target of miR-21 during
the osteogenic differentiation of MMCs, we measured the
mRNA and protein expression levels of Smad7 following the
regulation of miR-21 expression by transfecting the MMCs with
miR-21, NC or anti-miR-21. After confirming the transfection
efficiency (Fig. 4A and D), we found that in the miR-21-
transfected cells, the protein levels of Smad7 were decreased
compared with the negative control (NC) during osteogenesis
induced by BMP9, whereas the transfection of the MMCs with
anti-miR-21 did not markedly increase the protein level of
Smad7 compared with the NC (Fig. 4C and F). As regards the
mRNA expression of Smad7, transfection with miR-21 did not
induce any significant change, and moreover, transfection with
anti-miR-21 also had no significant effect on Smad7 mRNA
expressoin (Fig. 4B and E). We hypothesized that this may

be attributed to the fairly high concentration of endogenous
miR-21, which was too high to be offset by anti-miR-21. We
also measured the protein levels of p-Smad1/5 and Smad1/5/8,
and we found that the levels in the 3 groups did not differ
significantly (Fig. 4C and F). These results demonstrated that
miR-21 significantly decreased the protein expression level of
Smad?7, but did not markedly alter its mRNA expression level,
as compared with the control (NC) group. Moreover, the up- or
downregulation of miR-21 alone did not have a significant effect
on the p-Smad1/5 levels in either of the two cell lines.

miR-21 targets the 3'-UTR of Smad7 mRNA. Since the site
at which miR-21 binds to the 3'-UTR of Smad7 was already
verified using target prediction tools (TargetScan, PicTar
and miRanda), we sought to determine whether Smad7 is a
target of miR-21 using luciferase reporter assay. The Smad7
gene contains the same sequence at the 3'-UTR, which is
complementary to the miR-21 seed sequence (MRE). We
directly generated matching miR-21 target sites and cloned
these wild-type and mutant sites into the multiple cloning
sites in the pMIR-REPORT luciferase, named Smad7-WT and
Smad7-MU (Fig. 5B). We found that the ectopic expression of
miR-21 by co-transfection of miR-21 and the pMIR-REPORT-
Smad7 vector into HEK-293 cells suppressed the activity of
Renilla luciferase. Notably, the HEK-293 cells did not exhibit
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endogenous miR-21 expression (Fig. 5A). miR-21 decreased the
luciferase activity of Smad7-WT, but not that of Smad7-MU,
and thus these results confirmed the direct interaction of
miR-21 with the Smad7 3'-UTR (Fig. 5C).

Discussion

Bone diseases, which are characterized by decreased bone
mass and the microarchitectural deterioration of bone tissue,
represent an increasing medical and socioeconomic burden.
We have identified BMP9 has previously been identified as
one of the most robust osteogenic BMPs, both in vitro and
in vivo (25,27,30-37). As one of the most extensively studied
BMPs, BMP9 may exert its signaling activity by regulating a
distinct set of downstream mediators, including miRNAs, in
MMCs. Although BMP9 has been demonstrated to be one of the
most potent osteogenic BMPs, relatively little is known about
the specific mechanisms responsible for its potency. Therefore,
the exact roles which miRNAs play in BMP9-induced osteo-
genic signaling remain to be elucidated.

The BMP9/Smad signaling pathway plays an important
role in skeletal development, bone formation and stem cell
differentiation. Upon binding specific cell-surface receptor
kinases, BMP-mediated signal transduction begins with
the phosphorylation of Smads and subsequent heterodimer
formation. Lamplot er al/ demonstrated that, similar to
other osteogenic BMPs, BMP9 promotes the activation of
Smad1/5/8 (38). miRNAs are endogenous modulation factors
which can precisely regulate signal transduction in a time- and
dosage-dependent manner. miR-21 synergizes with BMP9
and influences this process by modulating the interaction of
Smad7 and BMP9/Smad signaling to control the duration and
magnitude of the p-Smad1/5/8 cascade. However, in our study,
the exogenous expression of miR-21 alone did not change the
expression of p-Smad1/5/8 in MMCs (Fig. 4C and F).

Smad7 belongs to the group of antagonistic/inhibitory
Smads (I-Smad), and Smad7 or dorsomorphin has been
suggested to prevent BMP signaling in a study using mutant
activin receptor-like 2 (ALK?2) in fibrodysplasia ossificans
progressiva (FOP) (39). Of note, Smad7 contains the miR-21
binding site, which is complementary to the miR-21 seed
sequence in the 3'-UTR. We speculated in the present study
that miR-21 and Smad7 interaction may fine-tune BMP9/Smad
signaling activity and gene-regulation networks during MMCs
ostegenic differentiation. miR-21 can decrease Smad7 thus
affecting p-Smad1/5, and fine-tuning BMP9/Smad signaling
activity.

Our results demonstrated that miR-21 expression
was upregulated during the osteogenic differentiation of
MMCs (Fig. 1A and B). Previous research has demonstrated
that the BMP9/Smad signaling pathway plays a critical role
in MSC differentiation, and its activation is sustained during
this process (40). We suggest that miR-21 reduced Smad7
levels to maintain BMP9/Smad signaling activation during the
osteogenic differentiation process. The balance of miR-21 and
Smad7 expression could fine-tune the duration and magnitude
of BMP9/Smad signaling activity to determine cell fate (41). It
has been determined that BMP9-induced miR-21 upregulation
was one of the mechanisms through which BMP9 contributes
to bone formation (42). Further studies are, however, required to
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validate other predicted targets involved in bone development.
Nonetheless, our findings indicate a novel mechanism through
which enhanced BMP9-induced osteoblastic bone formation
occurs via the upregulation of miR-21 expression in MMCs.
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