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Abstract. – OBJECTIVE: Bone marrow mes-
enchymal stem cells (BMSCs) promote bone tis-
sue repair. MiR-1 regulates myogenic and osteo-
genic differentiation of human adipose tissue 
stem cells. However, miR-1’s effect on BMSCs 
osteogenesis is unclear.

MATERIALS AND METHODS: Rat BMSCs 
were isolated and divided into control group, 
miR-1 group, and si-miR-1 group respectively 
transfected with miR-1 plasmid and miR-1 siR-
NA followed by analysis of cell proliferation 
by MTT assay and Caspase 3 activity. The ex-
pression of osteogenic genes Runx2 and OPN 
was measured by Real Time-PCR. Healthy male 
Sprague-Dawley rats were separated into frac-
ture group, NC group, and si-miR-1 group fol-
lowed by analysis of bone mineral density, miR-
1 level by Real Time-PCR, type I collagen, and 
BMP-2 by enzyme-linked immunosorbent assay 
(ELISA), and TLR1 expression by Western blot. 

RESULTS: Transfection of miR-1 siRNA into 
BMSCs significantly downregulated miR-1 expres-
sion, promoted BMSCs cell proliferation, inhibited 
Caspase 3 activity, as well as promoted osteogenic 
genes Runx2 and OPN expression and decreased 
TLR1 expression (p<0.05). The upregulation of 
miR-1 expression significantly reversed the above 
changes. TLR1 is a target of miR-1. Downregulation 
of miR-1 expression in BMSCs of fractured rats sig-
nificantly increased bone density and ALP activity, 
promoted type I collagen and BMP-2 expression, 
and decreased TLR1 expression (p<0.05). 

CONCLUSIONS: The downregulation of miR-1 
promotes BMSCs osteogenic differentiation via 
targeting TLR1, which promotes osteogenic dif-
ferentiation and bone healing.
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Introduction

Tissue engineering combines biological prin-
ciples and bioengineering techniques, and related 
technologies have been widely used in clinical 

practice. In particular, bone tissue engineering 
technology provides an advanced way for bone 
repair, bringing hope to patients with bone de-
fects1,2. Tissue engineering technology has been 
widely concerned by the isolation and culture of 
seed cells, which lays a solid foundation for the 
repair, replacement and improvement of damaged 
tissues and even organs3,4. Therefore, selection of 
tissue engineering seed cells is particularly im-
portant. Bone mesenchymal stem cells (BMSCs) 
can promote bone tissue repair5. BMSCs are de-
rived from bone marrow and are mainly found 
in bone marrow stromal cells, which can differ-
entiate to specific cell types, such as osteoblasts, 
chondroblasts, neuroblasts, adipocytes, and myo-
blasts6,7. BMSCs secrete cytokines and construct 
a hematopoietic microenvironment which is im-
portant to maintain bone mass and bone health8,9. 
Treatment based on BMSCs has shown great po-
tential in regenerative medicine and BMSCs are 
widely used in tissue engineering to repair dam-
aged tissues10,11. However, in the treatment of or-
thopedic diseases, there are still some deficiencies 
in the ability of BMSCs differentiation into os-
teoblasts, thus limiting their clinical application12. 
Therefore, improving bone disease, increasing 
the survival of BMSCs, and inducing the differ-
entiation of BMSCs into osteoblasts have become 
one of the research hotspots11.

Non-coding RNA is involved in many biological 
processes. MicroRNAs, also known as miRNAs, 
small RNAs or microRNAs, are widely found in 
animals and plants. Small molecule short-stranded 
RNA regulates cell survival, proliferation, and dif-
ferentiation13,14. Abnormal expression of miRNAs 
may be involved in the occurrence and develop-
ment of diseases and may serve as a central regu-
lator of proliferation and differentiation of BMSCs, 
and regulate BMSCs differentiation into specific 
lineages15. MiR-1 has been shown to be involved in 
myogenic and osteogenic differentiation of human 
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adipose tissue stem cells and is not affected by os-
teogenic differentiation and adipogenic differenti-
ation to promote skeletal muscle differentiation16,17. 
However, miR-1’s role in BMSCs osteogenesis and 
the repair of bone injury has not been reported.

