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Abstract
Osteoblastic differentiation is a complex process that is critical for proper bone formation. An increasing number of stud-
ies have suggested that microRNAs (miRNAs) are pivotal regulators in various physiological and pathological processes, 
including osteogenesis. Here, we discuss the influence of miRNA-92a-1-5p on osteogenic differentiation. We found that 
miR-92a-1-5p was obviously downregulated during osteogenic differentiation of MC3T3-E1 cells. Gain-of-function and 
loss-of-function experiments revealed that miR-92a-1-5p was a negative regulator of osteogenic differentiation. Experimental 
validation demonstrated that β-catenin, which acts as a positive regulator of osteogenic differentiation, was negatively regu-
lated by miR-92a1-5p. The findings of this study provide new insights into the possibility of miR-92a1-5p being a potential 
therapeutic target in the management of bone regeneration-related diseases.
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Introduction

The bone is one of the organs that maintains the potential for 
persistent regeneration into adult life and is the only tissue that 
undergoes constant remodeling throughout life [1–3]. Effica-
cious bone differentiation can influence the management of 
bone and musculoskeletal-related disorders, such as fractures 
[4, 5]. Fracture healing is a dynamic physiological process 
involving a complex interplay of cells, mediators, and growth 
factors [6–8]. The healing process involves cellular recruit-
ment, proliferation, and differentiation under the guidance of 
signaling molecules, and the deposition of extracellular matrix 
components, which serve as the foundation for a successful 
bone healing response [9]. Osteoblast differentiation and bone 

formation require a large number of genes to control coordi-
nated processes, including cell proliferation, cell differentiation, 
bone matrix production, and mineralization. Thus, discover-
ing novel mechanisms that are involved in the regulation of 
osteogenic differentiation will be meaningful for advancing our 
understanding of physiological and pathological osteogenesis.

MicroRNAs (miRNAs) are small noncoding single-
stranded RNAs (18–25 nucleotides) that can regulate 
gene expression by binding to complementary sites in the 
3′-untranslated regions of target messenger RNAs (mRNAs) 
to mediate translational inhibition or mRNA degradation 
[10–13]. A growing number of miRNAs have been found 
to be significant regulators of osteoblast differentiation and 
bone formation through different mechanisms [14]. For 
example, miR-34a can modulate the osteoblastic differentia-
tion of human stromal stem cells [15]. miR-34c is considered 
important during osteogenesis partly because of its regula-
tion of Notch signaling in bone homeostasis [16]. miR-145 
inhibits osteoblast differentiation by targeting osterix and 
core-binding factor subunit β [17, 18]. MiR-5100 promotes 
osteogenic differentiation, which is modulated by binding to 
Tob2 [19]. Vishal et al. found that miR-590-5p can promote 
osteoblast differentiation by indirectly protecting and stabi-
lizing the Runx2 protein by targeting Smad7 gene expression 
[20]. Several miRNAs, including miR-21, miR-23a, miR-
24, miR-25, miR-100, and miR-125b, play important roles 
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in osteoporotic patients. Seeliger et al. [21] suggested that 
these miRNAs may be used as biomarkers for diagnostic 
purposes and may be targets for the treatment of bone loss 
and optimization of fracture healing in osteoporotic patients. 
Moreover, there may be several miRNAs that may be related 
to osteoblast differentiation but have not been discovered yet.

MiRNA-92a is a key miRNA that reportedly plays an 
important role in modulating physiological processes. For 
example, once stimulated with Toll-like receptor ligands, 
miR-92a decreases rapidly in macrophages and controls the 
inflammatory response by targeting the MKK4/JNK/c-Jun 
pathway [22]. MiR-92a controls the angiogenesis and func-
tional recovery of ischemic tissues in mice [23]. MiR-17 
is a key component of the miR-17-92 cluster that regulates 
the osteoblast differentiation in human periodontal ligament 
tissue-derived mesenchymal stem cells [24]. The miR-17-92 
cluster regulates bone metabolism mainly through its function 
in osteoblasts. Osteoblasts derived from miR-17-92+/∆ mice 
possessed a low proliferation rate, alkaline phosphatase (ALP) 
activity, and calcification [25]. However, the function of miR-
17-92 during osteoblast differentiation remains unknown.

