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Abstract. A number of microRNAs (miRs) have been revealed 
to be involved in the development of osteoporosis, including 
postmenopausal osteoporosis. The aim of the present study was 
to investigate miR‑135a‑5p expression and the cellular function of 
miR‑135a‑5p and its underlying mechanism in postmenopausal 
osteoporosis. miR‑135a‑5p expression levels in the femoral 
neck trabecular bone tissue fragments from postmenopausal 
women with or without osteoporosis were detected by 
reverse transcription‑quantitative polymerase chain reaction 
and western blot analysis. The role of miR‑135a‑5p during 
osteogenic differentiation was examined by performing gain‑ 
and loss‑of‑function experiments using miR‑135a‑5p mimic or 
inhibitor. TargetScan bioinformatics analysis was sued to predict 
targets of miR‑135a‑5p, which were confirmed using luciferase 
reporter assays. miR‑135a‑5p expression was significantly 
upregulated in femoral neck trabecular bone tissue fragments 
from postmenopausal women with osteoporosis compared 
with postmenopausal women without osteoporosis. In addition, 
miR‑135a‑5p expression levels significantly decreased during 
osteogenic differentiation in the C2C12 cell model. miR‑135a‑5p 
overexpression decreased the osteogenic potential of C2C12 
cells, as miR‑135a‑5p overexpression significantly reduced 
the expression levels of several key osteoblast markers, whilst 
miR‑135a‑5p knockdown had the opposite effect. Furthermore, 
the current study demonstrated that RUNX2 was a direct target 
of miR‑135a‑5p. Rescue experiments indicated that RUNX2 
overexpression significantly reversed the effect of miR‑135a‑5p 
mimic on the osteogenic potential of C2C12 cells, indicating 
that miR‑135a‑5p mediates osteogenic differentiation via direct 

targeting of RUNX2. Taken together, these results suggest that 
miR‑135a‑5p may serve a role in osteoporosis progression by 
regulating osteogenic differentiation via RUNX2.

Introduction

Osteoporosis is a common chronic metabolic bone disease 
characterized by low bone mineral density and low‑traumata 
fractures (1,2). As a common disease among postmenopausal 
women, the main mechanism for the development of post-
menopausal osteoporosis is the imbalance between bone 
formation and bone resorption resulting from a decreased 
estrogen level  (3,4). China is the country with the largest 
number of elderly people worldwide  (5). In China, it is 
estimated that at least 90 million people suffer from osteo-
porosis and by 2050 this will increase to 221 million (6,7). 
Osteoporosis is a chromic disease that predominantly affects 
the elderly worldwide, especially women (8), and therefore 
improvements in the prevention and treatment of osteopo-
rosis are required.

Restoring and maintaining the balance between bone 
formation and bone resorption is an effective way to treat post-
menopausal osteoporosis (9,10). However, due to the complex 
molecular mechanisms underlying osteogenic bone formation, 
and the lack of osteogenic drug targets, the current treatment 
of postmenopausal osteoporosis is focused on the inhibition of 
osteoclast activity and bone resorption capacity. Therefore, a 
greater understanding of the molecular mechanism underlying 
osteogenic bone formation, as well as identifying therapeutic 
targets with potential osteogenic effects, will provide novel 
strategies for the treatment of postmenopausal osteoporosis.

MicroRNAs (miRNAs or miRs) are a family of small 
non‑coding single stranded RNAs, which can negatively 
regulate the expression of target genes during various cellular 
events, including proliferation, apoptosis and differentia-
tion by binding to the 3'untranslated region (UTR) of target 
genes  (11‑14). Increasing evidence suggests that miRNAs 
are involved in the development of osteoporosis, including 
postmenopausal osteoporosis (15‑18). However, the cellular 
function of miR‑135a‑5p in postmenopausal osteoporosis 
remains unknown.
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The aim of the present study was to investigate miR‑135a‑5p 
expression and the cellular function of miR‑135a‑5p and its 
underlying mechanism in postmenopausal osteoporosis.