Materials and Methods

Animals
Ten female Sprague-Dawley rats, aged 9 

weeks and weighted 250±20 g, were bought from 
our animal center and fed in SPF conditions in-
cluding maintaining the temperature at (21±1)°C 
and maintaining relative humidity (50-70%) under 
constant temperature and constant humidity con-
ditions, ensuring a 12/day cycle every 12 hours. 
Experiments were done in strict accordance with 
the experimental design and performed by experi-
enced technicians to minimize animal suffering. 
This study was approved by the Ethics Commit-
tee of the hospital.

Reagents and Instruments
Sodium pentobarbital was purchased from 

Shanghai Zhaohui Pharmaceutical Co., Ltd 
(Shanghai, China). The miR-1 siRNA and pcD-
NA miR-1 plasmid were constructed by Shang-
hai Gemma Gene Company (Shanghai, China). 
Fetal bovine serum (FBS) and cyan chain double 
antibody were purchased from HyClone Corpo-
ration (San Angelo, TX, USA). Dimethyl sulfox-
ide (DMOS), 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT) powder was 
purchased from Gibco (Grand Island, NY, USA); 
trypsin-ethylenediaminetetraacetic acid (EDTA) 
digest from Sigma-Aldrich (St. Louis, MO, USA). 
The Lipofectamine 2000 transfection reagent 
was purchased from Invitrogen (Carlsbad, CA, 
USA). Enhanced chemiluminescence (ECL) re-
agents were purchased from Amersham Biosci-
ences (Little Chalfont, Buckinghamshire, UK), 
rabbit anti-mouse TLR1 antibody and secondary 
antibody were from Cell Signaling Technology 
(Danvers, MA, USA). The RNA extraction and 
the reverse transcription kit were from Axygen 
(Union City, CA, USA). The alkaline phospha-
tase (ALP) and Caspase 3 activity detection kit 
was from Wuhan Boster Bio Co., Ltd. (Wuhan, 
China). Type I collagen, BMP-2 enzyme-linked 
immunosorbent assay (ELISA) kit was purchased 
from American R&D Company (Minneapolis, 
MN, USA). Surgical microscopy equipment was 
purchased from Suzhou Medical Instrument Fac-

tory (Suzhou, China). The Hera cell CO2 incuba-
tor was purchased from Thermo Fisher Scientific 
Company (Waltham, MA, USA).

BMSCs Isolation
Rats were sacrificed via cervical dislocation 

and immersed in 70% alcohol for 20-30 min. The 
skin was cut layer by layer to expose the femur and 
tibia which were separated and placed into a sterile 
plate, in which 3 ml of PBS was added to make 
a cell suspension followed by centrifugation to re-
move supernatant and fat. Then, an equal volume 
of lymphocyte separation solution was added and 
centrifuged followed by an addition of 5 ml of a 
suspension containing bone marrow mesenchymal 
cells into the mononuclear cell separation solution 
and centrifugation to isolate the BMSCs. BMSCs 
were then cultured in a medium containing 5 ml 
of α-MEM containing 10% FBS, 1% double anti-
body in a 37°C incubator with 5% CO2. After 48 h, 
non-adherent cells were removed and cell culture 
was continued, and passage was performed until 
the cell colonies reached 80% of confluence. The 
3-5 generation BMSCs cells were taken for testing.