Given the roles of miRNAs in regulating osteoblast differ-
entiation and bone formation, we hypothesized that miR-92a 
is involved in both osteoblast differentiation and pathogen-
esis. In this study, we illustrated that miR-92a-1-5p was a 
negative regulator of osteoblast differentiation. Furthermore, 
we determined that β-catenin was negatively regulated by 
miR-92a-1-5p, and its downregulation by miR-92a-1-5p 
could attenuate osteoblast differentiation.

Materials and methods

Antibodies and reagents

All substances were purchased from Gibco (Grand Island, 
NY, USA) unless otherwise stated. α-Minimal essential 
medium (α-MEM) was bought from Abcam (Cambridge, 
MA, USA). Licl (Wnt/β-catenin signaling pathway activator) 
was bought from Calbiochem (San Diego, CA, USA). Rab-
bit anti-RUNX2 (1:200) and β-catenin (1:200) polyclonal 
antibodies were acquired from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA). Rabbit anti-β-actin (1:1000) anti-
bodies were bought from Sigma (St. Louis, MO, USA). 
HRP-conjugated goat anti-rabbit antibodies (1:5000) were 
acquired from Abcam (Cambridge, MA, USA). BMP-2 was 
purchased from R&D Systems (USA).

Cell lines and cell culture

The murine pre-osteoblast cell line MC3T3-E1 was obtained 
from ATCC (Manassas, USA) and cultured in accordance 
with the established protocols. Briefly, MC3T3-E1 cells 

were cultured in a proliferation medium containing α-MEM 
supplemented with 10% fetal bovine serum. All cells were 
cultured at 37 °C in an incubator (Life Technologies, Bal-
timore, MD, USA) containing 5% CO2. Osteoblastic dif-
ferentiation was induced by the addition of 200 ng/mL of 
bone morphogenetic protein 2 (BMP2) for seven or 14 days 
(25). After being washed with distilled water twice, the cells 
were photographed. MiR-92a-1-5p mimics, inhibitors, and 
small interfering RNAs against GSK-3β were synthesized 
by RiboBio (Guangzhou, China).

3‑(4, 5‑Dimethylthiazol‑2‑yl)‑2, 
5‑diphenyltetrazolium bromide (MTT) assay analysis

MC3T3-E1 cell viability was determined by MTT assay. 
The cells transfected with miR-92a-1-5p mimic/inhibitor 
and the corresponding negative control were seeded into 
96-well plates and cultured under regular conditions until 
they reached 80% confluence. Then, the culture medium was 
discarded, and fresh medium containing MTT (5 mg/mL 
in phosphate buffered saline (PBS), 150 µL/well, Sangon, 
Shanghai, China) was added. Then, the cells were incubated 
for another 4 h. Afterward, 150 µL of DMSO (Sigma) was 
added per well and shaken gently for 10 min to dissolve the 
formazan. Absorbance at 570 nm was determined using an 
ELISA reader. Cell viability assay was performed in quad-
ruplicate and repeated thrice. Cell viability was expressed 
as the percentages of the value of normal cells.

Quantitative reverse transcription polymerase chain 
reaction (qRT‑PCR)

