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miR‑27a‑3p negatively regulates osteogenic differentiation
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Abstract. Osteoporosis is a complex multifactorial disorder characterized by microarchitectural deterioration, low bone mass,
and increased risk of fractures or broken bones. Balanced bone
remodeling is tightly regulated by the differentiation, activity
and apoptosis of bone‑forming osteoblasts and bone‑resorbing
osteoclasts. MicroRNAs (miRs) are dysregulated in osteoporosis, but whether they control osteogenic differentiation and
skeletal biology, or could serve as therapeutic targets remains
to be elucidated. The present study identified miR‑27a‑3p as a
critical suppressor of osteoblastogenesis. Bioinformatics analysis
and luciferase reporter assays demonstrated that miR‑27a‑3p
directly targeted and controlled the expression of osterix (Osx),
an early response gene essential for bone formation, through its
3'‑untranslated region. miR‑27a‑3p functionally inhibited the
differentiation of preosteoblasts by decreasing Osx expression,
which synergistically contributed to bone formation. miR‑27a‑3p
level was significantly decreased during osteogenic differentiation and increased in the serum of patients with osteoporosis.
Together, miR‑27a‑3p contributed to diminished osteogenic
function during osteogenic differentiation and might thus serve
as a therapeutic target and diagnostic biomarker for osteoporosis.
Introduction
Osteoporosis is the most common disorder of bone remodeling
in aging humans (1). It is associated with high health costs, and
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is characterized by an increased propensity to fragility fractures
due to progressive loss of bone mass and bone quality, coupled
with decreased osteoblast production and function (2,3). In
osteoporosis, bone homeostasis is disrupted by hormonal
deficiency and aging, leading to increased bone turnover
with enhanced bone formation and even greater rates of bone
resorption, resulting in net bone loss (4,5). Consequently, safe
and effective strategies to stimulate osteoblast formation and
activity are in great clinical demand. Anti‑osteoporotic agents
or food supplements that can stimulate new bone formation
and improve trabecular microarchitecture should continue to
be investigated for postmenopausal osteoporosis, as emerging
therapies hold great promise (6‑8).
MicroRNAs (miRNAs/miRs) are a diverse family of
endogenous small non‑coding RNAs (ncRNAs) that are
~21 nucleotides in length, which post‑transcriptionally
regulate the stability and translational efficiency of target
mRNAs (9). miRNAs have been reported to contribute to
each step of osteogenesis, starting from embryonic bone
development to adult bone tissue maintenance, by regulating
the growth, differentiation and functional activity of cells that
constitute the bone tissue (10). In addition, substantial quantities of miRNAs are present in body fluids such as serum and
plasma as circulating ncRNAs, and have been shown to play
roles in cell communication by functioning as hormone‑like
molecules to influence the behaviors of different cells in a
paracrine or endocrine manner (11,12). Due to their high abundance and stability, circulating miRNAs have potential utility
as non‑invasive, blood‑based biomarkers that can provide
information on the disease and targeted therapies (13‑21).
Icariin, a bioactive plant flavonoid, possesses the ability to
stimulate the osteogenic differentiation of bone mesenchymal
stem cells, improve osteoporosis in ovariectomized rats and
induce bone repair in rabbits (22‑27). In a previous study, it
was demonstrated that icariin promoted osteogenic differentiation in MC3T3‑E1 cells (28). The present study screened
the differentially expressed miRNAs in icariin‑treated
MC3T3‑E1 cells and found that miR‑27a‑3p expression was
negatively associated with icariin treatment. Overexpression
of miR‑27a‑3p inhibited osteoblast activity in vitro, as well as
decreasing the expression levels of osterix (Osx). Furthermore,
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it was verified that Osx, a primary transcription factor required
for osteoblast function, was a direct target of miR‑27a‑3p.
Serum miR‑27a‑3p expression was validated in clinical osteoporosis specimens. Hence, the findings of the present study
suggested that miRNAs could be used as a novel diagnostic
tool for osteoporosis or serve as novel targets for therapeutic
intervention.
