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Abstract. microRNAs (miRNAs) are involved in the regula-
tion of almost all physiological and pathological processes, 
including osteoblast proliferation and differentiation. miR‑375 
has been reported to be aberrantly expressed in various tumor 
types and to inhibit cell proliferation and invasion by targeting 
a number of key genes. However, the effects of miR‑375 on 
osteogenic differentiation have not been investigated. Thus, 
the present study aimed to elucidate the function served by 
miR‑375 in osteogenic differentiation. The expression levels 
of miR‑375 were observed to decrease in a C2C12 cell model 
of osteogenic differentiation. Overexpression of miR‑375 
inhibited the activity of key osteoblast markers, including 
osteocalcin (OC), alkaline phosphatase (ALP) and collagen, 
type  I, α 1 (COL1A1). By contrast, inhibition of miR‑375 
expression resulted in an increase in the osteogenic potential, 
as indicated by the enhanced expression levels of OC, ALP and 
COL1A1. In addition, a dual‑luciferase reporter assay indicated 
that runt‑related transcription factor 2 (RUNX2) was a target of 
miR‑375. Western blot analysis revealed that the inhibition of 
miR‑375 led to a significant increase in the protein expression 
levels of RUNX2. In addition, overexpression of RUNX2 was 
observed to attenuate the miR‑375‑mediated suppression of 
osteogenic differentiation. Therefore, the results demonstrated 
that miR‑375 was able to inhibit osteogenic differentiation via 
the regulation of RUNX2 expression.

Introduction

Skeletal development and metabolic homeostasis depend 
primarily on the activity of osteoblast cells, which are derived 
from mesenchymal stem cells (1). Three osteoblast‑specific 
transcription factors, activating transcription factor 4, Sp7 

(also known as Osterix) and runt‑related transcription factor 2 
(RUNX2), coregulate the differentiation of osteochondral 
progenitor cells into fully differentiated osteoblasts  (2,3). 
Furthermore, transcription factors, such as cAMP‑response 
element binding protein, forkhead box protein  O1 and 
members of the activator protein 1 family, also contribute 
to osteoblast differentiation and function  (4,5). Increasing 
evidence has indicated that osteogenic differentiation is regu-
lated by post‑transcriptional mechanisms, most significantly 
by temporally expressed microRNAs (miRNAs) (6,7).

miRNAs are short (17‑25 nucleotides), non‑coding RNAs 
that regulate gene expression at the post‑transcriptional 
level (8). The biological function of the majority of miRNAs 
are not known; however, they are hypothesized to play 
critical roles in the regulation of almost all physiological and 
pathological processes, including cell proliferation, apoptosis, 
skeletal muscle development and tumorigenesis (9‑11). Previous 
studies have indicated that certain miRNAs are involved in 
the regulation of osteoblast differentiation (12). For example, 
miRNA‑204/211 targets RUNX2 in bone marrow‑derived 
mesenchymal stem cells and inhibits osteoblastic differentia-
tion (13). An additional study observed that miR‑27a was able 
to regulate osteoblast differentiation by specifically targeting 
the pro‑osteoblastic transcription factor, stabilin 2 (14). The 
aim of the present study was to characterize the expression of 
miR‑375 and investigate its effects on osteoblast differentia-
tion.

Materials and methods

Reagents, antibodies and plasmids. Recombinant bone morpho-
genetic protein 2 (BMP2) was purchased from Invitrogen Life 
Technologies (Carlsbad, CA, USA). Anti‑RUNX2 (sc‑390351) 
and anti‑GAPDH (sc‑365062) mouse monoclonal antibodies 
were purchased from Santa Cruz Biotechnology, Inc. (Dallas, 
TX, USA). miR‑375 mimic/inhibitor, non‑specific control 
and RUNX2‑pcDNA3.1 were obtained from Santa Cruz 
Biotechnology, Inc.