TriPure isolation reagent was used to extract the total RNA 
from cell monolayers in accordance with the manufactur-
er’s instruction. The first cDNA strands were synthesized 
by using an oligo(dT) primer and Revoscript™ Reverse 
Transcription PreMix (Intron Biotechnology, Gyeonggi-do, 
Korea). The expressed mRNA was analyzed using Brilliant 
II SYBR1 Green QPCR Master Mix (Stratagene, San Diego, 
CA, USA) on a LightCycler Nano Machine (Roche1). A 
40-cycle thermal program was used, consisting of denatura-
tion at 95 °C for 15 s, annealing at a specific temperature 
for 15 s, and extension at 72 °C for 15 s. Each experiment 
was performed in triplicate. The primer sequences were as 
follows: mmT-miR-92a-1-5p-F GGT​TGG​GAT​TTG​TCG​
CAA​TGC; ALP sense primer 5′-AGC​GAC​ACG​GAC​AAG​
AAG​C-3′ and antisense primer 5′-GGC​AAA​GAC​CGC​CAC​
ATC​-3′; osteocalcin (OSX) sense primer 5′-GGG​GAA​AGG​
AGG​CAC​AAA​-3′ and antisense primer 5′-GAG​CAA​AGT​
CAG​ATG​GGT​AAG​TAG​-3′; Runt-related transcription fac-
tor 2 (RUNX2) sense primer 5′- GCA​CCC​AGC​CCA​TAA​
TAG​A-3′ and antisense primer 5′-TTG​GAG​CAA​GGA​GAA​
CCC​-3′; β-catenin sense primer 5′-ATC​ACT​GAG​CCT​GCC​
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ATC​TG-3′ and antisense primer 5′-GTT​GCC​ACG​CCT​TCA​
TTC​C-3′; β-actin sense primer 5′-GTC​CCT​CAC​CCT​CCC​
AAA​AG-3′ and antisense primer 5′-GCT​GCC​TCA​ACA​
CCT​CAA​CCC-3′. The 2-ΔΔCt method was used for data 
analysis normalized to β-actin. Notably, U6 was used as the 
endogenous control in analyzing miR-92a-1-5p expression.

Western blots

Western blots were performed as described. Briefly, the 
protein concentration was measured by using the BCA Pro-
tein Assay Kit (Thermo). The samples were combined with 
2× SDS loading buffer, boiled for 10 min, and loaded onto 
10 or 4–20% gradient polyacrylamide-SDS gel. The pro-
teins were then transferred to a PVDF membrane (Millipore, 
Billerica, MA, USA) for 2 h at 200 mA, and the membranes 
were incubated in Odyssey Blocking Buffer (LiCor) for 2 h 
at room temperature. After incubation with primary antibod-
ies overnight at 4 °C, the blots were washed thrice in TBS 
containing 0.1% Tween-20 for 15 min and then incubated 
with peroxidase- or IRDye-conjugated secondary antibody 
for 1 h in TBS and 0.1% Tween-20 at room temperature. 
Immunoreactivity was detected by chemiluminescence with 
an ECL reagent or LiCor imaging system.

Oligonucleotide and siRNA transfection

MiR-92a-1-5p mimics, inhibitors, and small interfer-
ing RNAs against GSK-3β were synthesized by RiboBio 
(Guangzhou, China). These reagents were transfected into 
MC3T3-E1 at final concentrations of 50 nM for miRNA and 
25 nM for siRNA in a six-well plate. All transfections were 
performed using Lipofectamine 2000 Transfection Reagent 
(Invitrogen) in accordance with the manufacturer’s instruc-
tions. Sequence: 5′-CCA​CTC​AAG​AAC​TGT​CAA​GTA-3′ 
against GSK-3β or a scrambled siRNA (5′-UUC​UCC​GAA​
CGU​GUC​ACG​UTT-3′ was synthesized by RiboBio (Guang-
zhou, China).

Alizarin red staining (ARS)

Alizarin red staining was performed for 14 days to detect 
the osteoblast calcification after BMP2 treatment. The cells 
were seeded in 24-well plates, washed with PBS, fixed in 
95% ethanol for 10 min, washed with distilled water, and 
stained with alizarin red solution (1 g Tris and 0.1 g alizarin 
red (Bio Basic Inc., Canada) in 100 mL ultrapure water; 
pH was adjusted to 8.3 by using HCl for 30 min at 37 °C). 
After being washed with distilled water twice, the cells were 
photographed.

