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Abstract. – OBJECTIVE: To illustrate the role 
of micro ribonucleic acid (miR)-330-5p in regu-
lating osteogenesis through biglycan (Bgn)-me-
diated bone morphogenetic protein (BMP)/Smad 
pathway. 

MATERIALS AND METHODS: A mouse mod-
el of osteoporosis (OP) was established by ova-
riectomy (OVX). BMD and miR-330-5p levels in 
mice undergoing sham operation or OVX were 
determined. BMD and BV/TV in OP mice with in 
vivo knockdown of miR-330-5p were measured 
by Micro-CT. After silencing of miR-330-5p in 
mouse primary bone marrow stromal cells (BM-
SCs), expression changes in osteogenesis-as-
sociated genes, ALP activity, and mineraliza-
tion ability were assessed. Subsequently, the in-
teraction between miR-330-5p and Bgn was ex-
amined by Dual-Luciferase reporter gene assay 
and Western blotting. Then, Bgn levels in BM-
SCs undergoing osteogenesis at different time 
points were measured. At last, the regulatory ef-
fects of miR-330-5p/Bgn axis on the BMP/Smad 
pathway, ALP activity, and mineralization ability 
in BMSCs were evaluated. 

RESULTS: BMD was decreased and miR-330-
5p was upregulated in OP mice. OP mice with 
in vivo knockdown of miNA-330-5p presented 
higher BMD and BV/TV than controls. Trans-
fection with miR-330-5p inhibitor upregulated 
osteogenesis-associated genes, ALP activity, 
and mineralization ability in BMSCs. Bgn was 
time-dependently upregulated in BMSCs under-
going osteogenesis, which was indicated to be 
the target gene of miR-330-5p. Besides, Bgn lev-
el was negatively regulated by miR-330-5p. Im-
portantly, Bgn was able to reverse the regulato-
ry effects of miR-330-5p on the BMP/Smad path-
way, ALP activity, and mineralization ability in 
BMSCs. 

CONCLUSIONS: Knockdown of miR-330-5p 
facilitates osteogenesis in BMSCs through the 
Bgn-induced BMP/Smad pathway, thus alleviat-
ing the progression of OP.
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Introduction

Osteoporosis (OP) is an aging-associated dis-
ease that decreases bone mass and destroys bone 
microstructure, which is clinically manifested as 
skeletal pain, increased bone fragility, and high 
risks of fractures1. With the aging of population, 
OP has become a vial healthy issue mainly affect-
ing middle-aged and elderly people. Postmeno-
pausal OP is the most common type of primary 
OP. It occurs in women within 5-10 years after 
menopause, with a remarkable decrease in bone 
mineral density (BMD)2. Bilateral ovariectomy 
(OVX) is a classic approach for constructing the 
in vivo model of OP, which is widely applied in 
bone metabolism researches. 

Micro ribonucleic acids (miRNAs) are endog-
enous, non-coding, single-stranded RNAs with 
18-25 nucleotides3,4 that exert post-transcriptional 
regulations on gene expressions by binding to the 
3’UTR region of the target mRNAs5. Schmiedel 
et al6 have shown the critical functions of miR-
NAs in a series of biological processes. Numer-
ous researches have confirmed the involvement 
of certain miRNAs in maintaining the balance 
of bone metabolism. MiR-335 can directly in-
hibit the expression of Wnt inhibitor DKK1, thus 
triggering differentiation-dependent osteogenic 
formation7. MiR-130a and miR-27b promote os-
teogenesis in human marrow stem cells (MSCs) 
by targeting PPARγ8. MiR-330-5p is the mature 
sequence of miR-330, which is crucial in many 
types of tumors9-11. 
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Biglycan (Bgn) is a member of the SLRP 
family consisting of a 45-kDa pyrenoid and two 
glycosaminoglycan (GAG) chains, where chon-
droitin sulfate (CS) and sulphate (DS) are cova-
lently linked to the pyrenoid12. Bgn is able to ac-
celerate osteoblast differentiation. Mice with Bgn 
knockout present age-dependent OP-like pheno-
types, including decreased growth rate, declined 
bone mass due to attenuated bone formation, 
and shortening of the femur13-15. Chen et al16 first 
proposed that Bgn regulates osteoblast differenti-
ation by modulating bone morphogenetic proteins 
(BMP) -4 pathway. Overexpression of miR-185 
stimulates osteogenesis by targeting Bgn and 
BMP/Smad pathway17. 