Materials and methods

Clinical samples. Bone fragments were obtained from 20 
postmenopausal female patients (54‑71  years old) with 
osteoporosis who underwent hip replacement for osteoporotic 
fractures (OP) at Ningbo First Hospital between April 2015 
and April 2017. The control group were recruited at the same 
time and consisted of 20 postmenopausal female patients 
(52‑74 years old) with osteoarthritis only and not osteoporosis, 
according to BMD and T‑score measurements (0.791±0.081 
and ‑0.26±0.831, respectively). Bone fragments, which were 
extracted from the transcervical region of the femoral neck, 
were dissected into smaller fragments, washed three times 
in PBS and stored at ‑80˚C until further use. The present 
study was approved by the Ethics Committee of Ningbo First 
Hospital (Ningbo, China) and written informed consent was 
obtained from each patient.

To extract total RNA, bone fragments in TRIzol® reagent 
(Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, 
USA) were homogenized using a tissue homogenizer (Omni 
International, Kennesaw, GA, USA) and total RNA was 
extracted using the RNA RNeasy kit (Qiagen GmbH, Hilden, 
Germany) according to the manufacturer's protocol.

Cell culture and treatment. Mouse myoblast cell line C2C12 
(ATCC® CRL‑1772™) was purchased from the American 
Type Culture Collection (Manassas, VA, USA). Cells were 
cultured in Dulbecco's modified Eagle medium (Invitrogen; 
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal 
bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.) and 
1% streptomycin and penicillin mix solution, and maintained 
at 37˚C in a 5% CO2‑humidified incubator.

The C2C12 cell line is a typical pluripotent mesenchymal 
precursor cell line that possesses the potential to differentiate 
into myoblasts, chondroblasts and osteoblasts (19,20). In the 
current study, the C2C12 cell line was used as a cellular model 
of osteogenic differentiation. Osteogenic differentiation was 
induced following treatment with 2 nM bone morphogenetic 
protein 2 (BMP2; Invitrogen; Thermo Fisher Scientific, Inc.) 
for 24 h, as previously described (21).

Cell transfection. C2C12 cells were seeded in 6‑well plates 
at a density of 1x106 cells/well and cultured at 37˚C for 24 h. 
miRNA mimic and inhibitor were obtained from Shanghai 
GenePharma Co., Ltd. (Shanghai, China). Cells were subse-
quently transfected with 100 nM miR‑135a‑5p mimic (5'‑UAU​
GGC​UUU​UUA​UUC​CUA​UGU​GA‑3'), 100  nM mimic 
control (5'‑UCU​CCA​AAC​GUG​UCA​CCU​TT‑3'), 100  nM 
miR‑135a‑5p inhibitor (5'‑UCA​CAU​AGG​AAU​AAA​AAG​
CCA​UA‑3'), 100 nM inhibitor control (5'‑CAG​UAC​UUU​UGU​
GUA​GUA​CAA‑3'), 2 µl control‑plasmid (cat. no. sc‑108083), 
2  µl RUNX2‑plasmid (cat. no.  sc‑400183‑ACT; both 
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA), 
miR‑135a‑5p mimic+control‑plasmid or miR‑135a‑5p 
mimic+RUNX2‑plasmid using Lipofectamine® 2000 reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 

manufacturer's protocol. Cells without any treatment were 
considered as the control group. Transfection efficiency was 
detected following 24‑h transfection using RT‑qPCR.