Cell culture, differentiation and transfection. A C2C12 cell 
line was obtained from the American Type Culture Collection 
(Manassas, VA, USA) and maintained in Dulbecco's modi-
fied Eagle's medium (DMEM; Gibco Life Technologies, 
Carlsbad, CA, USA) supplemented with 10% fetal bovine 
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serum, 100  µg/ml streptomycin and 100  U/ml penicillin 
(Sigma‑Aldrich, St. Louis, MO, USA). Cultured cells were 
incubated in a humidity chamber (Thermo Fisher Scientific, 
Waltham, MA, USA) containing 5% CO2 at 37˚C. To induce 
osteogenic differentiation, cells were treated with 2  nM 
BMP2 (Invitrogen Life Technologies) for 24 h. For transfec-
tion, Lipofectamine 2000 (Invitrogen Life Technologies) was 
mixed with the aforementioned small interfering (si)RNA or 
DNA, according to the manufacturer's instructions. The solu-
tions were subsequently combined with the C2C12 cells in 
24‑well culture plates at a density of 3.0x104 cells/well.

Quantitative polymerase chain reaction (qPCR). Total 
RNA was isolated using TRIzol reagent (Invitrogen Life 
Technologies), and cDNA was synthesized from 1 µg total 
RNA using a Reverse Transcription kit (Invitrogen Life 
Technologies), according to the manufacturer's instructions. 
qPCR was performed using an ABI 7500 Real‑Time PCR 
System (Applied Biosystems Life Technologies, Foster City, 
CA, USA), using the following protocol: 95˚C for 3  min, 
40 cycles of 95˚C for 15 sec, 60˚C for 15 sec and 72˚C for 
30  sec. The primers used were as follows: Osteocalcin 
(OC) forward, 5'‑TGC​TTG​TGA​CGA​GCT​ATC​AG‑3' and 
reverse,  5'‑GAG​GAC​AGG​GAG​GAT​CAA​GT‑3'; collagen, 
type I, α 1 (COL1A1) forward, 5'‑GAG​AGC​ATG​ACC​GAT​
GGA​TT‑3' and reverse, 5'‑ATG​TAG​GCC​ACG​CTG​TTC​TT‑3'; 
alkaline phosphatase (ALP) forward, 5'‑GAC​AAG​AAG​CCC​
TTC​ACT​GC‑3' and reverse, 5'‑AGA​CTG​CGC​CTG​GTA​GTT​
GT‑3'; GAPDH forward, 5'‑ACC​ACA​GTC​CAT​GCC​ATC​
AC‑3' and reverse, 5'‑TCC​ACC​CTG​TTG​CTG​TA‑3'. For the 
quantification of miRNA expression, specific primers for 
miR‑375 and U6 (Applied Biosystems Life Technologies) were 
used.

ALP staining and measurement. C2C12  cells transfected 
with the indicated siRNA were fixed with 10% formalin for 
20 min, followed by fixation in an ice‑cold solution of ethanol 
and acetone. Subsequent to washing with phosphate‑buffered 
saline (PBS), the cells were stained with an ALP staining solu-
tion (Sigma‑Aldrich) at 37˚C for 20 min. For the measurement 
of ALP activity, a p‑Nitrophenyl Phosphate Liquid Substrate 
System (Sigma‑Aldrich) was added and the absorbance 
was measured at 405  nm using a microplate reader (BD 
Biosciences, Franklin Lakes, NJ, USA).

Western blot analysis. Cells were washed twice with PBS and 
lysed in a buffer containing 50 mM Tris (pH 7.6), 150 mM 
NaCl, 1 mM EDTA, 10% glycerol and 0.5% NP‑40 and protease 
inhibitor cocktail (Sigma‑Aldrich). Protein samples were 
separated using 10% sodium dodecyl sulfate‑polyacrylamide 
gel electrophoresis and transferred onto nitrocellulose 
membranes. The membranes were incubated with the primary 
antibodies at 4˚C overnight, followed by incubation with a 
horseradish peroxide‑conjugated mouse IgG secondary anti-
body (sc‑2025; Santa Cruz Biotechnology, Inc.). Proteins were 
visualized using an enhanced chemiluminescence method 
kit (GE Healthcare Life Sciences, Piscataway, NJ, USA), and 
the protein band intensity was quantified via densitometric 
analysis using Quantity One software (Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA).