Transfection of MiR-1 siRNA 
and pcDNA MiR-1 Plasmid into Bone 
Marrow Mesenchymal Stem Cells

The miR-1 siRNA and pcDNA miR-1 plas-
mids were transfected into BMSCs in logarithmic 
growth phase, respectively. The miR-1 siRNA se-
quence was: the upstream sequence 5’-AGCGCT-
GGAGAATCTTCA-3’; the downstream sequence 
5’-GAGGAGACGGTCACTCA-3. The cell den-
sity was fused to 70-80% in a 6-well plate; the 
BMP-2 plasmid and the negative control liposome 
were separately added to 200 μl of serum-free me-
dium and mixed well. The mixed Lipofectamine 
2000 was mixed with the miR-1 siRNA and pcD-
NA miR-1 plasmid dilutions, and then, added to 
cultured cells. After 6 hours, the serum culture 
solution was replaced and cultured for 48 hours 
for experimental research.

Cell Grouping
BMSCs were divided into control group, miR-

1 group, and si-miR-1 group transfected with 
miR-1 plasmid and miR-1 siRNA, respectively. 
In addition, BMSCs were randomly divided into 
two groups. BMSCs were inoculated into na-
no-hydroxyapatite/chitosan composite scaffold as 
control group and auto-oxygenated nano-bionic 
scaffold as experimental group. Nano-hydroxyap-
atite/chitosan composite scaffolds were inoculat-
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ed with 2×106/mL BMSCs or BMSCs transfected 
with si-miR-1, and each scaffold was inoculated 
with 200 μL to examine the effects on cell pro-
liferation and apoptosis. 6×106/mL BMSCs were 
used to inoculate nano-hydroxyapatite/chitosan 
composite scaffold or auto-oxygenated nano-bi-
onic scaffold with 10% FBS Dulbecco’s Modified 
Eagle’s Medium (DMEM; containing 50 μg/mL 
ascorbic acid and 10 nmol/L β-sodium glycerate) 
to induce medium culture for 30 days.

Preparation and Grouping 
of Rat Fracture Models

Under aseptic conditions, 10% chloral hydrate 
was used for anesthesia, according to 0.3g/kg 
body weight. The left leg of the rat was depilated 
and sterilized. The inside of the left humeral plat-
form was 1-2 mm, and the wire sawed the tibia. 
The rats in the fracture group were separated into 
fracture group, si-NC group, and si-miR-1 group, 
in which 1×105 bone marrow mesenchymal stem 
cells transfected with miR-1 negative control or 
si-miR-1 plasmid were injected into the injured 
site. 100,000 units of penicillin injection was per-
formed to prevent infection for three consecutive 
days. At 6 weeks after operation, 2 ml of blood 
was collected from portal vein in each group, and 
centrifuged to obtain the serum which was stored 
at -20°C for use. Five rats were sacrificed, and the 
specimens were cut around the fracture site.

Observation of the Growth 
of Osteophytes

After the rats were sacrificed, the bone miner-
al density (BMD) of the fractures of the rats was 
measured by local bone densitometry. The rapid 
scan mode was applied, and the fracture line was 
used as the center point within 2.0 mm x 1.5 mm 
rectangular area.

Determination of ALP Content
The ALP content was determined according to 

the instructions of the ALP test kit. After centrif-
ugation, the precipitate was collected by adding 
Triton-X100. After mixing, various OD values   

were measured at 520 nm, and the ALP content 
was calculated.

MTT Assay for the Proliferation of BMSCs 
in Each Group

BMSCs were treated as mentioned above. Af-
ter 48 hours of cell treatment in each dose group, 
20 μl of sterile MTT was added with 3 replicate 
wells in each group. After 4 hours of continuous 
culture, the supernatant was completely removed, 
150 μl/well of DMSO was added for 10 min fol-
lowed by measuring absorbance (A) value to cal-
culate cell proliferation rate. 

Caspase 3 Activity Detection
The changes in the Caspase 3 activity in each 

group of cells were examined according to the kit 
instructions. 