In this study, a mouse model of OP was con-
structed by OVX, and the potential functions of 
miR-330-5p in influencing osteogenesis and its 
underlying mechanism were mainly investigated. 

Materials and Methods 

OP Model in Mice 
Female mice aged 8 weeks old were assigned 

into two groups and subjected to sham operation 
or OVX, respectively. After anesthesia, bilateral 
OVX was conducted from the dorsal incision. 6 
weeks later, mice were sacrificed to collect bone 
tissues. This investigation was approved by the 
Animal Ethics Committee of the Animal Center 
of CangZhou Central Hospital. 

BMSCs Isolation and Cell Culture
Mice were sacrificed and immersed in 75% eth-

anol for 10 min. Bilateral femora of the mice were 
extracted and immersed in phosphate-buffered 
saline (PBS). Bone marrow cavity of the femur 
was repeatedly washed by culture medium. The 
mixture containing bone marrow cavity contents 
was centrifuged, and the precipitant was cultured 
in a humidified incubator with 5% CO2 at 37°C. 
Medium was replaced every three days. BMSCs 
were passaged for 3-4 generations, and they were 
cultured in osteogenic medium (DMEM-HG + 
10% fetal bovine serum (FBS, Gibco, Rockville, 
MD, USA) + 1% penicillin-streptomycin + 10-7 

mol/L DEX + 10 mmol/L β-glycerophosphate + 
50 μg/ml ascorbic acid) for inducing osteogenesis.

Cell Transfection 
Cells were transfected with transfection vec-

tors (GenePharma, Shanghai, China) using Lipo-
fectamine 2000 (Invitrogen, Carlsbad, CA, USA).

Micro-CT Analyses
Mouse tibia was taken and fixed in 40 g/L 

paraformaldehyde for 48 h. The prepared tib-
ia sample was subjected to Micro-CT scanning 
using Latheta LCT-200 (source voltage: 55 kV, 
source current: 131 μA, exposure time: 300 ms, 
resolution: 10 μm). The VGStudio MAX V2.2 3D 
reconstruction processing software was utilized 
to reconstruct the 3D image of the micro-CT scan 
for analyzing BMD and bone mass/total volume 
(BV/TV). 

Quantitative Real Time-Polymerase 
Chain Reaction (qRT-PCR)

TRIzol (Invitrogen, Carlsbad, CA, USA) 
method was applied for isolating cellular 
RNAs. Then, RNAs were reversely transcribed 
into cDNAs, and the cDNAs were employed 
for PCR detection by SYBR Green method. 
Real-time PCR was performed with a FastStart 
Universal SYBR Green Master kit (Roche, Ba-
sel, Switzerland). The reaction system volume 
was in total 25 µl, pre-denaturation at 95°C 
for 5 min, denaturation at 95°C for 30 sec, an-
nealing at 60°C for 45 sec, extension at 72°C 
for 3 min, with 35 cycles, and then extension 
at 72°C for 5 min. The primer sequences are 
listed as follows: miR-330-5p, F: 5’-TCTCTG-
GGCCTGTGTCTTAGGC-3’, R: 5′-CAGTGC-
GTGTCGTGGAGT-3′; Bgn, F: 5’-TCCGACCT-
GGGTCTGAAGT-3’, R: 5’-GCCTTCTCATG-
GATCTTGGA-3’. 

Western Blot
Cellular proteins were isolated using radio-

immunoprecipitation assay (RIPA; Beyotime, 
Shanghai, China) and electrophoresed. Protein 
samples were loaded on polyvinylidene difluoride 
(PVDF) membranes (Millipore, Billerica, MA, 
USA), which were immersed in PBS containing 
5% skim milk for 2 h, and incubated with pri-
mary antibodies at 4°C overnight and secondary 
antibodies for 2 h. Primary antibodies, including 
anti-Bgn, anti-BMP2, p-Smad1/5/8, t-Smad, and 
GAPDH, were all purchased from Abcam (Cam-
bridge, MA, USA). Band exposure was achieved 
by enhanced chemiluminescence (ECL) and pro-
cessed by Image Software (NIH, Bethesda, MD, 
USA).

ALP Activity Determination
BMSCs were washed with pre-cold PBS for 

three times and lysed in pre-cold 1% Triton 
X-100 (Solarbio, Beijing, China) on ice for 30 
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min. After that, cell lysate was subjected to 
ALP activity determination, and the value at 
405 nm was normalized to that of total protein 
concentration. 