Luciferase Reporter Assay. miRanda (http://www.microrna.
org/microrna/getDownloads.do), TargetScan (http://www.
targetscan.org) and PicTar database (http://pictar.mdc‑berlin.
de) software was used in the study to identify miR‑375 targets. 
Then, cells were seeded in 24‑well plates at a density of 
5x104 cells per well, one day prior to transfection. miRNA‑375 
mimic or inhibitor (50 pmol), 500 ng luciferase reporter and 
40 ng pRL‑TK were added to each well. Cells were collected 
at 48 h after transfection and analyzed using a Dual‑Luciferase 
Reporter Assay System (Promega Corporation, Madison, WI, 
USA).

Statistical analysis. Each experiment was performed in trip-
licate and repeated a minimum of three times, with all the 
data presented as the mean ± standard deviation. Statistical 
analyses were performed using SPSS software, version 16.0 
(SPSS, Inc., Chicago, IL, USA). Comparisons between groups 
were conducted using the Student's t‑test or analysis of vari-
ance, where P<0.05 was considered to indicate a statistically 
significant difference.

Results

miR‑375 is downregulated during osteogenic differentiation. 
Expression levels of miR‑375 during osteogenic differentia-
tion were analyzed using qPCR. C2C12 cells were cultured 
in DMEM without serum and treated with 2  nM BMP2 
for 24 h to induce osteogenic differentiation. A number of 
osteogenic factors, including OC, ALP and COL1A1, were 
used as phenotypic markers of osteogenic differentiation. The 
results from the qPCR revealed that the mRNA expression 
levels of OC, ALP and COL1A1 were markedly increased 
in the cells treated with BMP2, indicating that osteogenic 
differentiation had been successfully induced (Fig. 1A‑C). 
In addition, a significant reduction in miR‑375 expression 
was observed in the BMP2‑treated cells, as compared with 
the non‑BMP2‑induced cells during osteogenic differen-
tiation (Fig. 1D). Collectively, these results demonstrated 
that miR‑375 was involved in the progression of osteogenic 
differentiation.

miR‑375 inhibits osteogenic differentiation. C2C12 cells were 
transfected with miR‑375 mimic or inhibitor in order to study 
the physiological role of miR‑375 on osteogenic differentia-
tion. The qPCR results revealed the mRNA expression levels 
of OC, ALP and COL1A1 to be markedly reduced in the cells 
transfected with the miR‑375 mimic for 48 h (Fig. 2A). By 
contrast, C2C12 cells transfected with the miR‑375 inhibitor 
exhibited increased mRNA expression levels of OC, ALP 
and COL1A1 (Fig. 2B). Furthermore, cells that overexpressed 
miR‑375 exhibited a significant reduction in ALP activity, 
while the inhibition of miR‑375 expression resulted in a 
notable increase in ALP activity (Fig. 2C). qPCR was also 
performed to determine the efficiency of transfection with 
miR‑375 mimic/inhibitor (Fig. 2D). Collectively, the results 
indicated that miR‑375 was able to inhibit osteogenic differ-
entiation.

miR‑375 reduces the expression levels of RUNX2. To eluci-
date the molecular mechanism by which miR‑375 suppressed 
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Figure 1. miR‑375 expression is downregulated during osteogenic differentiation. Quantitative polymerase chain reaction was performed to determine the 
expression levels of (A) OC, (B) ALP, (C) COL1A1 and (D) miR‑375 in control and BMP2‑induced C2C12 cells. GAPDH was used as a control for the mRNA 
expression levels, while U6 was used as an internal control for miRNA expression. **P<0.01, vs. control group. BMP2, bone morphogenetic protein 2; OC, 
osteocalcin; ALP, alkaline phosphatase; COL1A1, collagen, type I, α 1; miRNA, microRNA.