Materials and methods
Cell culture. MC3T3‑E1 preosteoblasts (obtained from the Cell
Center of the Chinese Academy of Medical Sciences) were
maintained in Minimum Essential Medium α (α‑MEM; Gibco;
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and
1% penicillin/streptomycin (PS). 293T cells (American Type
Culture Collection) were maintained in Dulbecco's modified
Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% FBS and 1% PS. Cultured cells
were incubated at 37˚C in a humidified chamber containing
5% CO2.
Animals. Adult female C57BL/6 mice (weight, 17‑20 g; age,
6‑8 weeks; n=3) were purchased from the Model Animal
Research Center of Nanjing University and maintained under
standard animal housing conditions (12‑h light/dark cycle and
free access to food and water) in a temperature‑controlled
room (24±1˚C) with relative humidity (50±10%) at the animal
center of Nanjing Medical University. All procedures involving
mice and the corresponding experimental protocols were
approved by the Animal Care and Use Committee of Nanjing
Medical University (approval no. IACUC‑1706005). Following
terminal anesthesia by intraperitoneal injection with pentobarbital sodium (100 mg/kg body weight), mice were euthanized
by cervical dislocation and the death of mouse was verified
10 min by the following criteria: i) No breathing; ii) no nerve
reflexes; iii) no heartbeat and iv) relaxed muscles. Then, the
tissues (including the heart, liver, spleen, lung, kidney, bone
and brain) were quickly dissected and separately immersed
into liquid nitrogen.
RNA oligonucleotides and transfection assay. For transfection,
100 nM inhibitors (5'‑GCGG AAC UUAGCC ACU GU
GAA‑3'), mimics (5'‑UUCACAGUGGCUAAGUUCCGC‑3')
and non‑specific control oligonucleotides (5'‑UUCUCCGAA
CGUGUCACGU TT‑3') of miR‑27a‑3p were obtained from
Guangzhou RiboBio Co., Ltd. and transfected into cultured
cells using Lipofectamine® 2000 (Invitrogen, Thermo Fisher
Scientific, Inc.), according to the manufacturer's instructions. At 48 h post‑transfection, the cells were harvested and
analyzed for mRNA and protein expression.
RNA isolation and reverse transcription‑quantitative PCR
(RT‑qPCR). Total RNA was isolated from cultured cells, as
well as the tissues of C57BL/6 mice (including the heart,
liver, spleen, lung, kidney, bone and brain) using RNAiso
Plus according to the manufacturer's protocol (Takara
Biotechnology Co., Ltd.). The ribosomal bands were visualized on a 1% TAE agarose gel to assess RNA integrity. cDNA
was synthesized from 1 µg total RNA in RT reactions using a

PrimeScript RT reagent kit (Takara Biotechnology Co., Ltd.),
according to the manufacturer's instructions, and RT‑qPCR
was performed with SYBR Green reagents (Roche Diagnostics)
on an ABI 7500 Real‑Time PCR system (Applied Biosystems;
Thermo Fisher Scientific, Inc.). The expression level of mature
miR‑27a‑3p was determined by stem‑loop RT‑qPCR. U6 was
used for normalization. The following primers sequences
were used: miR‑27a‑3p, RT, 5'‑GTCGTATCCAGTGCAGGG
TCCGAGGTAT TCG CAC TGGATACGACGCGGA ACT‑3',
forward, 5'‑GCGGGCGTTCACAGTGGCTA‑3' and reverse,
5'‑CAGT GCAGGGTCCGAG GT‑3'; U6, forward, 5'‑CTC
GCTT CGG CAG CACA‑3' and reverse, 5'‑AACG CTT CA
CGAATTTGCGT‑3'. The PCR amplification conditions were:
95˚C for 5 min, followed by 40 cycles of 95˚C for 15 sec and
60˚C for 1 min. The following primers sequences were used:
Runt‑related transcription factor 2 (Runx2), forward, 5'‑ATG
ATGACACTGCCACCTCTGAC‑3' and reverse, 5'‑AACTGC
CTGGGGTCTGAAA AAGG‑3'; Osx, forward, 5'‑AGCGAC
CACT TGAGCA AACAT‑3' and reverse, 5'‑GCGG CTGAT
TGGCTTCTTCT‑3'; alkaline phosphatase (ALP), forward,
5'‑TGACCTTCTC TCC TCCATCC‑3' and reverse, 5'‑CTT
CCTG GGAGTC TCATCC T‑3'; osteocalcin (OC), forward,
5'‑TGCT TGTGACGAG CTATCAG‑3' and reverse, 5'‑GAG
GACAGGGAGGATCAAGT‑3'; bone sialoprotein (BSP),
forward, 5'‑AAGCAGCACCGTTGAGTATGG‑3' and reverse,
5'‑CCTTGTAGTAGCTGTATTCATCCTC‑3'; type I collagen
(Col1α1), forward, 5'‑GCAACAGTCG CTTCACCTACA‑3'
and reverse, 5'‑CAATGTCCAAGGGAGCCACAT‑3'; and
β‑actin, forward, 5'‑AGATGTGGATCAGCAAGCAG‑3' and
reverse, 5'‑GCGCAAGTTAGGT TTTGTCA‑3'. The relative
expression levels were calculated using the 2‑ΔΔCq method (29)
and normalized to β‑actin. For each data point, triplicate reactions were carried out and the experiment was repeated three
times to assess statistical significance.