ALP activity

Alkaline phosphatase activity was analyzed using an ALP 
activity colorimetric assay kit (BioVision, Milpitas, CA, 
USA). The cultured cells were rinsed three times with 
PBS and 1% Triton X100 and then scraped into distilled 
water. This step was followed by three cycles of freezing 
and thawing. ALP activity was determined at 405 nm using 
nitrophenyl phosphate as substrate. The total protein con-
tent of the same sample was determined through the BCA 
method using the Pierce protein assay kit (Thermo Fisher 
Scientific, Rockford, IL, USA). ALP activity relative to the 
control treatment was calculated after normalization to the 
total protein content.

Statistical analysis

The quantitative data were expressed as mean ± SD. Statis-
tical analysis was carried out using a one-way analysis of 
variance followed by a Bonferroni test for multiple groups 
or Student’s t test between two groups (SPSS 13.0 software; 
SPSS Inc., Chicago, USA). Differences with a p value less 
than 0.05 were considered statistically significant.

Results

MiR‑92a‑1‑5p was downregulated in osteogenic 
differentiation

To analyze whether miR-92a-1-5p was associated with 
osteogenic differentiation, we introduced a well-accepted 
model for investigating the osteogenic differentiation. After 
being cultured in BMP2 for 14 days, the MC3T3-E1 cells 
displayed a lower proliferative capacity than those cultured 
in OG medium (Fig. 1a, b). Then, the expression levels of 
osteogenic-related genes, including OSX, ALP, and RUNX2, 
were significantly upregulated under differentiation-inducing 
conditions for seven and 14 days, as confirmed by qRT-PCR 
(Fig. 1c). The upregulation of RUNX2 was further con-
firmed at the translational level by western blot (Fig. 1d). 
Additionally, the activity of ALP was promoted after BMP2 
treatment (Fig. 1e). Furthermore, we found that miR-92a 
expression was markedly decreased in induced MC3T3-E1 
cells during osteogenic differentiation (Fig. 1f).

MiR‑92a‑1‑5p inhibited the BMP2‑induced 
osteogenic differentiation of MC3T3‑E1 cells

To clarify the biological roles of miR-92a-1-5p in osteogenic 
differentiation, we performed gain-of-function and loss-of-
function studies on MC3T3-E1 cells. We stably transfected 
MC3T3-E1 cells with miRNA mimics or inhibitors and 
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their negative controls (Fig. 2a). The results of qRT-PCR 
assay revealed that transfection with miR-92a-1-5p mim-
ics markedly reduced the expression of ossification-related 
genes compared with those transfected with the negative 
control of the miRNA mimics. By contrast, silencing the 

miR-92a-1-5p expression by using miRNA inhibitors dra-
matically increased the levels of ossification-related genes 
in MC3T3-E1 cells (Fig. 2b). The results further revealed 
that the ALP activity in the differentiated MC3T3-E1 cells 
was inhibited by transfection with miR-92a-1-5p mimics, 

Fig. 1   MiR-92a-1-5p is downregulated in osteogenic differentiation. 
a Cell viability analysis of MC3T3-E1 cells treated with or without 
BMP2 after 3 weeks. b The morphology of MC3T3-E1 cells induced 
by BMP2 after 3  weeks. c RT-PCR analysis of osteogenic-related 
genes, OSX, ALP, and RUNX2, in induced MC3T3-E1 cells. d 

Expression of RUNX2 protein by western blot in MC3T3-E1 cells. e 
Activity of ALP at 0, 7, and 14 days after BMP2 treatment. f Expres-
sion of miR-92a-1-5p was assayed by qRT-PCR at 0, 7, 14 days after 
BMP2 treatment. Results are derived from at least three independent 
experiments. *p < 0.05, **p < 0.01
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but enhanced by transfection with miR-92a-1-5p inhibitors 
(Fig. 2c). In addition, the mineralization was analyzed, and 
several mineralization nodules were observed in the cells 
with miR-92a-1-5p inhibitors (Fig. 2d).