ALP Staining 
BMSCs were washed with PBS twice, reacted 

in 70% ethanol for 10 min and ALP buffer (0.15 
M NaCl, 0.15 M Tris-HCl, 1 mM MgCl2, pH9.5) 
for 15 min. Subsequently, the cells were cultured 
in NBT-BCIP solution at 37°C in the dark for 
30 min. Finally, images were captured under a 
microscope. 

Alizarin Red S Staining (ARS)
BMSCs were induced for 7-day osteogene-

sis, washed, fixed in 95% ethanol for 14 min, 
and dyed in 2% ARS-Tris-HCL solution (pH4.3). 
Next, visible mineralized nodules were captured 
under an inverted microscope. 

Dual-Luciferase Reporter Gene Assay
The cells were co-transfected with miR-NC/

miR-330-5p inhibitor and Bgn-WT/Bgn-MUT, 
respectively for 48 h. Subsequently, the cells 
were lysed and centrifuged, and the superna-
tant was collected. Besides, the luciferase ac-

tivity was measured using the Dual-Luciferase 
reporter assay kit (Promega, Madison, WI, 
USA). 

Statistical Analysis
GraphPad Prism 7 (La Jolla, CA, USA) was 

adopted for all statistical analyses. Data were 
expressed as mean ± SD. The t-test was used 
for analyzing differences between two groups. 
p<0.05 indicated that the difference was statisti-
cally significant. 

Results 

Knockdown of MiR-330-5p Protected 
Bone Loss in Mice Undergoing OVX

A mouse model of OP was established via 
OVX. Compared with mice in sham group, 
those undergoing OVX presented lower BMD 
and higher level of miR-330-5p (Figure 1A, 1B). 
In vivo knockdown of miR-330-5p in OP mice 
greatly enhanced BMD and BV/TV than controls 
(Figure 1C). In addition, knockdown of miR-330-
5p upregulated Osterix (Osx), Col1a1, and OCN 
in OP mice (Figure 1D). 

Figure 1. Knockdown of 
miR-330-5p protects bone 
loss in mice undergoing OVX. 
A, BMD in mice undergoing 
sham operation of OVX. B, 
MiR-330-5p level in mice un-
dergoing sham operation of 
OVX. C, BMD in OP mice 
administrated with inhibitor 
NC or miR-330-5p inhibitor. 
D, Relative levels of Osx, Co-
l1a1, and OCN in OP mice ad-
ministrated with inhibitor NC 
or miR-330-5p inhibitor.
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Knockdown of MiR-330-5p Promoted 
Osteogenesis in Primary BMSCs

To validate the influence of miR-330-5p on 
osteogenesis, primary BMSCs undergoing 
7-day osteogenesis were transfected with miR-
330-5p inhibitor. Knockdown of miR-330-5p 
markedly elevated ALP activity in BMSCs 
(Figure 2A, 2C). Moreover, the relative levels 
of Osx, Col1a1, and OCN were upregulated in 
BMSCs transfected with miR-330-5p inhibitor 
(Figure 2B). Mineralization ability was ac-
celerated after the knockdown of miR-330-5p 
(Figure 2D). 

Bgn Was the Direct Target of 
MiR-330-5p

During the osteogenesis process, Bgn was 
time-dependently upregulated in BMSCs at 
day 0, 3, and 7 (Figure 3A). Potential binding 
sequences in the promoter regions of miR-
330-5p and Bgn were predicted (Figure 3B). 
Subsequently, the decreased luciferase activity 
after co-transfection of miR-330-5p mimics 
and Bgn-WT verified the binding between Bgn 
and miR-330-5p (Figure 3C). Transfection ef-
ficacies of miR-330-5p mimics and inhibitor 

were verified (Figure 3D). Moreover, both mR-
NA and protein levels of Bgn were negatively 
regulated by miR-330-5p (Figure 3E, 3F).

 
Knockdown of MiR-330-5p Activated the 
BMP/Smad Pathway by Targeting Bgn

The BMP/Smad pathway is of significance 
during osteogenesis. In this study, the protein levels 
of Bgn, BMP2, p-Smad1/5/8 were upregulated after 
transfection with miR-330-5p inhibitor, which was 
partially reversed by the knockdown of Bgn (Figure 
4A). Expression level of t-Smad1 was not influenced 
by miR-330-5p or Bgn. In addition, ALP activity 
(Figure 4B, 4C) and mineralization ability (Figure 
4D) in BMSCs transfected with miR-330-5p inhibi-
tor were enhanced, and they were further inhibited 
by co-transfection with si-Bgn. 