Alkaline phosphatase (ALP) activity. Following a 24‑h 
transfection with miR‑135a‑5p mimic, mimic control, 
miR‑135a‑5p inhibitor, inhibitor control, miR‑135a‑5p 
inhibitor+control‑siRNA or miR‑135a‑5p inhibitor+RUNX2‑ 
siRNA, the ALP activity of C2C12 cells was detected. As 
previously described (19), the Alkaline Phosphatase Assay kit 
(cat. no. P0321; Beyotime Institute of Biotechnology, Shanghai, 
China) was used to detect the ALP activity according to the 
manufacturer's protocol. ALP activity was determined by 
measuring the absorbance at a wavelength of 405 nm using a 
microplate reader (BD Biosciences, Franklin Lakes, NJ, USA).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from C2C12 cells using 
TRIzol reagent, according to the manufacturer's protocol. 
Total RNA was reverse transcribed into cDNA using the 
High‑Capacity cDNA Reverse Transcription kit (Applied 
Biosystems; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. qPCR was subsequently performed 
using the 2X SYBR Green PCR Master mix (Applied 
Biosystems; Thermo Fisher Scientific, Inc.). Primer sequences 
used for the qPCR were as follows: GAPDH forward, 5'CTT​
TGG​TAT​CGT​GGA​AGG​ACTC3' and reverse, 5'GTA​GAG​
GCA​GGG​ATG​ATG​TTC​T3'; U6 forward, 5'GCT​TCG​GCA​
GCA​CAT​ATA​CTA​AAAT3' and reverse, 5'CGC​TTC​ACG​
AAT​TTG​CGT​GTC​AT3'; miR‑135a‑5p forward, 5'TTG​GTC​
TTG​TTT​CCC​GGT​CC3' and reverse, 5'TCA​CAG​CTC​CAC​
AGG​CTA​AC3'; osteocalcin (OC) forward, 5'CTG​ACC​TCA​
CAG​ATC​CCA​AGC3' and reverse, 5'TGG​TCT​GAT​AGC​
TCG​TCA​CAAG3'; Osterix forward, 5'ACC​AGG​TCC​AGG​
CAA​CAC3' and reverse, 5'‑GCA​AAG​TCA​GAT​GGG​TAA​
GTA​G‑3'; ALP forward, 5'CTT​GAC​TGT​GGT​TAC​TGC​TGA​
TCA3' and reverse, 5'GTA​TCC​ACC​GAA​TGT​GAA​AAC​
GT3'; and RUNX2 forward, 5'AGT​CCC​AAC​TTC​CTG​TGC​
TCC3' and reverse, 5'CGG​TAA​CCA​CAG​TCC​CAT​CTG3'. 
The thermocycling conditions were as follows: Initial denatur-
ation at 95˚C for 10 min; 35 cycles of 95˚C for 15 sec and 55˚C 
for 40 sec. Relative mRNA expression was quantified using 
the 2‑ΔΔCq method and normalized to the internal reference 
gene U6 or GAPDH, respectively (22).

Western blot analysis. Following treatment with BMP2, total 
protein was extracted from C2C12 cells using RIPA buffer 
(cat. no. P0013E; Beyotime Institute of Biotechnology). Total 
protein was quantified using a bicinchoninic acid assay kit 
(cat. no. BCA1‑1KT; Sigma‑Aldrich; Merck KGaA) and 30 µg 
protein/lane was separated via SDS‑PAGE on a 10% gel. The 
separated proteins were subsequently transferred onto poly-
vinylidene difluoride membranes (EMD Millipore, Billerica, 
MA, USA) and blocked for 1.5 h at room temperature with 5% 
non‑fat milk. The membranes were incubated with primary 
antibodies ALP (cat. no. sc‑365765), Osterix (cat. no. sc‑393060; 
both Santa Cruz Biotechnology, Inc.), OC (cat. no. Ab93876; 
Abcam), Runx2 (cat. no. 12556) and β‑actin (cat. no. 4970; 
both Cell Signaling Technology, Inc., Danvers, MA, USA; 
all 1:1,000) overnight at 4˚C. Subsequently, membranes 
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were incubated with a horseradish peroxidase‑conjugated 
anti‑rabbit immunoglobulin G secondary antibodies (1:2,000; 
cat. no. 7074; Cell Signaling Technology, Inc.) for 3 h at room 
temperature. Protein bands were visualized using an enhanced 
chemiluminescence reagent (Thermo Fisher Scientific, Inc.), 
according to the manufacturer's protocol.