Mir‑92a‑1‑5p downregulated the β‑catenin 
expression at both transcription and protein levels

The Wnt/β-catenin signaling pathways played important 
roles in osteogenic differentiation. We explored whether 
miR-92a-1-5p regulated the osteogenic differentiation 
by suppressing β-catenin expression. The results of qRT-
PCR and western blot revealed a notable downregulation 
of β-catenin after miR-92a-1-5p mimics were transfected 
into MC3T3-E1 cells, whereas β-catenin was upregulated in 
cells transfected with miR-92a-1-5p inhibitors (Fig. 3a, b). 
These results suggested that miR-92a-1-5p possibly regu-
lated β-catenin gene expression in osteogenic differentiation.

β‑Catenin was negatively regulated 
by miR‑92a‑1‑5p involved in osteogenic 
differentiation

To further confirm whether the Wnt/β-catenin signaling 
pathway was involved in osteoblast differentiation by miR-
92a-1-5p, we co-transfected GSK3-β siRNA and miR-92a-
1-5p mimics into MC3T3-E1 cells. As shown in Fig. 4a–c, 
silencing GSK3-β could reverse the expression of β-catenin 
and ossification-related genes attenuated by miR-92a-1-5p 
mimics, as confirmed by qRT-PCR and western blot. Mean-
while, the Wnt signaling activator, Licl, was also used. The 
suppressive effects of miR-92a-1-5p on the expression of 
β-catenin and ossification-related genes were markedly 
impeded after Licl treatment (Fig. 4d–f). ARS showed the 
same tendency (Fig. 4g). Overall, these findings strongly 
suggested that β-catenin was negatively regulated by miR-
92a-1-5p in the osteogenic differentiation.

Fig. 2   MiR-92a-1-5p inhibits the osteogenic differentiation and min-
eralization. a Expression of miR-92a-1-5p was validated in MC3T3-
E1 cells transfected with miR-92a-1-5p mimics or inhibitors and their 
corresponding controls by qRT-PCR. b qRT-PCR analysis of osteo-

genic-related genes, OSX, ALP, and RUNX2, in MC3T3-E1 cells. c 
Activity of ALP at 14 days after BMP2 treatment. d Effect of miR-
92a-1-5p according to ARS of MC3T3-E1 cells. Results are derived 
from at least three independent experiments. *p < 0.05, **p < 0.01
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Discussion

In this study, we revealed for the first time that miR-92a1-5p 
was obviously downregulated during osteogenic differentia-
tion. Furthermore, we demonstrated that miR-92a-1-5p was 
a negative regulator of osteogenic differentiation because its 
overexpression reduced osteogenic differentiation, whereas 
its silencing led to the opposite effect. Finally, we demon-
strated that miR-92a-1-5p blocked osteogenic differentiation 
partially by suppressing β-catenin expression.

Bone remodeling plays a key role in the maintenance 
and regeneration of bone tissues [26–28]. The imbalance of 
bone remodeling leads to bone abnormalities, of which the 
most common one is osteoporosis [29–31]. Efficacious bone 
regeneration could influence the management of bone and 
musculoskeletal-related disorders [4, 5]. Osteoblast differen-
tiation requires numerous genes to control coordinated pro-
cesses, including cell proliferation, cell differentiation, bone 
matrix production, and mineralization [32–34]. An increas-
ing number of studies have identified several miRNAs that 
play important regulatory roles in bone biology [35–37]. 
Some miRNAs have been recently discovered as crucial 
negative or positive regulators of posttranscriptional gene 
expression and are considered important for osteogenesis. 
For example, miR-590-5p promotes osteoblast differentia-
tion [20], whereas miR-145 inhibits osteoblast differentia-
tion [18]. Nonetheless, there may be more miRNAs related 
to osteoblast differentiation that are yet to be discovered.