Real Time-PCR 
The bone tissues of each group were ground 

on ice, extracted with TRIzol reagent, and sub-
jected to DNA reverse transcription synthesis ac-
cording to the kit instructions. The primers were 
designed according to each gene sequence by 
PrimerPremier 6.0 and synthesized by Yingjun 
Biotechnology Co., Ltd. (Shanghai, China) (Ta-
ble I). Real Time-PCR reaction conditions were 
as follows: 56°C 1 min, 92°C 30 s, 58°C 45 s, 
72°C 35 s, for a total of 35 cycles. Data were 
collected using the PCR reactor software and 
GAPDH was used as a reference. According to 
the fluorescence quantification, the starting cycle 
number (CT) of all samples and standards was 
calculated. Based on the standard CT value, 2-ΔCt 
method was applied to analyze gene expression 

Western Blot
The bone tissues of each group were extract-

ed and the protein was isolated using RIPA lysis 
buffer (Thermo Fisher Scientific, Waltham, MA, 
USA) and quantified followed by separation on 
10% Sodium Dodecyl Sulphate-PolyAcrylamide 
Gel Electrophoresis (SDS-PAGE) for Western 
blot analysis using 1:1000 dilution of primary 

Table I. Primer sequences.

Gene Forward 5’-3’ Reverse 5’-3’

GAPDH AGTACCAGTCTGTTGCTGG TAATAGACCCGGATGTCTGGT
Runx2 CTTAGTGGTCTCTACTTGTT TCACCCTCTCACAGCTTG
miR-1 CCCACCTCTTCTAGAATCT TATTGGACCTCGCGGTAATT
OPN AGTGGGGTCTCTAGCTTGTT CTCCCAACACAGCTTG
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antibody TLR1 monoclonal antibody. The mem-
brane was developed after addition of enhanced 
chemiluminescence (ECL) for 1 min.

ELISA 
Blood was taken from the abdominal aorta and 

centrifuged to collect the serum which was used 
to measure type I collagen and BMP-2 level by 
ELISA according to kit instructions. 

Dual-Luciferase Report Assay
The predicted miR-1 sequence was insert-

ed into the pmirGLO vector and the reporter and 
TLR1 mimics were co-transfected into BMSCs for 
48 h followed by detecting the Luciferase activity.

Statistical Analysis
Statistical Product and Service Solution soft-

ware (SPSS 16.0; Chicago, IL, USA) was applied 
for analyzing data which were displayed as mean 
± standard deviation (SD) and assessed by one-
way ANOVA. p<0.05 indicates a difference.

Results

Regulation of MiR-1 on MiR-1 
Expression in BMSCs

MiR-1 siRNA significantly downregulat-
ed miR-1 expression in BMSCs (p<0.05). The 
transfection of pcDNA miR-1 plasmid into BM-
SCs significantly upregulated miR-1 expression 
(p<0.05) (Figure 1).

Effect of MiR-1 on the Proliferation 
of BMSCs Cells

The transfection of miR-1 siRNA to BMSCs 
downregulated miR-1 and significantly promoted 
the proliferation of BMSCs (p<0.05). The trans-
fection of pcDNA miR-1 plasmid into BMSCs 
upregulated miR-1 expression and significant-
ly inhibited BMSCs cell proliferation. (p<0.05) 
(Figure 2).

Effect of MiR-1 on the Activity 
of Caspase 3 in BMSCs Cells

Transfection of miR-1 siRNA downregulated 
miR-1 expression in BMSCs and significantly 
inhibited Caspase 3 activity (p<0.05). The trans-
fection of pcDNA miR-1 plasmid into BMSCs 
upregulated miR-1 expression and significantly 
promoted Caspase 3 activity (p<0.05) (Figure 3).

Effect of MiR-1 on the Expression 
of Osteogenic Genes Runx2 and OPN 
in BMSCs

Transfection of miR-1 siRNA into BMSCs 
downregulated miR-1, which significantly pro-
moted the expression of osteogenic genes Runx2 
and OPN in BMSCs (p<0.05). Transfection of 
pcDNA miR-1 plasmid into BMSCs upregulated 
miR-1 expression and significantly inhibited the 
expression of osteogenic genes Runx2 and OPN 
in BMSCs (Figure 4). 