Dual‑luciferase reporter assay. TargetScan bioinformatics 
software (www.targetscan.org/vert_72) was used to search for 
potential targets of miR‑135a‑5p, which identified RUNX2 
as a potential target gene of miR‑135a‑5p. To confirm the 
direct binding between miR‑135a‑5p and RUNX2, the wild 
type (WT‑RUNX2, 3'‑GCA​AUA​CAU​UAU​UAU​AGC​CAU​
AA‑5') and mutant (MUT‑RUNX2, 3'‑GCA​AUA​CAU​UAU​
UAU​CCG​GCA​AA‑5') 3'UTR of RUNX2 was cloned into the 
pmiR‑RB‑ReportTM luciferase reporter vector (Guangzhou 
RiboBio Co., Ltd., Guangzhou, China). Point mutations in the 
binding site for miR‑135a‑5p in the 3'UTR of RUNX2 were 
generated using the QuikChange Site‑Directed Mutagenesis 
kit (Stratagene; Agilent Technologies, Inc., Santa Clara, CA, 
USA), according to the manufacturer's protocol. C2C12 cells 
were co‑transfected with WT‑RUNX2 or MUT‑RUNX2 and 
miR‑135a‑5p or mimic control using Lipofectamine® 2000 
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the 
manufacturer's protocol. Following 24‑h transfection, lucif-
erase activity was detected using the Dual‑Luciferase® Assay 
system (Promega Corporation, Madison, WI, USA), according 
to the manufacturer's protocol. Firefly luciferase activity was 
normalized to Renilla luciferase activity.

Statistical analysis. Data are presented as the mean ± standard 
deviation. All statistical analyses were performed using SPSS 
statistical software (version 18.0; SPSS, Inc., Chicago, IL, 
USA). The statistical significance of differences between two 
groups was analyzed using Student's t‑test. One‑way analysis 
of variance followed by Tukey's post hoc test was used to 
analyze differences among multiple groups. All experiments 
were repeated three times. P<0.05 was considered to indicate 
a statistically significant difference.

Results

Enhanced miR‑135a‑5p expression in postmenopausal 
women with osteoporosis. To determine whether miR‑135a‑5p 
was involved in the development of osteoporosis, the expres-
sion level of miR‑135a‑5p was detected using RT‑qPCR in 
the bone tissue fragments from postmenopausal women 
with and without osteoporosis. The results revealed that the 
expression level of miR‑135a‑5p was significantly increased in 
postmenopausal women with osteoporosis compared with the 
postmenopausal women without osteoporosis (Fig. 1).

miR‑135a‑5p is downregulated during osteogenic differentiation 
induced by BMP2. To investigate the function of miR‑135a‑5p 
in osteoporosis, the expression level of miR‑135a‑5p was 
detected during osteogenic differentiation induced by BMP2 in 
C2C12 cells. To confirm the successful induction of osteogenic 
differentiation, the relative mRNA expression level of key 
osteoblast markers OC, osterix, and ALP were detected using 
RT‑qPCR. The relative mRNA expression levels of OC, osterix 

and ALP were significantly increased following treatment with 
BMP compared with the control group (Fig. 2A), indicating the 
successful induction of osteogenic differentiation. In addition, 
BMP2 treatment significantly decreased the expression level 
of miR‑135a‑5p in a time‑dependent manner (Fig. 2B). Taken 
together, these results suggest that miR‑135a‑5p was downregu-
lated during osteogenic differentiation.

Effects of miR‑135a‑5p in osteogenic differentiation in C2C12 
cells. To further investigate the function of miR‑135a‑5p in 
osteogenic differentiation, C2C12 cells were treated with 
2 nM BMP2 following transfection with miR‑135a‑5p mimic, 
mimic control, miR‑135a‑5p inhibitor or inhibitor control. 
Transfection efficiency was detected using RT‑qPCR following 
24‑h transfection. The expression level of miR‑135a‑5p was 
significantly increased in BMP‑treated C2C12 cells following 
transfection with miR‑135a‑5p mimic compared with the 
control (Fig. 3A).