In this study, we showed that the gene expression of 
miR-92a-1-5p was markedly decreased in induced MC3T3-
E1 cells during osteogenic differentiation by BMP2. The 

expression levels of osteogenic-related genes, including 
OSX, ALP, and RUNX2, were significantly upregulated. 
These data suggested that miR-92a was involved in the 
expression of regulators of osteogenic differentiation by 
influencing the expression of osteogenic differentiation 
markers [38, 39]. We found that transfection with miR-92a-
1-5p mimics markedly reduced the expression of ossifica-
tion-related genes, and the knockdown of miR-92a-1-5p 
expression by miRNA inhibitors considerably increased the 
ossification-related gene levels in MC3T3-E1 cells, further 
supporting the hypothesis that miR-92a-1-5p is involved in 
osteogenic differentiation.

BMP2 stimulated osteoblast differentiation along with 
Wnt signaling. BMP-2 activated Wnt signaling by inducing 
the expression of Wnt3a, Wnt1, and Lrp5, while inhibit-
ing the expression of β-TrCP [40]. When exposed to both 
BMP and Wnt signaling, osteoblastogenesis was maximized 
[41]. Moreover, BMP signaling was promoted when the Wnt 
signaling was activated by Wnt3a or the overexpression of 

Fig. 3   Mir-92a-1-5p downregulates β-catenin expression at both the 
transcription and protein levels. The expression of β-catenin was 
detected in MC3T3-E1 cells transfected with miR-92a-1-5p mimics 

or inhibitors and their corresponding controls by qRT-PCR (a) and 
western blot (b). Results are derived from at least three independent 
experiments. *p < 0.05, **p < 0.01

Fig. 4   β-catenin may be negatively regulated by miR-92a-1-5p 
involved in osteogenic differentiation. MC3T3-E1 cells were 
transfected with miR-92a-1-5p mimics and/or GSK3-β siRNA: a 
mRNA level of β-catenin was analyzed by qRT-PCR. b β-Catenin 
and RUNX2 were detected by western blot. c Osteogenic-related 
genes, OSX, ALP, and RUNX2, were detected by qRT-PCR analy-
sis. MC3T3-E1 cells were treated with Licl and/or miR-92a-1-5p. d 
mRNA level of β-catenin was analyzed by qRT-PCR. e β-Catenin 
and RUNX2 were detected by western blot. f Osteogenic-related 
genes, OSX, ALP, and RUNX2, were detected by qRT-PCR analy-
sis. g Effect of miR-92a-1-5p on the mineralization of differentiated 
MC3T3-E1 cells. Results are derived from at least three independent 
experiments. *p < 0.05, **p < 0.01

◂
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β-catenin/TCF4 [42]. Here, we confirmed that miR-92a-1-5p 
negatively regulated the expression of β-catenin, thereby 
suppressing osteogenic differentiation. The Wnt/β-catenin 
pathway is considered as the most attractive target for skel-
etal homeostasis and bone repair therapeutic intervention 
[43–46]. The activating mutations of the Wnt function in 
humans cause high bone mass phenotypes, such as van 
Buchem disease, whereas inactivating mutations cause 
osteopenic diseases, such as osteoporosis–pseudoglioma 
syndrome [47, 48]. In our investigation, we found that 
β-catenin was notably downregulated after miR-92a-1-5p 
mimics were transfected into MC3T3-E1 cells, whereas it 
was upregulated in the cells transfected with miR-92a-1-5p 
inhibitors. Either the addition of the Wnt signaling activator 
Licl or the knockdown of GSK3-β attenuated the suppres-
sion effect of β-catenin by miR-92a-1-5p. This finding was 
supported by the results of qRT-PCR and western blot. Thus, 
we hypothesized that miR-92a-1-5p regulated the transla-
tional and transcriptional levels of β-catenin, underlying its 
role in osteogenesis.

In conclusion, MiR-92a-1-5p was identified as a novel 
regulator in osteogenic differentiation by negatively regulat-
ing β-catenin. Therefore, this study provided new insights 
into the possibility of miR-92a-1-5p being a potential thera-
peutic target in the management of bone regeneration-related 
diseases.
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