RT‑PCR for Osx expression. Total RNA isolation and cDNA
synthesis were conducted as described above. The amplification conditions for PCR were: 95˚C for 5 min, followed by
20‑30 cycles of denaturation at 95˚C for 15 sec, annealing
at 56˚C for 5 sec and extension at 72˚C for 30 sec. The PCR
products were analyzed on 8% polyacrylamide gels and visualized using a Tanon 4100 gel imaging analysis system (Tanon).
The primers for β‑actin and Osx were same as those used for
RT‑qPCR.
Western blot analysis. Cells were lysed in RIPA buffer
[50 mM Tris‑HCl, pH 7.5, 150 mM NaCl, 1% Nonidet P‑40,
0.5% sodium deoxycholate and 0.1% sodium dodecyl sulfate
(SDS)] plus protease inhibitors (Roche Diagnostics). Protein
concentrations were determined using a Pierce™ BCA
Protein Assay kit (Thermo Fisher Scientific, Inc.). Total
protein (20 µg) samples were boiled for 5 min in 1X loading
buffer, incubated on ice, separated via 10% SDS‑PAGE and
then transferred to PVDF membranes (EMD Millipore) with
a semidry transfer apparatus (Bio‑Rad Laboratories, Inc.).
Non‑specific protein interactions were blocked by incubation
with 5% fat‑free milk in TBS‑Tween (TBST) buffer (50 mM
Tris‑HCl, 150 mM NaCl, 0.05% Tween 20, pH 7.6) for 1 h at
room temperature. The membranes were incubated overnight
with primary antibody in blocking buffer at 4˚C. Unbound
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antibody was removed by washing three times with TBST
(10 min/wash). After rinsing, the membranes were incubated
with horseradish peroxide (HRP)‑conjugated goat anti‑mouse
(1:5,000; cat. no. sc‑2005; Santa Cruz Biotechnology, Inc.) or
HRP‑conjugated goat anti‑rabbit (1:5,000; cat. no. sc‑2004;
Santa Cruz Biotechnology, Inc.) secondary antibodies for 1 h
at room temperature, followed by washing with TBST three
times (10 min/wash). The immunoreactive bands were visualized with ECL reagent (Pierce; Thermo Fisher Scientific, Inc.).
Densitometric analysis was performed using ImageJ software
(version 1.49v; National Institutes of Health). Primary antibodies against Osx (1:4,000; cat. no. ab94744; Abcam) and
β‑actin (1:1,000; cat. no. sc‑47778; Santa Cruz Biotechnology,
Inc.) were used.
Plasmid construction and luciferase reporter assay. Osx
cDNA was inserted into a pRK5 vector (Addgene, Inc.) at the
EcoRI and HindIII sites to generate wild‑type pRK5‑Flag‑Osx
plasmid. Primer sequences for cloning the Osx CDS sequences
were: Forward, 5'‑CGGA ATTCATGGCGTCCTCCCTGC
TTGA‑3' and reverse, 5'‑CCCA AGCTTTCAGATCTCCAG
CAAGTTGC‑3'. Fragments of the Osx 3'‑untranslated region
(3'UTR) containing the miR‑27a‑3p recognition sequences
were inserted behind the luciferase coding sequence at the
XbaI site in the pGL3‑promoter vector (Promega Corporation).