To determine the effect of miR‑135a‑5p in osteogenic 
differentiation, changes in mRNA and protein expression 
levels of specific osteoblast markers were examined. The 
mRNA and protein expression levels of OC, osterix and ALP 
were significantly decreased in BMP‑treated C2C12 cells 
following transfection with miR‑135a‑5p mimic compared 
with the control, whilst the opposite effect was observed 
following transfection with miR‑135a‑5p (Fig. 3B‑E). In addi-
tion, it was observed that compared with the control group, 
the ALP activity in BMP2‑treated cells was significantly 
suppressed following miR‑135a‑5p overexpression, whilst ALP 
activity was significantly enhanced following miR‑135a‑5p 
knockdown (Fig. 3F). Taken together, these results suggest that 
miR‑135a‑5p can inhibit osteogenic differentiation.

RUNX2 is a direct target of miR‑135a‑5p. To investigate 
the molecular mechanism of miR‑135a‑5p in osteogenic 

Figure 1. Relative miR‑135a‑5p expression in postmenopausal women with 
osteoporosis. The relative miR‑135a‑5p expression level was determined by, 
reverse transcription‑quantitative polymerase chain reaction in bone tissue 
fragments from postmenopausal women with osteoporosis and without 
osteoporosis (Control). Data are presented as the mean ± standard deviation 
from three independent experiments. **P<0.01 vs. Control. miR, microRNA.
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differentiation, TargetScan (http://www.targetscan.org) was 
used to predict the potential target genes of miR‑135a‑5p. 
RUNX2 was identified as a potential target of miR‑135a‑5p 
(Fig. 4A). To confirm the prediction, luciferase reporter assays 
were performed to validate the direct interaction between 
miR‑135a‑5p and RUNX2. Luciferase activity was significantly 
decreased following co‑transfection with miR‑135a‑5p mimic 
and WT‑RUNX2 compared with MUT‑RUNX2, which had no 
significant effect on luciferase activity and miR‑135a‑5p mimic 
(Fig. 4B), indicating that miR‑135a‑5p directly targets RUNX2.

The mRNA expression level of RUNX2 was detected using 
RT‑qPCR in the bone tissue fragments from postmenopausal 
women with and without osteoporosis. The current study 
demonstrated that the mRNA expression level of RUNX2 
was significantly decreased in postmenopausal women with 
osteoporosis compared with the postmenopausal women 
without osteoporosis (Fig. 4C). Furthermore, BMP2 treatment 
significantly increased the mRNA and protein expression 
levels of RUNX2 in C2C12 cells in a time‑dependent manner 
(Fig. 4D and E).

Figure 2. Relative miR‑135a‑5p expression during osteogenic differentiation. C2C12 cells were treated with 2 nM BMP2 for 24 h to induce osteogenic differ-
entiation. (A) The relative mRNA expression level of OC, osterix and ALP were determined by RT‑qPCR. **P<0.01 vs. Control. (B) The relative miR‑135a‑5p 
expression level was determined by RT‑qPCR in C2C12 cells following treatment with BMP2 for 0, 6, 12 and 24 h. Data are presented as the mean ± standard 
deviation from three independent experiments. *P<0.05 and **P<0.01 vs. 0 h. miR, microRNA; BMP2, bone morphogenetic protein 2; OC, osteocalcin; ALP, 
alkaline phosphatase; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.