Figure 2. miR‑375 inhibits osteogenic differentiation. Quantitative polymerase chain reaction (qPCR) was performed to determine the mRNA expression levels 
of OC, ALP and COL1A1 in C2C12 cells transfected with (A) miR‑375 mimic or (B) miR‑375 inhibitor. (C) ALP activity was measured following transfection 
with miR‑375 mimic or inhibitor. (D) Expression levels of miR‑375 were determined using qPCR in C2C12 cells transfected with miR‑145 mimic, miR‑145 
inhibitor or with no treatment (control) for 48 h. GAPDH was used as a control for the mRNA expression levels, while U6 was used as an internal control for 
miRNA expression. *P<0.05 and **P<0.01, vs. control group. OC, osteocalcin; ALP, alkaline phosphatase; COL1A1, collagen, type I, α 1; miRNA, microRNA.
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osteogenic differentiation, miRanda, TargetScan and PicTar 
databases were used to search for putative miR‑375 targets. 
The search identified a 3'  untranslated region of RUNX2 
that contained the conserved putative miR‑375 binding site. 
A dual‑luciferase activity assay was performed to confirm 
that RUNX2 was a target of miR‑375. As shown in Fig. 3A, 
luciferase activity was observed to increase significantly in the 

C2C12 cells following transfection with the miR‑375 inhibitor, 
whereas no increase was observed in the activity of the mutant 
luciferase (Fig. 3A). In addition, the results of the western blot 
analysis demonstrated that inhibition of miR‑375 expression 
in C2C12 cells significantly enhanced the protein expression 
levels of RUNX2 (Fig. 3B). These results demonstrated that 
miR‑375 downregulated the expression of RUNX2.

Figure 3. miR‑375 reduces the expression levels of RUNX2. (A) C2C12 cells were cotransfected with the miR‑375 inhibitor and a reporter construct containing 
the WT or MT 3' untranslated region of RUNX2 for 48 h. A luciferase activity assay was subsequently performed. (B) C2C12 cells were transfected with 
the miR‑375 inhibitor for 48 h, and western blot analysis was used to quantify the protein expression levels of RUNX2. *P<0.05, vs. control group. RUNX2, 
runt‑related transcription factor 2; WT, wild type, MT, mutant; miR, microRNA.

  A   B

Figure 4. miR‑375 inhibits osteogenic differentiation by targeting RUNX2. C2C12 cells were transfected with a RUNX2 plasmid for 48 h. (A) Quantitative 
polymerase chain reaction (qPCR) and (B and C) western blot analysis was used to determine the expression levels of RUNX2. C2C12 cells were cotransfected 
with miR‑375 mimic and RUNX2‑pcDNA3.1 for 48 h. The mRNA expression levels of (D) OC, (E) ALP and (F) COL1A1 (F) were determined using qPCR. 
*P<0.05 and **P<0.01, vs. control group; #P<0.05, vs. miR‑375 mimic transfection group. RUNX2, runt‑related transcription factor 2; OC, osteocalcin; ALP, 
alkaline phosphatase; COL1A1, collagen, type I, α 1; miR, microRNA.
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miR‑375 inhibits osteogenic differentiation by targeting 
RUNX2. Finally, whether overexpression of RUNX2 attenuated 
the inhibitory effect of miR‑375 on osteogenic differentia-
tion was investigated. The results of the qPCR (Fig. 4A) and 
western blot analysis (Fig. 4B and C) indicated that RUNX2 
expression was upregulated. Furthermore, cotransfection 
of miR‑375 mimic with a RUNX2 overexpression plasmid 
significantly increased the mRNA expression levels of OC, 
ALP and COL1A1 (Fig.  4D‑F). Thus, overexpression of 
RUNX2 appeared to attenuate the miR‑375‑mediated suppres-
sion of osteogenic differentiation. These results indicated that 
miR‑375 inhibited osteogenic differentiation, in part via the 
downregulation of RUNX2 expression.

