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Abstract. – OBJECTIVE: To investigate the role 
of miR-29a in regulating the differentiation mesen-
chymal stem cells into osteoblasts.

MATERIALS AND METHODS: For the first 
step, the changes of expression of miR-29a 
during the process of mesenchymal stem cells 
(MSCs) differentiation into osteoblast were de-
tected. Then, we infected the MSCs with mimics 
or inhibitors of miR-29a to explore the roles of 
miR-29a in the differentiation. Further, the pre-
diction and verification of the possible target 
genes of miR-29a were achieved by bioinformat-
ics analysis and luciferase reporter assay.

RESULTS: MiR-29a was up-regulated during 
the process of MSCs differentiation into osteo-
blasts. Overexpression or inhibition of miR-29a 
using mimics or inhibitors had no significant 
effect on cell proliferation. Furthermore, the 
differentiation was enhanced when miR-29a was 
artificially overexpressed in vitro, whereas si-
lencing of miR-29a attenuated this process. It 
was evidenced by alkaline phosphatase (ALP) 
staining, matrix mineralization, and increased 
expression of osteoblast-specific genes. Fur-
thermore, we determined that the gene HDAC4 
might be a direct target of miR-29a. 

CONCLUSIONS: In the current study, miR-
29a promotes osteogenesis via suppressing 
HDAC4, indicating that targeting miR-29a may 
be feasible in the management of osteoporosis.
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Introduction

The main pathophysiological mechanism of 
osteoporosis is the decreased bone formation 
caused by impaired osteoblasts proliferation, dif-
ferentiation, and function. Osteoporosis manifests 
as low bone mass, deterioration of bone structure 
and a high risk of fracture1,2.

Human mesenchymal stem cell (HMSC) is a 
kind of multifunctional stem cell which can dif-
ferentiate into osteoblast, adipocyte, chondro-

cyte, neural and other cell lineages3,4. This differ-
entiation is regulated by the extracellular signals 
received by the cell. Osteoblast differentiation is 
promoted by agents related to bone anabolism 
(bone morphogenetic protein, canonical Wnts, 
and parathyroid hormone) through the activation 
of second messenger transductions5. Especially, 
Wnt signaling plays an important role in regulat-
ing bone density and osteoblasts differentiation 
in humans6,7. An increase in the MSCs differen-
tiation into osteoblasts directly leads to the de-
creased bone formation and causes osteoporosis8.

MicroRNAs (miRNAs), evolutionarily con-
served and founded in diverse organisms, are 
abundant, single-stranded non-coding RNAs9,10. 
It is reported that miRNAs play important roles in 
post-transcription. Translation of specific mRNAs is 
regulated negatively by miRNAs, which is realized 
by base pairing with complementary sequences par-
tially or completely in target mRNAs10-12. Until now, 
the function of miRNAs has not been studied clear-
ly. Results from some studies suggested that miR-
NAs regulate many biological processes such as dif-
ferentiation, apoptosis as well as the proliferation of 
cells, developmental timing, and regulation of gene 
expression, insulin secretion, cholesterol biosynthe-
sis, and neoplasms development. Several miRNAs 
were reported to regulate stem cells differentiation 
into osteoblast and bone formation13-15. On one hand, 
mi-RNAs target negative regulators of osteogenesis 
positively; on the other hand, they target important 
osteogenic factors negatively. 

Among them, miR-29a has been demonstrated to 
be an important regulator of murine osteoblast dif-
ferentiation16,17. Previous studies18,19 confirmed that 
in primary cultures of murine calvarial osteoblasts, 
the miR-29 family members increased expression in 
osteoblastic differentiation progression. However, 
the molecular mechanism by which miR-2a regu-
lates MSCs differentiation into osteoblast remains 
unclear. The aim of the study was to explore the 
roles of miR-29a and possible underlying its mecha-
nisms in MSCs differentiation into osteoblasts.
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Materials and Methods

Culture and Identification of HMSCs
HMSCs were purchased from Shanghai Model 

Cell Bank (Shanghai, China). HMSCs were cul-
tured in media Dulbecco’s Modified Eagle Medium 
(DMEM) (Sigma-Aldrich, St. Louis, MO, USA). 
Adherent colonies were observed after twelve to 
fifteen days of culture. Then, the cells were subcul-
tured two times one week (1:2 or 1:3 before the 10th 
passage). Further experiments were performed with 
cells at passages 3-6 unless otherwise described. 
Cell surface markers (CD29, CD44, and CD34) 
were detected by flow cytometry technology.