Figure 3. Effect of miR‑135a‑5p in osteogenic differentiation. To explore the function of miR‑135a‑5p in osteoblast differentiation, C2C12 cells were treated 
with 2 nM BMP2 for 24 h following transfection with miR‑135a‑5p mimic, mimic control, miR‑135a‑5p inhibitor or inhibitor control, respectively, for 2 h. 
(A) The relative miR‑135a‑5p expression level was determined by RT‑qPCR in C2C12 cells following transfection with and treatment with BMP2. (B) The 
relative protein expression level of OC, Osterix and ALP were determined by western blot analysis in C2C12 cells following transfection and treatment 
with BMP2. The relative mRNA expression level of (C) OC, (D) Osterix and (E) ALP were determined by RT‑qPCR in C2C12 cells following transfection 
and treatment with BMP2. (F) ALP activity was examined in C2C12 cells following transfection and treatment with BMP2. Data are presented as the 
mean ± standard deviation from three independent experiments. **P<0.01 vs. Control. miR, microRNA; BMP2, bone morphogenetic protein 2; RT‑qPCR, 
reverse transcription‑quantitative polymerase chain reaction; OC, osteocalcin; ALP, alkaline phosphatase.
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miR‑135a‑5p overexpression inhibits osteogenic differentiation 
in C2C12 cells by targeting RUNX2. To investigate whether 
miR‑135a‑5p serves a role in osteogenic differentiation 
by direct targeting of RUNX2, C2C12 cells were treated 
with 2 nM BMP2 following transfection with miR‑135a‑5p 
mimic, mimic control, control‑plasmid, RUNX2‑plasmid, 
miR‑135a‑5p mimic+control‑plasmid or miR‑135a‑5p 
mimic+RUNX2‑plasmid. Transfection efficiency was detected 
using RT‑qPCR following 24‑h transfection. The expression level 
of RUNX2 was significantly increased in BMP‑treated C2C12 
cells following transfection with RUNX2‑plasmid compared 
with the control (Fig. 5A and B). The relative protein and mRNA 
expression levels of RUNX2 were decreased in BMP2‑treated 
C2C12 cells following transfection with miR‑135a‑5p mimic, 
however the miR‑135a‑5p‑induced effects were reversed 
following transfection with RUNX2‑plasmid (Fig. 5C and D).

The mRNA and protein expression levels of OC, osterix 
and ALP were decreased in BMP‑treated C2C12 cells 
following transfection with miR‑135a‑5p mimic compared 
with the control, however these effects were reversed following 
transfection with RUNX2‑plasmid (Fig. 6A‑D). In addition, 
ALP activity was suppressed by miR‑135a‑5p overexpression 
however the addition of RUNX2‑plasmid reversed the effect 
and significantly enhanced ALP activity (Fig. 6E).

Discussion

In the present study, the miR‑135a‑5p expression level was 
significantly increased in postmenopausal women with osteo-
porosis. However, during osteogenic differentiation in vitro, 
the miR‑135a‑5p expression level was significantly decreased. 
miR‑135a‑5p overexpression decreased the expression of 