Discussion

miRNAs have been reported to function as regulators in 
skeletal muscle development, myeloblast differentiation and 
osteoblastogenesis (15). The results of the present study indi-
cated that miR‑375 functions as an inhibitor of osteogenic 
differentiation by modulating RUNX2 expression.

The C2C12 cell line is a typical pluripotent mesenchymal 
precursor cell line that possesses the potential to differentiate 
into myoblasts, chondroblasts and osteoblasts, which are 
commonly used in cellular models of osteogenic differentia-
tion (16,17). The results of the present study indicated that the 
expression of miR‑375 was downregulated in the C2C12 cells 
during osteogenic differentiation.

Furthermore, OC, ALP and COL1A1 are typical osteo-
blast differentiation markers  (18). In the present study, 
C2C12 cells were used as a model of osteoblast differen-
tiation and the successful establishment of the model was 
indicated by a significant elevation in the expression levels 
of OC, ALP and COL1A1. Overexpression of miR‑375 was 
shown to suppress osteogenic differentiation, as indicated 
by reductions in the mRNA expression levels of OC, ALP 
and COL1A1. By contrast, the inhibition of miR‑375 expres-
sion resulted in an increase in the expression levels of these 
markers. In addition, ALP activity was reduced in miR‑375 
mimic‑transfected cells; however, this effect was reversed 
by the inhibition of miR‑375 expression. Collectively, these 
results suggested that miR‑375 was able to suppress osteo-
genic differentiation.

Previous studies have reported aberrant expression of 
miR‑375 in a number of tumor types, in addition to the inhi-
bition of cell proliferation and invasion by miR‑375 through 
targeting numerous key genes (19,20). Furthermore, a number 
of additional studies have indicated that miR‑375 is involved 
in the regulation of insulin secretion, the maintenance of 
blood homeostasis and the inhibition of neurite differen-
tiation (21,22). The results of the present study revealed that 
miR‑375 was capable of suppressing the osteogenic differenti-
ation of C2C12 cells. Further investigation into the mechanism 
underlying this suppressive effect, by searching for target 
genes using bioinformatic analysis, identified RUNX2 as a 
potential target of miR‑375.

RUNX2 is a member of the RUNX family of transcrip-
tion factors and has a runt DNA‑binding domain. RUNX2 has 
been identified as a key transcription factor in the regulation 
of osteogenesis and chondrogenesis (23). miRNAs, as small 

molecular regulators of gene expression, have critical roles 
in osteoblast function by regulating vital proteins involved 
in differentiation (24). For example, miR‑204 and miR‑211 
are known to function as crucial endogenous negative regu-
lators of RUNX2, promoting adipogenesis and inhibiting 
the osteogenesis of mesenchymal progenitor cells  (13). 
Furthermore, the results of a previous study indicated that 
miR‑3960 and miR‑2861 affected osteoblast differentiation 
via a novel RUNX2/miR‑3960/miR‑2861 regulatory feedback 
loop (25). In the present study, miR‑375 overexpression was 
demonstrated to result in the suppression of RUNX2 protein 
expression, indicating that RUNX2 is regulated by miR‑375. 
A dual‑luciferase reporter assay further identified RUNX2 
as a direct target of miR‑375. In addition, cotransfection of 
miR‑375 mimic with a RUNX2 overexpression plasmid was 
demonstrated to attenuate the miR‑375‑mediated inhibition of 
osteogenic differentiation. Therefore, these results indicated 
that miR‑375 negatively targets RUNX2 and subsequently 
inhibits osteogenic differentiation.

In conclusion, the results of the present study indicated 
that miR‑375 inhibits osteoblast differentiation via the regu-
lation of RUNX2 expression. These observations further the 
understanding into the biological roles played by miRNAs in 
osteoblast differentiation. These observations further under-
standing of the biological functions miRNAs in osteoblast 
differentiation, and may provide a novel therapeutic target for 
treatment of skeletal dysfunction.
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