Figure 1. Regulation of the effect of miR-1 on the expression 
of miR-1 in BMSCs. Compared with the control group, *p<0.05.

Figure 2. Regulation of the effect of miR-1 on the prolifer-
ation of BMSCs. Compared with the control group, *p<0.05.
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Effect of MiR-1 on TLR1 level 
in BMSCs Cells

MiR-1 siRNA downregulated miR-1 expres-
sion in BMSCs and significantly inhibited TLR1 
expression (p<0.05). The transfection of pcDNA 
miR-1 plasmid into BMSCs upregulated miR-1 
expression and significantly promoted TLR1 ex-
pression (p<0.05) (Figure 5).

MiR-1 Targeting Gene Analysis 
in BMSCs

Luciferase reporter assay was performed 
to analyze miR-1 targeting genes in BMSCs by 
establishing miR-1 wild type (WT) and variant 
(Mut), respectively. The results showed that tar-
geted reporter analysis predicted TLR1 to be a 
target of miR-1. TLR1 mimics inhibited miR-1 
Luciferase activity (Figure 6).

Effect of MiR-1 Downregulation
on Fractured Rats 
and Bone Mineral Density 
in Fractured Rats

At 6 weeks postoperatively, the bone mineral 
density of the bone tissue in each group was mea-
sured. The results showed that BMSCs transfect-
ed with miR-1 negative control or miR-1 siRNA 
significantly increased the serum bone mineral 
density (p<0.05), with more changes in the miR-1 
siRNA BMSCs group than miR-1 negative con-
trol (p<0.05) (Figure 7). 

Effect of Downregulation 
of MiR-1 Expression in BMSCs 
of Fractured Rats on ALP Activity 
in Bone Tissue of Fractured Rats

MiR-1 transfection significantly promot-
ed ALP activity in bone tissue of fractured rat 
(p<0.05), while miR-1 siRNA-transfected BM-
SCs in fractured rats significantly increased ALP 
activity, compared to miR-1 negative control 
(p<0.05) (Figure 8).

Figure 3. Regulation of the effect of miR-1 on Caspase 
3 activity in BMSCs. Compared with the control group, 
*p<0.05.

Figure 4. Effect of miR-1 on the expression of osteogenic 
genes Runx2 and OPN in BMSCs. Compared with the con-
trol group, *p<0.05. 

Figure 5. The effect of miR-1 on the expression of TLR1 
in BMSCs cells. Compared with the control group, *p<0.05.
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Effect of MiR-1 Downregulation in BMSCs 
of Fractured Rats on Type I Collagen 
and BMP-2 level in Fractured Rats

ELISA analysis showed that miR-1 transfec-
tion significantly upregulated type I collagen and 
BMP-2 in bone tissue of fractured rats (p<0.05) 
with more significant changes in miR-1 siRNA 
compared to NC (Figure 9).

Effect of MiR-1 Downregulation
in BMSCs of Fractured Rats on TLR1 
Expression in Fractured Rats

Western blot analysis showed significantly 
upregulated TLR1 in the miR-1 negative control 
group (p<0.05). Downregulation of miR-1 ex-
pression in BMSCs of fractured rats significant-
ly inhibited TLR1 expression in fractured rats 
(p<0.05) (Figure 10).

Figure 6. Targeted gene analysis of miR-1 in BMSCs. A, 
MiR-1 targeted predictive analysis in BMSCs. B, Luciferase 
report statistical analysis, compared with NC group, *p<0.05.

B

A

Figure 7. Downregulation of miR-1 expression in BMSCs 
of fractured rats on bone mineral density in fractured rats. 
Compared with the fracture group, *p<0.05; compared with 
the NC group, #p<0.05.

Figure 8.  Effect of downregulation of miR-1 expression in 
BMSCs of fractured rats on ALP activity in bone tissue of 
fractured rats. Compared with the fracture group, *p<0.05; 
compared with the NC group, #p<0.05.