Figure 4. RUNX2 is a direct target of miR‑135a‑5p. (A) TargetScan bioinformatics analysis was used to predict the miR‑135a‑5p binding site in the 3'UTR 
of RUNX2. (B) Luciferase reporter assays were performed in C2C12 cells following co‑transfection with luciferase reporter plasmids containing wild‑type 
RUNX2 3'UTR or mutant RUNX2 3'UTR and miR‑135a‑5 mimic or mimic control. Data are presented as the mean ± standard deviation from three inde-
pendent experiments. **P<0.01 vs. Mimic control. (C) The relative RUNX2 mRNA expression level was determined by RT‑qPCR in bone tissue fragments 
from postmenopausal women with osteoporosis and without osteoporosis (Control). The relative RUNX2 (D) mRNA and (E) protein expression levels were 
detected by RT‑qPCR and western blot analysis, respectively, in C2C12 cells following treatment with BMP2 for 0, 6, 12 and 24 h. Data are presented as 
the mean ± standard deviation from three independent experiments. *P<0.05 and **P<0.01 vs. Control. RUNX2, runt related transcription factor 2; miR, 
microRNA; UTR, untranslated region; RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction; BMP2, bone morphogenetic protein 2.
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Figure 5. miR‑135a‑5p regulates RUNX2 expression in BMP2 treated C2C12 cells. C2C12 cells were treated with 2 nM BMP2 for 24 h following transfection 
with miR‑135a‑5p mimic, mimic control, control‑plasmid, RUNX2‑plasmid, miR‑135a‑5p mimic+control‑plasmid or miR‑135a‑5p mimic+RUNX2‑plasmid, 
respectively, for 2 h. The relative RUNX2 (A) protein and (B) mRNA expression levels were detected by western blot and RT‑qPCR analysis, respectively, 
in C2C12 cells following transfection with control‑plasmid and RUNX2‑plasmid. The relative RUNX2 (C) protein and (D) mRNA expression level was 
detected by western blot and RT‑qPCR analysis, respectively, in C2C12 cells following transfection with mimic control, miR‑135a‑5p mimic, miR‑135a‑5p 
mimic+control‑plasmid or miR‑135a‑5p mimic+RUNX2‑plasmid. Data are presented as the mean ± standard deviation from three independent experi-
ments. **P<0.01 vs. Control; ##P<0.01 vs. Mimic group. miR, microRNA; RUNX2, runt related transcription factor 2; BMP2, bone morphogenetic protein 2; 
RT‑qPCR, reverse transcription‑quantitative polymerase chain reaction.

Figure 6. miR‑135a‑5p inhibits osteogenic differentiation by targeting RUNX2. C2C12 cells were treated with 2 nM BMP2 for 24 h following transfection with 
miR‑135a‑5p mimic, mimic control, control‑plasmid, RUNX2‑plasmid, miR‑135a‑5p mimic+control‑plasmid or miR‑135a‑5p mimic+RUNX2‑plasmid, respec-
tively, for 2 h. (A) The relative protein expression level of OC, Osterix and ALP were determined by western blot analysis in C2C12 cells following transfection and 
treatment with BMP2. The relative mRNA expression level of (B) OC, (C) Osterix and (D) ALP were determined by reverse transcription‑quantitative polymerase 
chain reaction in C2C12 cells following transfection and treatment with BMP2. (E) ALP activity was examined in C2C12 cells following transfection and treat-
ment with BMP2. Data are presented as the mean ± standard deviation from three independent experiments. **P<0.01 vs. Control; #P<0.05 vs. Mimic; ##P<0.01 
vs. Mimic; miR, microRNA; RUNX2, runt related transcription factor 2; BMP2, bone morphogenetic protein 2; OC, osteoclacin; ALP, alkaline phosphatase.
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osteoblast makers, OC, osterix and ALP, as well as suppressing 
ALP activity. By contrast, miR‑135a‑5p knockdown increased 
the expression of osteoblast makers, and enhanced ALP 
activity. Therefore, the current study demonstrated the inhibi-
tory effect of miR‑135a‑5p on osteogenic differentiation. In 
addition, bioinformatics analysis was used to predict RUNX2 
as a direct target of miR‑135a‑5p. The RUNX2 expression 
level was significantly decreased in postmenopausal women 
with osteoporosis. However, during osteogenic differen-
tiation in vitro, the RUNX2 expression level was significantly 
increased. Taken together, the results suggest that miR‑135a‑5p 
inhibited osteogenic differentiation by targeting RUNX2 and 
therefore miR‑135a‑5p may be a promising therapeutic target 
for the treatment of osteoporosis.

In China, osteoporosis is a common bone‑related 
disease (23). The incidence of osteoporosis is high in post-
menopausal women due to several independent risk factors 
which include, estrogen deficiency, persistent calcium loss and 
aging (24). Osteoporosis occurs due to an imbalance between 
osteoclastic bone resorption and osteoblastic bone forma-
tion  (25). Restoring and maintaining the balance between 
bone formation and bone resorption is an effective way to treat 
postmenopausal osteoporosis (9,10). Although some progress 
has been made in the treatment of postmenopausal osteopo-
rosis, there are currently no effective therapies (26). Therefore, 
understanding of the molecular mechanism underlying osteo-
genic bone formation, as well as identifying therapeutic targets 
with potential osteogenic effects, may provide novel strategies 
for the treatment of postmenopausal osteoporosis.