Induction of Osteogenic Differentiation
Experiments of osteoblast differentiation were 

done with HMSCs at passage 3. We induced the 
differentiation of osteoblast in the standard osteo-
blast-induction medium. After induction, we ver-
ified the differentiation by enhanced ALP stain-
ing, increased Alizarin red staining and detection 
of genes expression related to osteoblast differen-
tiation (RUNX2, ALP, and osteocalcin (OCN)).

MiRNA Mimic/Inhibitor Transfection
Mimics, inhibitors, and negative controls (NC) 

of miR-29a were purchased from Shanghai Gene-
Pharma Company (Shanghai, China). For trans-
fection, BMMs were seeded in 12-well plates (5 
× 104 cells/ml) and transfected with 100 nM of 
miR-29a mimic, 150 nM of miR-29a inhibitor or 
NC using lipo-3000 (Life Technologies Corpora-
tion, Gaithersburg, MD, USA). After being incu-
bated for 24 hours, the transfection efficiency was 
observed under a fluorescence microscope. Then, 
we culture the cells in fresh medium for further 
experimental researches.

Cell Proliferation
HMSCs infected with empty vector (NC group), 

mimics or inhibitors of miR-29a were plated in 24-
well plates (5*103 cells per well). After overnight 
culture, baseline values (day 0) were obtained by 
an MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide) assay (Life Technologies, 
Gaithersburg, MD, USA). It is a colorimetric assay 
to test viable cells by measuring formazan reduced 
from MTT. After 20 minutes of incubation with 
MTT, we extracted formazan by dimethyl sulfox-
ide (DMSO) and tested the optical density at 540 
nm. MTT assay was performed at various time 
points (at 12 h, 24 h, 48 h, and 72 h, respectively). 
Experiments were triplicated (n=3). 

Quantitative Reverse Transcription-
Polymerase Chain Reaction (qRT-PCR) 

The total RNA was extracted with the miR-
Neasy Mini Kit (QIAGEN, Hilden, Germany). 
Briefly speaking, the cells were lysed with QIAzol 
(700 μL) and mixed with chloroform (140 μL). 
Then, we transferred the upper liquid to a 2-ml 
collection tube after centrifugation (12,000 g, 15 
min, 4°C) and mixed the liquid with 100% etha-
nol. Buffer RWT (700 μl) and Buffer RPE (500 μl) 
were used to wash the RNA. At last, we collected 
the whole RNA for the RT-PCR experiment. Af-
ter whole RNA extraction, a PrimeScript RT kit 
purchased from TaKaRa (Otsu, Shiga, Japan) was 
used to reverse transcription. For miRNAs, prim-
ers for mouse miR-29a and internal control U6 
specifically for Real-time RT-PCR were purchased 
from Riobobio (Guangzhou, China). The prim-
ers were showed: U6 (forward: 5′-ATTGGAAC-
GATACAGAGAAGATT-3′, reverse: 5′-ATTTG-
CGTGTCATCCTTGC-3); miR-29a (forward: 
5′-TAGCACCATTTGAAATCAGTTT-3′, reverse: 
5′-TGCGTGTCGTGGAGTC-3′); RUNX2 (for-
ward: 5′-GGACGAGGCAAGAGTTTCA-3′, re-
verse: 5′-TGGTGCAGAGTTCAGGGAG-3′); OCN 
(forward: 5′-GAGGGCAATAAGGTAGTGAA-3′, 
reverse: 5′-CATAGATGCGTTTGTAGGC-3′); 

HDAC4 (forward: 5′-GCAGAGGTTGAAT-
GTGAGCA-3′, reverse: 5′-GGAAGAAGTTC-
CCATCGTCA-3′); β-actin (forward: 
5′-AGCCATGTACGTTGCTA-3′, reverse: 
5′-AGTCCGCCTAGAAGCA-3′). The SYBR Pre-
mix Ex TaqII kit purchased from TaKaRa (Otsu, 
Shiga, Japan) was used for amplification. The 
ABI Prism 7500 HT sequence detection system 
developed by Applied Biosystems (Foster City, 
CA, USA) was used for detection. We used β-ac-
tin as well as U6 as an internal control.