Primer sequences for cloning the Osx 3'UTR sequences were:
Wild‑type (WT), forward, 5'‑CTCTAGAGCTCCGACCTC
CTCA ACT T‑3' and reverse, 5'‑CTCTAGA AAG GCATT
TCAA AGGCACA‑3'; mutant (MUT), forward, 5'‑GCCAGA
AAGCTAGTAA ACT TCA AGT‑3' and reverse, 5'‑ACTTGA
AGTT TAC TAG CTT TCTGGC‑3'. The PrimeSTAR® Max
DNA Polymerase (Takara Biotechnology Co., Ltd.) was used
for the PCR, according to the manufacturer's protocol. The
amplification conditions were as follows: 98˚C for 3 min;
followed by 32 cycles of 98˚C for 10 sec and 60˚C for 90 sec;
and a final extension at 72˚C for 10 min. For the luciferase
assay, 1x105 293T cells/well were co‑transfected in 24‑well
plates with the above reporter constructs (0.2 µg) along
with phRL‑null (0.01 µg; Renilla plasmid for normalization;
Promega Corporation) and 100 nM control mimic (miR‑C) or
miR‑27a‑3p mimic using Lipofectamine® 2000. The cells were
collected 48 h after transfection and the luciferase activities
were measured with a Dual‑luciferase Reporter Assay system
(Promega Corporation) and a GloMax™ Base instrument
(Promega Corporation). The firefly luciferase activity was
normalized to Renilla luciferase activity.
Bioinformatics prediction and conservative analysis.
Potential targets of miR‑27a‑3p were predicted from
three different algorithms: TargetScan Mouse v.6.2
(http://www.targetscan.org), miRanda (http://www.microrna.
org/microrna/home.do) and RNA22 (https://cm.jefferson.edu/
rna22v1.0‑mus_musculus/GetInputs.jsp). TargetScan predicts
the biological targets of miRNAs by searching for the presence
of conserved 8mer, 7mer and 6mer sites that match the seed
region of each miRNA. Potential target mRNAs were selected
if they were predicted by ≥2 algorithms. The mature sequences
for mmu‑miR‑27a‑3p and hsa‑miR‑27a‑3p were obtained from
miRBase (http://www.mirbase.org/) and aligned by ClustalX
(http://www.clustal.org).
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Table I. Age distribution of the patients and controls.
Age, years	Normal	Osteoporosis
50‑59
60‑69
70‑79
80‑90

9
31
8
4

5
32
32
16

ALP staining. To induce osteogenic differentiation, cells
were cultured in differentiation‑inducing medium containing
50 mg/l ascorbic acid, 10 mM β‑glycerophosphate and 10 nM
dexamethasone for the indicated times with regular medium
changes. For ALP staining, after induction for 5‑7 days, cells
were fixed with 95% ethanol and stained with BCIP/NBT
solution according to the manufacturer's protocol (Beyotime
Institute of Biotechnology) at room temperature for 2 h. The
ALP‑positive cells were stained blue/purple. Stained cells
were visualized using the Canon IXUS210 camera (Canon,
Inc.; magnification, x5). ImageJ version 1.49 software
(National Institutes of Health) was used for image analysis and
quantification.
Icariin treatment. Icariin (94.2% purity) was purchased from
the National Institutes for Food and Drug Control. Stock solutions of Icariin (10 mM) were prepared in DMSO (≥99.7%;
Sigma‑Aldrich; Merck KGaA) and stored at ‑20˚C. Icariin
treatment was performed as previously described (28). Briefly,
MC3T3‑E1 cells were cultured in differentiation‑inducing
medium containing 50 mg/l ascorbic acid, 10 mM
β ‑glycerophosphate and 10 nM dexamethasone, and 5 µM
Icariin for 48 h at 37˚C in a humidified chamber containing
5% CO2.