Discussion 

OP is a systematic disease that mainly affects 
the middle-aged and elderly people. It is charac-
terized by high incidence, high mortality, high 
disability, high medical cost, and low life quality18. 
Many miRNAs have been identified to serve as 
therapeutic targets in bone diseases19-21. In this pa-

Figure 2. Knockdown of miR-
330-5p promotes osteogenesis in 
primary BMSCs. Primary BMSCs 
are transfected with inhibitor NC or 
miR-330-5p inhibitor on the 7th day 
after osteogenesis. A, ALP activity. 
B, Relative levels of Osx, Col1a1, 
and OCN. C, ALP staining (mag-
nification: 40×). D, Alizarin red S 
staining (magnification: 40×). 
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per, in vivo knockdown of miR-330-5p in OP mice 
decreased BMD, and upregulated osteogenesis-as-
sociated genes. Similarly, the knockdown of miR-
330-5p in primary BMSCs enhanced the osteogen-
esis, ALP activity, and mineralization ability.

MiRNAs effectively regulate the expressions 
of transcription factors by mediating mRNA ac-
tivities, thus influencing physiological processes. 
Runx2, Osx, and other homologous domain pro-
teins are the major transcription factors influenc-

Figure 3. Bgn is the direct target of miR-330-5p. A, Bgn levels in BMSCs undergoing osteogenesis at 0, 3 and 7 day. B, 
Potential binding sequences in the promoter regions of miR-330-5p and Bgn. C, Luciferase activity in cells co-transfected 
with miR-NC/miR-330-5p inhibitor and Bgn-WT/Bgn-MUT. D, Transfection efficacies of miR-330-5p mimics and miR-330-
5p inhibitor. E, F, The mRNA (E) and protein (F) levels of Bgn in BMSCs transfected with miR-NC, miR-330-5p mimics, 
inhibitor NC or miR-330-5p inhibitor. 
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Figure 4. Knockdown of miR-330-5p activates the BMP/Smad pathway by targeting Bgn. Primary BMSCs are transfected 
with NC, miR-330-5p inhibitor or miR-330-5p inhibitor+si-Bgn on the 7th day after osteogenesis. A, Protein levels of Bgn, 
BMP2, p-Smad1/5/8, and t-Smad1. B, ALP activity. C, ALP staining (magnification: 40×). D, Alizarin red S staining 
(magnification: 40×).
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ing osteogenesis in MSCs and differentiation of 
osteogenic precursor cells22. They interact with 
miRNAs to form a complex regulatory network, 
which further coordinates bone formation pro-
cess22. The findings in this study indicated that 
Bgn was the direct target of miR-330-5p. Bgn was 
time-dependently upregulated during osteogene-
sis. Bgn is an extracellular matrix proteoglycan 
in the SLRP family. It is highly expressed in 
bones and bone connective tissues23. Previous 
studies24-26 have shown that Bgn interacts with 
TGF-β, BMP2/4, and Wnt signaling pathways to 
promote osteogenesis.

It is reported that Bgn can directly bind to 
BMP2 and its receptors by actively regulating the 
activity of BMP2/4, thus accelerating osteoblast 
differentiation27. BMPs are currently recognized 
as the strongest and the only cytokines to in-
duce ectopic osteogenesis. They can be applied 
clinically for bone tissue regeneration and re-
construction, and promote fracture healing28,29. 
BMP2 contributes to skeletal development and 
MSC differentiation30,31. BMP/Smad pathway is 
generally considered as a vital pathway involved 
in osteogenesis. BMP2 specifically activates 
Smad1/5/8 after binding to BMP receptors on the 
cell membrane. Phosphorylated Smad1/5/8 binds 
to Smad-4 and thus translocates into the nucleus, 
where the transcription of downstream factors is 
activated32. Xie et al33 suggested that the over-
expression of miR-146a suppresses BMP2-in-
duced osteogenesis of adipose-derived MSCs. 
Administration of miR-146a inhibitor markedly 
upregulated Runx2 and Osx. In the experiments 
of this study, the knockdown of miR-330-5p up-
regulated the protein levels of Bgn, BMP2, and 
p-Smad1/5/8, which were reversed by the knock-
down of Bgn. As a result, Bgn was responsible 
for the activation of BMP/Smad pathway induced 
by miR-330-5p. 

Conclusions 

In summary, the knockdown of miR-330-5p 
facilitates osteogenesis in BMSCs through the 
Bgn-induced BMP/Smad pathway, thus alleviat-
ing the progression of OP. 

Conflict of Interest
The Authors declare that they have no conflict of interests.