Target Gene Prediction
TargetScan (http://www.targetscan.org/

vert_71/) was utilized to forecast the target genes. 
On the basis of gene annotation and gene predic-
tion results, we screened the possible targets as 
follows: (1) less than 20 kcal/mol of the free ener-
gy in the hybridization site; and (2) data on gene 
annotation was associated with the immune reac-
tion or bio-mineralization.

Luciferase Reporter Assay
We purchased the HDAC4 3′-UTR vector for 

luciferase reporter from Genechem (Nanjing, 
China). The QuickChange Lightning kit from 
Stratagene (La Jolla, CA, USA) was used to per-
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form Site-directed mutagenesis. We co-transfect-
ed miR-29a of interest into HEK293T cells to test 
suppression by miR-29a with the wild-type or 
mutated luciferase reporter of 3′-UTR. We used 
Renilla luciferase which was purchased from 
pRL-TK Vector as control. Duo-Glo luciferase 
assay kit (Promega, Madison, WI, USA) was used 
to measure the luciferase signal.

Western Blot
We lysed and extracted cells using lysis buffer. 

Then, we measured the concentration of protein 
using a protein assay kit purchased from Beyo-
time (Shanghai, China). The extracted protein 
(sum of 20 μg) was degenerated and chilled on 
ice. 10% sodium dodecyl sulphate-polyacryl-
amide gel electrophoresis (SDS-PAGE) was used 
to separate the protein. And then, it was shifted 
to polyvinylidene fluoride (PVDF) membranes 
(Millipore, Billerica, MA, USA). 5% fat-free 
milk was used to block non-specific protein in-
teractions in Tris-buffered saline and Tween 20 
(TBST) buffer which contains Tris-HCl (50 mM), 
NaCl (150 mM), and Tween 20 (0.05%) at 4°C for 
1 h. The membranes loaded with proteins were in-
cubated at 4°C with primary antibody within the 
fat-free milk overnight. TBST buffer was used to 
wash the unbound antibody (10 min each time for 
three times). Then, the membranes were incubat-
ed at room temperature with secondary antibody 
conjugated with horseradish peroxide (one hour). 
After washing these membranes three times in 
TBST buffer, we developed them using enhanced 
chemiluminescence (ECL) (Millipore, Billerica, 
MA, USA) following the instructions.

Alizarin Red Staining (ARS)
Our cells were fixed by 4% paraformaldehyde 

(10 minutes) and dyed with 2% ARS staining re-
agent (15 minutes) which were purchased from 
Nanjing Jiancheng Biotech (Nanjing, China). We 
washed stained cells two times using deionized 
water and detected the red spots that were consid-
ered as deposits of calcium.

Alkaline Phosphatase Staining
We assessed the alkaline phosphatase (ALP) 

existence in the cell layers. Our cells were fixed 
in 4% paraformaldehyde (10 minutes) after 
washed with phosphate-buffered saline (PBS) 
(three times). The fixed cells were incubated with 
ALP staining reagent (2 mL, 15 min) (Nanjing 
Jiancheng Biotech, Nanjing, China) and then 
washed twice using deionized water.

Statistical Analysis
Quantitative data was expressed as means ± 

SD. In the current study, the independent samples 
t-test (SPSS Inc., Chicago, IL, USA) was used to 
perform statistical analysis. A p< 0.05 was con-
sidered as statistically significant.