Clinical samples. This study conformed to the principles of
the Declaration of Helsinki and was approved by the Ethics
Committee of Jiangsu Province Hospital of Chinese Medicine.
A total of 137 female participants were recruited for this study,
including 85 participants with osteoporosis (50‑90 years old)
and 52 healthy participants (50‑90 years old) from the Jiangsu
Province Hospital of Chinese Medicine and Northern Jiangsu
People's Hospital between February 2014 and April 2019
(Table I). Each subject underwent a clinical examination,
and routine biochemical tests were performed to exclude
subjects with systemic and metabolic bone disorders other
than osteoporosis. Assessment of the most susceptible sites of
osteoporotic fractures, such as the lumbar spine and the head
of the femur, by dual X‑ray absorptiometry was used as the
reference method for measuring total bone mineral density
(BMD). The osteoporosis group was defined as BMD T‑scores
≤‑2.5 at the lumbar. Informed consent was obtained from all
participants prior to sample collection. Clinical samples were
obtained from the participants, including local health volunteers and patients who were referred to the hospital, who either
presented at the bone clinic or the Department of Radiology
for a BMD scan. Serum samples were prepared by centrifugation at 2,500 x g for 30 min at room temperature. Aliquots of
the supernatants were frozen at ‑80˚C until RNA extraction.
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Statistical analyses. Experimental data were analyzed
by Student's t‑test or one‑way analysis of variance with
Bonferroni's correction using GraphPad Prism 6.0 (GraphPad
Software, Inc.). All pairs of columns were compared, and the
bars denote the mean ± standard deviation from 3 independent
experiments. P<0.05 was considered to indicate a statistically
significant difference.
Results
miR‑27a‑3p expression is downregulated during osteogenic
differentiation. Our previous study demonstrated that icariin
treatment significantly elevated the gene expression of osteogenic markers and increased ALP activity, thus promoting
osteogenic differentiation of MC3T3‑E1 cells (28). The present
study first examined the levels of miR‑27a‑3p during icariin‑
induced osteogenic differentiation. Results demonstrated that
the expression of osteogenic marker genes such as Runx2 and
Osx was rapidly increased in MC3T3‑E1 cells treated with
icariin (5 µM) for 48 h (Fig. 1A), but that of miR‑27a‑3p was
significantly downregulated (Fig. 1B). Notably, miR‑27a‑3p,
encoded by a gene located on mouse chromosome 1, was
located at a noncoding region and the precursor sequences
displayed the characteristic miRNA precursor stem‑loop
secondary structure according to the miRNA repository
miRBase (Fig. 1C). To further evaluate the function of
miR‑27a‑3p, its tissue distribution in normal adult mice was
examined by RT‑qPCR. The expression of mature miR‑27a‑3p
was detected in all seven types of tissues, including the heart,
liver, spleen, lung, kidney, bone and brain. In addition, results
demonstrated that miR‑27a‑3p was preferentially expressed
in the lung and bone tissues (Fig. 1D). Analysis by ClustalX
demonstrated that miR‑27a‑3p was highly conserved in both
Homo sapiens and Mus musculus (Fig. 1E).
To determine the role of miR‑27a‑3p in osteoblast lineage
commitment, its expression level was detected by culturing
MC3T3‑E1 preosteoblasts in osteogenic medium for different
time periods. As shown in Fig. 1F, miR‑27a‑3p expression in
MC3T3‑E1 cells began to decrease over the course of osteogenic differentiation (from days 3 to 12). The expression levels
of Runx2 and Osx increased gradually starting from day 3,
reaching a maximum on day 7; however, their levels started
to decline during the terminal differentiation phase. Together,
these findings suggest that miR‑27a‑3p may function as a
miRNA that modulates osteogenic differentiation.
Osx is a direct target of miR‑27a‑3p. To establish the link
between miR‑27a‑3p and osteoblast function, putative protein
targets involved in osteogenic differentiation were screened.