References

  1)	 Lindsay R. Osteoporosis treatment and fracture 
outcomes. JAMA Intern Med 2015; 175: 921-922.

  2)	 Povoroznyuk VV, Grygorieva NV, Kanis JA, Ev M, 
Johansson H, Harvey NC, Korzh MO, Strafun SS, 
Vaida VM, Klymovytsky FV, Vlasenko RO, Forosenko 
VS. Epidemiology of hip fracture and the develop-
ment of FRAX in Ukraine. Arch Osteoporos 2017; 
12: 53.

  3)	 Rodriguez A, Griffiths-Jones S, Ashurst JL, Bradley 
A. Identification of mammalian microRNA host 
genes and transcription units. Genome Res 2004; 
14: 1902-1910.

  4)	 Mourelatos Z. Small RNAs: the seeds of silence. 
Nature 2008; 455: 44-45.

  5)	 Lindsay MA. microRNAs and the immune re-
sponse. Trends Immunol 2008; 29: 343-351.

  6)	 Schmiedel JM, Klemm SL, Zheng Y, Sahay A, Bluth-
gen N, Marks DS, van Oudenaarden A. Gene ex-
pression. MicroRNA control of protein expression 
noise. Science 2015; 348: 128-132.

  7)	 Zhang J, Tu Q, Bonewald LF, He X, Stein G, Lian J, 
Chen J. Effects of miR-335-5p in modulating os-
teogenic differentiation by specifically downreg-
ulating Wnt antagonist DKK1. J Bone Miner Res 
2011; 26: 1953-1963.

  8)	 Seenprachawong K, Tawornsawutruk T, Nantasenamat 
C, Nuchnoi P, Hongeng S, Supokawej A. MiR-130a 
and miR-27b enhance osteogenesis in human 
bone marrow mesenchymal stem cells via specif-
ic down-regulation of peroxisome proliferator-ac-
tivated receptor gamma. Front Genet 2018; 9: 
543.

  9)	 Feng L, Ma J, Ji H, Liu Y, Hu W. MiR-330-5p sup-
presses glioblastoma cell proliferation and inva-
siveness through targeting ITGA5. Biosci Rep 
2017; 37: pii: BSR20170019.

10)	 Su BB, Zhou SW, Gan CB, Zhang XN. MiR-330-5p 
regulates tyrosinase and PDIA3 expression and 
suppresses cell proliferation and invasion in cu-
taneous malignant melanoma. J Surg Res 2016; 
203: 434-440.

11)	 Xiao S, Yang M, Yang H, Chang R, Fang F, Yang L. 
MiR-330-5p targets SPRY2 to promote hepato-
cellular carcinoma progression via MAPK/ERK 
signaling. Oncogenesis 2018; 7: 90.

12)	 Ameye L, Young MF. Mice deficient in small leu-
cine-rich proteoglycans: novel in vivo models for 
osteoporosis, osteoarthritis, Ehlers-Danlos syn-
drome, muscular dystrophy, and corneal diseas-
es. Glycobiology 2002; 12: 107R-116R.

13)	 Young MF, Bi Y, Ameye L, Chen XD. Biglycan knock-
out mice: new models for musculoskeletal diseas-
es. Glycoconj J 2002; 19: 257-262.

14)	 Xu T, Bianco P, Fisher LW, Longenecker G, Smith E, 
Goldstein S, Bonadio J, Boskey A, Heegaard AM, 
Sommer B, Satomura K, Dominguez P, Zhao C, Kulkar-
ni AB, Robey PG, Young MF. Targeted disruption of 
the biglycan gene leads to an osteoporosis-like 
phenotype in mice. Nat Genet 1998; 20: 78-82.



S.-L. Jin, Y.-M. Bai, B.-Y. Zhao, Q.-H. Wang, H.-S. Zhang

4102

15)	 Chen XD, Shi S, Xu T, Robey PG, Young MF. Age-re-
lated osteoporosis in biglycan-deficient mice is 
related to defects in bone marrow stromal cells. J 
Bone Miner Res 2002; 17: 331-340.

16)	 Chen XD, Fisher LW, Robey PG, Young MF. The 
small leucine-rich proteoglycan biglycan modu-
lates BMP-4-induced osteoblast differentiation. 
FASEB J 2004; 18: 948-958.

17)	 Cui Q, Xing J, Yu M, Wang Y, Xu J, Gu Y, Nan X, Ma 
W, Liu H, Zhao H. Mmu-miR-185 depletion pro-
motes osteogenic differentiation and suppresses 
bone loss in osteoporosis through the Bgn-medi-
ated BMP/Smad pathway. Cell Death Dis 2019; 
10: 172.