Results

Identification of HMSCs 
by Flow Cytometry

For identification of HMSCs phenotype, we 
employed flow cytometry to detect expression of 
CD29, CD44, and CD34. Results confirmed the 
phenotype of the cells evidenced by negative CD34 
and positive CD29 and CD44 (Figure 1A). Spin-
dle-shaped morphology of the cells under the mi-
croscope also confirmed our findings (Figure 1B).

MiR-29a was Up-Regulated
in the Process of HMSCs
Differentiation into Osteoblast 

To explore the changes of miR-29a expression 
during HMSCs differentiation into osteoblast, we 
induced HMSCs to differentiate into osteoblasts 
and performed qRT-PCR at 3, 7, and 14 days 
post-induction. We verified the phenotype of os-
teoblast by detecting enhanced expression of os-
teogenesis-related genes (such as RUNX2, osteo-
calcin) (Figure 2A) as well as Alizarin red staining 
and ALP staining (Figure 2B, 2C). MiR-29a was 
upregulated in the process of HMSCs differentia-
tion determined by qRT-PCR (Figure 2D).

MiR-29a Had no Significant Effect
on Proliferation of HMSCs

MTT assay was done to investigate the in-
fluences of miR-29a on the viability of HMSCs. 
As a result, we did not find any significant dif-
ference in the viability of HMSCs among these 
groups (cells infected with mimics or inhibitors 
of miR-29a and NC group). The results indicated 
that miR-29a suppression or overexpression did 
not influence the proliferation of HMSCs signifi-
cantly (Figure 3).

MiR-29a Inhibited Osteoblast 
Differentiation of MSCs

Before cells were induced into osteoblasts, 
mimics or inhibitors of miR-29a and empty vector 
(NC group) were transfected into cells to further 
study the biological effects of miR-29a on HM-
SCs differentiation into osteoblasts. 
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After fourteen days from induction, genes 
(RUNX2 and OCN) were determined by qRT-
PCR in 3 different groups (Mimic, inhibitor and 
NC group) (Figure 4A and B). ALP and Alizarin 
red staining were utilized to evaluate osteoblastic 
differentiation at day 14 (Figure 4C and D). 

Overexpression of miR-29a significantly en-
hanced HMSCs differentiation into osteoblast 
which was evidenced by increased RUNX2 and 
OCN expression (Figure 4B), enhanced ALP stain-
ing (Figure 4C), and Alizarin red staining (Figure 
4D). However, inhibition of miR-29a markedly 
blocked osteoblastic differentiation of HMSCs.

MiR-29a Promoted Osteoblast 
Differentiation via Suppression
of HDAC4 

TargetScan was utilized to explore possible 
miR-29a target genes in regulating HMSCs differ-

entiation. Among many osteoblast-related genes, 
7-nt, a miR-29a binding site, was found within the 
3’UTR region of HDAC4 (Figure 5A).

A luciferase reporter vector containing 
the HDAC4 3′-UTR was co-transfected into 
HEK293T cells along with a vector expressing 
miR-29a to determine whether miR-29a could in-
hibit the expression of HDAC4 by combining to 
3′-UTR. Initial results displayed that miR-29a in-
hibited the expression of HDAC4. To further eval-
uate whether this regulation was realized by miR-
29a binding to HDAC4 3′-UTR, we mutated this 
binding site (Figure 5A) and assessed as above. 
As a result, the expression of wild-type HDAC4 
was suppressed by miR-29a rather than that of the 
mutant HDAC4 (Figure 5B). 

Then, qRT-PCR was used to detect mRNA lev-
els, and Western blotting was used to explore the 
protein levels of HDAC4 induced by miR-29a. 

Figure 1. Identification of phenotype of HMSCs. A, Cellular surface markers CD29, CD44 and CD34 were detected by Flow 
cytometry. B, Spindle shaped morphology of the cells was observed under the microscope.

A

B
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Figure 2. MiR-29a is up-regulated during osteoblast differentiation. A, Osteogenesis-associated genes were measured by qRT-
PCR. B, After induction for 14 d, enhanced Alizarin red staining was observed. C, After induction for 14 d, enhanced ALP 
staining was observed. D, MiR-29a was upregulated during osteoblast differentiation of HMSCs (*compared with 0 d, p<0.05.). 