Several studies have indicated that miRNAs serve an 
important role in the regulation of osteoblastic differentiation or 
bone formation (27,28). The study of miRNAs in postmenopausal 
osteoporosis presents a novel direction for the diagnosis and 
treatment of postmenopausal osteoporosis (15‑18). There have 
been relatively few studies investigating the cellular function of 
miR‑135a‑5p. Chen et al (29) reported that miR‑135a‑5p could 
inhibit 3T3‑L1 adipogenesis by activating the Wnt/β‑catenin 
signaling pathway. Wang et al (30) demonstrated that serum 
miR‑135a‑5p expression was upregulated in colorectal cancer 
and suggested that miR‑135a‑5p expression may be used as 
a diagnostic biomarker for colorectal cancer. Yao et al (31) 
demonstrated that miR‑135a‑5p promoted proliferation and 
metastasis in hepatocellular carcinoma cells via direct targeting 
of Kruppel‑like factor 4. In addition, miR‑135a‑5p is thought 
to serve an inhibitory role in several types of cancer including 
thyroid carcinoma, head and neck squamous cell carcinoma 
and glioblastoma  (32‑34). Furthermore, miR‑135a‑5p is 
involved in the neuroprotective effects of hydrogen sulfide 
against Parkinson's disease  (35). TargetScan was used to 
predict potential target genes of miR‑135a‑5p. TargetScan 
revealed hundreds of target genes of miR‑135a‑5p, including 
RUNX2. RUNX2, a transcription factor that belongs to the 
runt homology domain protein family, is the predominant 
transcription factor for osteoblast differentiation and bone 
formation and it may therefore be a potential target for the 
treatment of osteoporosis (36,37). These findings suggest that 
miR‑135a‑5p may serve a role in osteogenic differentiation 
and osteoporosis. However, the role of miR‑135a‑5p in 
postmenopausal osteoporosis remain unknown. Therefore, 
the aim of the present study was to investigate miR‑135a‑5p 

expression in postmenopausal women with osteoporosis as 
well as the cellular function of miR‑135a‑5p and its underlying 
mechanism in osteoblast differentiation.

The relative miR‑135a‑5p expression level in the bone 
tissue fragments of postmenopausal women with and 
without osteoporosis was examined. The current study 
demonstrated that the expression level of miR‑135a‑5p was 
significantly upregulated in postmenopausal women with 
osteoporosis. Further analysis indicated that miR‑135a‑5p 
expression was downregulated during osteogenic differen-
tiation. Overexpression of miR‑135a‑5p inhibited osteogenic 
differentiation, whilst miR‑135a‑5p knockdown enhanced 
osteogenic differentiation. To further investigate the under-
lying molecular mechanism of miR‑135a‑5p in osteogenic 
differentiation, the direct interaction between miR‑135a‑5p 
and RUNX2 was predicted using TargetScan and confirmed 
using dual‑luciferase reporter assay. To investigate whether 
miR‑135a‑5p serves a role in osteogenic differentiation 
by direct targeting of RUNX2, rescue experiments were 
performed. The inhibitory effect of miR‑135a‑5p on 
osteogenic differentiation was reversed by RUNX2 overex-
pression, indicating that miR‑135a‑5p can inhibit osteogenic 
differentiation via RUNX2.

In conclusion, the current study demonstrated that 
miR‑135a‑5p expression was upregulated in postmenopausal 
women with osteoporosis, and miR‑135a‑5p inhibited 
osteogenic differentiation via direct targeting of RUNX2. 
Therefore, miR‑135a‑5p may be a promising therapeutic 
target for the treatment of postmenopausal osteoporosis.
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