Osx, an osteoblast‑specific transcription factor, was selected
as a target for validation. Single putative miR‑27a‑3p recognition sites were predicted within the Osx 3'UTR sequences
by TargetScan Mouse v.6.2 and RNA22. According to the
sequence analysis, Osx contained a 7‑nucleotide site within its
3'UTR that matched the seed region of miR‑27a‑3p (Fig. 2A).
Furthermore, tissue distribution analysis demonstrated that the
Osx level was highest in the bone (Fig. 2B).
To gain insight into the mechanism via which miR‑27a‑3p
modulates Osx expression, the 3'UTR of the Osx gene
containing one miR‑27a‑3p binding site was fused downstream

of a luciferase reporter (Fig. 2C). Results demonstrated that
miR‑27a‑3p mimic significantly inhibited the luciferase reporter
activity of the WT Osx 3'UTR compared with miR‑C (Fig. 2D).
Another luciferase reporter was constructed with an Osx 3'UTR
containing mutant sequences of the miR‑27a‑3p binding site
(Fig. 2C). The luciferase reporter activity of the MUT Osx
3'UTR was not suppressed by miR‑27a‑3p mimic (Fig. 2D).
Taken together, introduction of mutations in these sequences
abolished the ability of miR‑27a‑3p to inhibit reporter activity,
confirming the selective interaction of miR‑27a‑3p with mRNAs
and indicating that the single recognition element identified
in the 3'UTR of the Osx mRNA is sufficient for miR‑27a‑3p
activity. Accordingly, transfection with miR‑27a‑3p mimic alone
decreased the amount of endogenous Osx protein in cultured
cells (Fig. 2E), but had no significant effect on Osx mRNA
levels (Fig. 2F), suggesting that miR‑27a‑3p downregulates Osx
expression by inhibiting its translation.
miR‑27a‑3p regulates osteoblast activity in vitro. Due to the
role of miR‑27a‑3p in regulating Osx expression, the physiological effect of miR‑27a‑3p overexpression on osteogenic
differentiation was evaluated in vitro. Results demonstrated
that miR‑27a‑3p levels were substantially upregulated after
transfection with miR‑27a‑3p mimic (Fig. 3A). In addition, the
expression of osteoblast marker genes, including ALP, OC,
BSP and Col1α1, which are Osx downstream genes, was downregulated in MC3T3‑E1 cells transfected with miR‑27a‑3p
mimic compared to that in cells transfected with control
mimic (Fig. 3B). Conversely, the expression of these osteoblast
marker genes was upregulated in MC3T3‑E1 cells transfected
with miR‑27a‑3p inhibitor (Fig. 3C and D). Consistent with the
changes in osteoblast marker gene expression, weakened ALP
staining was observed in MC3T3‑E1 cells transfected with
miR‑27a‑3p mimic compared to that in cells transfected with
control mimic (Fig. 3E).
Osx rescues the effect of miR‑27a‑3p on osteogenic
differentiation. Having demonstrated that miR‑27a‑3p
suppresses osteogenic differentiation, it was next assessed
whether overexpression of Osx could rescue the effect of
miR‑27a‑3p on osteogenic differentiation in vitro. As shown
in Fig. 4A, Osx protein level was enhanced after transfection with Flag‑Osx expression plasmid in 293T cells. Of
note, when co‑transfected with miR‑27a‑3p mimic and Osx
overexpression plasmid, the miR‑27a‑3p‑induced inhibition
of osteogenic differentiation was attenuated (Fig. 4B and C).
These results suggested that the predominant effect of
miR‑27a‑3p on osteogenic differentiation was mediated via the
downregulation of Osx.
Circulating miR‑27a‑3p level is associated with osteoporosis.
Based on BMD, 137 participants were classified into 2 groups:
Group A, 52 (female) non‑osteoporotic controls; and group B,
85 (female) patients with osteoporosis. Circulating miRNAs
from serum samples were tested using RT‑qPCR. The results
demonstrated that miR‑27a‑3p levels were significantly elevated
in patients with osteoporosis compared with in non‑osteoporotic controls (Fig. 5). These data suggested that elevated
levels of circulating miR‑27a‑3p in clinical samples may be
associated with the development of osteoporosis in patients.