B

A

C

D
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Figure 3. Cell viability of HMSCs is detected 
by MTT assay.  

Figure 4. MiR-29a is up-regulated during osteoblast differentiation. A, Osteogenesis-associated genes were measured by qRT-
PCR. B, After induction for 14 d, enhanced Alizarin red staining was observed. C, After induction for 14 d, enhanced ALP 
staining was observed. D, MiR-29a was upregulated during osteoblast differentiation of HMSCs (*compared with 0 d, p<0.05.).

BA

C

D
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No significant changes in HDAC4 mRNA lev-
els were found by gene expression analysis (Figure 
5C). However, reduced HDAC4 protein levels were 
detected by Western blotting analysis when miR-
29a was overexpressed in HMSCs (Figure 5D).

Discussion

Osteoporosis, characterized by lower bone mass 
and higher risk of fractures, is a frequent age-relat-
ed musculoskeletal disorder in humans20,21.

Figure 5. HDAC4 is a direct target gene of miR-29a. A, HDAC4 has a miR-29a binding site (7-nt) in its 3’UTR. B, Luciferase 
activity of wild-type HDAC4 was significantly repressed by miR-29a, while the mutant HDAC4 was not. C, MiR-29a did not 
alter expression of HDAC4 mRNA. D, MiR-29a significantly inhibited protein expression of HDAC4.

A

B

D
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Several studies confirmed that miRNAs are 
important for the bone development and main-
tenance. In vivo experiments, miRNA-targeted 
therapies (with inhibitors or mimics of miRNA) 
indicated the latent value of miRNA-targeted 
therapy22-24. MiR-29a is one of the focuses among 
the numerous reported bone-related miRNAs16-19. 
MiR-29a has been reported to be expressed in 
various tissues and cells. Additionally, miR-29a 
modulates a series of physiopathological proce-
dures, such as initiation of neoplasms, immune 
system regulation, defending heart from ischemic 
damage, and blocking of fibrosis of various or-
gans25.

Varions investigations indicated that miR-
29a is associated with bone formation. Kapinas 
et al26 showed that miR-29 suppressed osteo-
nectin expression in osteoblasts by regulating 
the process of differentiation via Wnt signaling 
pathway. Hassan et al27 also confirmed that miR-
29 modulated osteoblast differentiation playing 
an important role in skeletal remodeling and 
stability of bone mass. Kaneto et al28 found that 
miR-29 was low-expressed in MSCs of patients 
with osteogenesis imperfecta, thus suppressing 
the process of osteoblast differentiation. These 
findings demonstrated that miR-29a was a key 
positive modulator in HMSCs differentiation 
into osteoblast.

In our research, the knockdown expression of 
miR-29a inhibited HMSCs differentiation into os-
teoblast, whereas overexpression of miR-29a pro-
moted the osteogenic ability. 

To further investigate the underlying mecha-
nisms that how miR-29a modulates the HMSCs 
differentiation and participate in osteoporosis, 
TargetScan was utilized to explore potential tar-
get genes of miR-29a.

Among numerous target genes, HDAC4, as 
one of the major target genes, was closely asso-
ciated with bone formation, which was confirmed 
by previous studies29,30. Various studies31,32 re-
vealed that HDAC4 plays a key role in suppress-
ing chondrocytes and osteoblast differentiation 
through association with Runx2.

Additionally, luciferase reporter assay was 
utilized to examine whether the gene HDAC4 
was the direct target of miR-29a. The current 
study showed that miR-29a regulated the HDAC4 
expression by directly binding the 3’-UTR of 
HDAC4. All those results confirmed that miR-29a 
promotes osteoblast differentiation by suppress-
ing HDAC4.

Conclusions

We found that miR-29a, as a key positive mod-
ulator, plays a crucial role in HMSCs differenti-
ation into osteoblasts by regulating HDAC4 ex-
pression. Clinically, targeting miR-29a therapies 
might promise to be valuable in the management 
of osteoporosis.
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