Figure 9. Downregulation of miR-1 expression in BMSCs 
of fractured rats on the expression of type I collagen and 
BMP-2 in fractured rats. Compared with the fracture group, 
*p<0.05; compared with the NC group, #p<0.05.



J.-G. Wang, X.-G. Zhao, X.-L. Wang, M.-X. Liu, W. Wan

3498

Discussion

BMSCs can differentiate in multiple directions 
and the direction of osteogenic differentiation is a 
key factor restricting bone growth and involves 
in bone development, regeneration, and repair18. 
Hong et al19 have shown that BMSCs can provide 
intrinsic osteogenesis and thus supplementing a 
large amount of bone loss. MiRNAs have been 
shown to be involved in the development, progres-
sion, and prognosis of various diseases and can 
also be used to diagnose and treat diseases. Some 
MiRNAs regulate differentiation of mesenchymal 
stem cells and osteoblasts during bone differenti-
ation and regeneration. The expression of MiR-
NAs is closely related to bone tissue hyperplasia, 
and MiR-1 may regulate osteogenic differentia-
tion17,20. However, MiR-1’s role in osteogenesis re-

mains to be elucidated. This study demonstrates 
that transfection of miR-1 siRNA into BMSCs 
downregulates miR-1 expression, promotes BM-
SCs cell proliferation, inhibits Caspase 3 activity, 
and promotes osteogenic genes Runx2 and OPN 
expression, whereas transfection of miR-1 plas-
mid into BMSCs reverses these changes, inhibits 
BMSCs cell proliferation, promotes Caspase 3 ac-
tivity, inhibits osteogenic genes Runx2 and OPN 
expression, suggesting that low miR-1 level can 
promote BMSCs cell proliferation, inhibit apop-
tosis, and promote BMSCs differentiation into 
osteoblasts.

The repair effect of low expression of miR-1 
on BMSCs on bone injury in fractured rats was 
further analyzed. By transfecting miR-1 siR-
NA into BMSCs, miR-1 can be downregulated 
in bone fracture rats which increased BMD and 
ALP activity, and upregulated type I collagen and 
BMP-2 and promoted bone defect repair. Type I 
collagen and BMP-2 can induce irreversible dif-
ferentiation of mesenchymal cells into chondro-
cytes and osteoblasts, upregulate osteocalcin and 
alkaline phosphatase, and promote the expression 
of most bone matrix proteins and the mineral-
ization of extracellular matrices, leading to new 
bone formation21,22. Toll-Like receptors (TLRs) 
are important protein molecules in non-specific 
immunity. They are model recognition receptors 
and serve as a bridge between non-specific immu-
nity and specific immunity. TLR1 is an important 
member of the TLR family. It not only regulates 
the immune response, but also inhibits the os-
teogenic potential, suggesting that inhibition of 
TLR1 expression is involved in stem cell osteo-
genesis regulation23,24. This study showed TLR2 
to be target of miR-1. Transfection of miR-1 siR-
NA downregulated miR-1 in BMSCs and inhib-
ited TLR1 expression. The expression of TLR1 
was increased in the fracture group and miR-1 
downregulation in BMSCs of the fractured rats 
significantly inhibited the expression of TLR1, 
which promoted the repair of fractures, indicating 
that miR-1 downregulation promotes BMSCs pro-
liferation and the osteogenic activity by targeting 
TLR1, thereby promoting bone repair.

Conclusions

In summary, the downregulation of miR-1 
promotes BMSCs osteogenic differentiation via 
targeting TLR1 expression, which can promote 
osteogenic differentiation and bone healing.

Figure 10. Downregulation of miR-1 expression in BM-
SCs of fractured rats and its effect on TLR1 expression in 
fractured rats. A, Western blot analysis down-regulated 
the expression of miR-1 in BMSCs of fractured rats on the 
expression of TLR1 in fractured rats. B, Effect of miR-1 
down-regulation in BMSCs of fractured rats on the expres-
sion of TLR1 in fractured rats, compared with fractures 
group, *p<0.05; compared with NC group, #p<0.05.

A

B
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