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Figure 1. miR‑27a‑3p expression is downregulated during osteogenic differentiation. (A) Relative mRNA levels of Runx2 and Osx assayed by RT‑qPCR in
MC3T3‑E1 cells treated with icariin (5 µM) for 48 h. (B) RT‑qPCR detection of miR‑27a‑3p levels in MC3T3‑E1 cells treated with icariin (5 µM) for 48 h.
**
P<0.01. (C) Schematic diagram of the secondary structure of pre‑miR‑27a. The 22‑nucleotide mature miR‑27a‑3p is indicated in red. (D) RT‑qPCR detection
of miR‑27a‑3p level in each tissue from mice. Total RNA was isolated from the tissues. (E) Sequence alignment of miR‑27a‑3p between mice and humans.
(F) RT‑qPCR analysis of the time course changes of Osx and Runx2 mRNA levels and miR‑27a‑3p level in MC3T3‑E1 cells cultured in osteogenic differentiation medium for 12 days. U6 was used as the internal control. *P<0.05, **P<0.01 vs. 0 days. miR, microRNA; Runx2, runt‑related transcription factor 2;
Osx, osterix; RT‑qPCR, reverse transcription‑quantitative PCR.

Discussion
Osteoporosis is one of the major diseases caused by age‑ or
disease‑related bone loss (30). A healthy mammalian skeleton is maintained by constant bone remodeling, an active
coupling process involving bone‑forming osteoblasts and

bone‑resorbing osteoclasts (5,30). MC3T3‑E1 cells, preosteoblasts that mature into preosteocytes in a mineralized matrix,
have been stimulated with icariin to induce osteogenic differentiation (28). The present study demonstrated that miR‑27a‑3p
expression was rapidly downregulated during icariin‑induced
osteogenic differentiation in MC3T3‑E1 cells.
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Figure 2. Osx is a direct target of miR‑27a‑3p. (A) Sequence alignment of the Osx 3'UTR by TargetScan. (B) RT‑qPCR detection of Osx expression in each
tissue from mice. (C) Schematic illustration of the design of the luciferase reporter construct with WT Osx 3'UTR or site‑directed mutant Osx 3'UTR.
(D) Luciferase activity of 293T cells co‑transfected with WT or mutant Osx 3'UTR reporter and miR‑27a‑3p mimic or miR‑C. The relative luciferase activity,
defined as the ratio of 3'UTR reporter activity to that of the internal control (Renilla), was determined 48 h after transfection. (E) Western blot analysis and
quantification of Osx protein levels after transfection with miR‑27a‑3p mimic or miR‑C in MC3T3‑E1 cells. (F) Effects of miR‑27a‑3p mimic or control on Osx
mRNA levels in MC3T3‑E1 cells, as determined by RT‑qPCR. *P<0.05, ***P<0.001. Osx, osterix; miR, microRNA; miR‑C, mimic control; RT‑qPCR, reverse
transcription‑quantitative PCR; WT, wild‑type; MUT, mutant; 3'UTR, 3'‑untranslated region; NS, not significant.

A growing body of evidence has revealed that miR‑27a‑3p
acts as a key regulator of bone biology (31‑36). Compared to 293T

cells, MG63 cells and osteogenic hFOBs cells have been shown
to display higher levels of miR‑27a due to osteogenesis (34).
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Figure 3. miR‑27a‑3p regulates osteoblast activity in vitro. (A) Expression of miR‑27a‑3p in MC3T3‑E1 cells transfected with miR‑27a‑3p mimic or miR‑C
for 48 h, as determined by RT‑qPCR. U6 was used as the internal control. (B) RT‑qPCR detection of the levels of osteoblast marker genes in MC3T3‑E1 cells
transfected with miR‑27a‑3p mimic or miR‑C for 48 h. β‑actin was used as the internal control. (C) Expression of miR‑27a‑3p in MC3T3‑E1 cells transfected
with miR‑27a‑3p inhibitor or anti‑miR‑C for 48 h, as determined by RT‑qPCR. U6 was used as the internal control. (D) RT‑qPCR detection of the levels of
osteoblast marker genes in MC3T3‑E1 cells transfected with miR‑27a‑3p inhibitor or control for 48 h. β‑actin was used as the internal control. (E) ALP staining
results after induction of osteogenic differentiation for 7 days and quantification of ALP activity. *P<0.05, **P<0.01. miR, microRNA; miR‑C, control mimic;
anti‑miR‑C, control inhibitor; RT‑qPCR, reverse transcription‑quantitative PCR; ALP, alkaline phosphatase; OC, osteocalcin; BSP, bone sialoprotein; Col1α1,
type I collagen.