18)	 Xu XJ, Shen L, Yang YP, Lu FR, Zhu R, Shuai B, Li CG, 
Wu MX. Serum sclerostin levels associated with 
lumbar spine bone mineral density and bone turn-
over markers in patients with postmenopausal os-
teoporosis. Chin Med J (Engl) 2013; 126: 2480-
2484.

19)	 Zuo B, Zhu J, Li J, Wang C, Zhao X, Cai G, Li Z, Peng 
J, Wang P, Shen C, Huang Y, Xu J, Zhang X, Chen X. 
MicroRNA-103a functions as a mechanosensitive 
microRNA to inhibit bone formation through tar-
geting Runx2. J Bone Miner Res 2015; 30: 330-
345.

20)	 Pan J, Huang C, Chen G, Cai Z, Zhang Z. MicroR-
NA-451 blockade promotes osteoblastic differen-
tiation and skeletal anabolic effects by promoting 
YWHAZ-mediated RUNX2 protein stabilization. 
Medchemcomm 2018; 9: 1359-1368.

21)	 Zhao W, Dong Y, Wu C, Ma Y, Jin Y, Ji Y. MiR-21 
overexpression improves osteoporosis by tar-
geting RECK. Mol Cell Biochem 2015; 405: 125-
133.

22)	 Zhang Y, Xie RL, Croce CM, Stein JL, Lian JB, van Wi-
jnen AJ, Stein GS. A program of microRNAs con-
trols osteogenic lineage progression by targeting 
transcription factor Runx2. Proc Natl Acad Sci U 
S A 2011; 108: 9863-9868.

23)	 Ye Y, Hu W, Guo F, Zhang W, Wang J, Chen A. Gly-
cosaminoglycan chains of biglycan promote bone 

morphogenetic protein-4-induced osteoblast dif-
ferentiation. Int J Mol Med 2012; 30: 1075-1080.

24)	 Berendsen AD, Fisher LW, Kilts TM, Owens RT, Robey 
PG, Gutkind JS, Young MF. Modulation of canoni-
cal Wnt signaling by the extracellular matrix com-
ponent biglycan. Proc Natl Acad Sci U S A 2011; 
108: 17022-17027.

25)	 Chen XD, Shi S, Xu T, Robey PG, Young MF. Age-re-
lated osteoporosis in biglycan-deficient mice is 
related to defects in bone marrow stromal cells. J 
Bone Miner Res 2002; 17: 331-340.

26)	 Chen XD, Fisher LW, Robey PG, Young MF. The 
small leucine-rich proteoglycan biglycan modu-
lates BMP-4-induced osteoblast differentiation. 
FASEB J 2004; 18: 948-958.

27)	 Mochida Y, Parisuthiman D, Yamauchi M. Biglycan is a 
positive modulator of BMP-2 induced osteoblast dif-
ferentiation. Adv Exp Med Biol 2006; 585: 101-113.

28)	 Gautschi OP, Frey SP, Zellweger R. Bone morphoge-
netic proteins in clinical applications. Anz J Surg 
2007; 77: 626-631.

29)	 Chen G, Deng C, Li YP. TGF-beta and BMP signal-
ing in osteoblast differentiation and bone forma-
tion. Int J Biol Sci 2012; 8: 272-288.

30)	 Salazar VS, Gamer LW, Rosen V. BMP signalling 
in skeletal development, disease and repair. Nat 
Rev Endocrinol 2016; 12: 203-221.

31)	 Shu B, Zhang M, Xie R, Wang M, Jin H, Hou W, 
Tang D, Harris SE, Mishina Y, O’Keefe RJ, Hilton 
MJ, Wang Y, Chen D. BMP2, but not BMP4, is cru-
cial for chondrocyte proliferation and maturation 
during endochondral bone development. J Cell 
Sci 2011; 124: 3428-3440.

32)	 Chen G, Deng C, Li YP. TGF-beta and BMP signal-
ing in osteoblast differentiation and bone forma-
tion. Int J Biol Sci 2012; 8: 272-288.

33)	 Xie Q, Wei W, Ruan J, Ding Y, Zhuang A, Bi X, Sun 
H, Gu P, Wang Z, Fan X. Effects of miR-146a on 
the osteogenesis of adipose-derived mesenchy-
mal stem cells and bone regeneration. Sci Rep 
2017; 7: 42840.