In addition, the inhibitory effects of agomiR‑27a‑3p on the
expression of Runx2, Osx, OC and Col1α1 in periodontal ligament stem cells have been demonstrated (35). Overexpression
of miR‑27a has been shown to weaken ALP and alizarin red
staining during osteogenic differentiation of Satb2‑induced

bone marrow stromal cells (36). Consistent with the inhibitory
role of miR‑27a‑3p in osteogenic differentiation described by
these studies, the present study found that the expression of
osteogenic marker genes and ALP activity were significantly
decreased in miR‑27a‑3p‑overexpressing MC3T3‑E1 cells
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Figure 4. Osx rescues the effect of miR‑27a‑3p on osteogenic differentiation. (A) Western blot analysis of Osx protein level after transfection with Flag‑Osx
expression plasmid or vector alone in 293T cells. β‑actin was used as the internal control. (B) Expression of osteoblast marker genes, as determined by reverse
transcription‑quantitative PCR following miR‑27a‑3p‑mediated inhibition of osteogenic differentiation in MC3T3‑E1 cells with restored expression of Osx.
β‑actin was used as the internal control. (C) ALP staining analysis after miR‑27a‑3p‑mediated inhibition of osteogenic differentiation in MC3T3‑E1 cells with
restored Osx expression and quantification of ALP activity. *P<0.05, **P<0.01, ***P<0.001. miR, microRNA; miR‑C, control mimic; Osx, osterix; ALP, alkaline
phosphatase; OC, osteocalcin; BSP, bone sialoprotein; Col1α1, type I collagen.

Figure 5. Circulating miR‑27a‑3p level is associated with osteoporosis.
Circulating miR‑27a‑3p expression levels in the serum of female patients
with osteoporosis (n=85) compared with female non‑osteoporotic controls
(n=52), as determined by reverse transcription‑quantitative PCR. U6 was
used as the internal control. ***P<0.001. miR, microRNA.

in vitro. These effects could be reversed by suppression of
miR‑27a‑3p, suggesting that miR‑27a‑3p is a negative regulator
of osteogenic differentiation in MC3T3‑E1 cells.
To explore the molecular mechanisms via which miR‑27a‑3p
regulates the osteogenic differentiation of MC3T3‑E1 cells, the
potential targets of miR‑27a‑3p were predicted using miRNA
target prediction tools. Osx was identified as a potential
target of miR‑27a‑3p. The present study demonstrated that
miR‑27a‑3p directly targeted Osx by binding to its 3'UTR. Osx,
a zinc‑finger‑containing transcription factor, acts downstream
of Runx2, and regulates the differentiation and/or function of
osteoblasts (37). Our previous study revealed that Osx expression in C2C12 cells is regulated by miR‑214, a suppressor of
osteogenic differentiation (38). The present study reported that
Osx is a direct target of miR‑27a‑3p and is involved in osteogenic
differentiation. Of note, when Osx was overexpressed, osteogenic marker gene expression and ALP activity were restored
in miR‑27a‑3p‑overexpressing MC3T3‑E1 cells. This indicated
that miR‑27a‑3p inhibited osteogenic differentiation via Osx.
Based on these data, it was hypothesized that miR‑27a‑3p was
capable of inhibiting osteogenic differentiation.
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In postmenopausal osteoporosis, estrogen therapy
effectively prevents bone loss (39). Emerging evidence has
demonstrated that estrogen exhibits an inhibitory role in
osteoclast formation and enhances osteoblast function (40,41).
During estrogen‑decreased osteoclast differentiation, miR‑27a
remarkably enhances the inhibitory effect of estrogen (40). In
addition, following treatment with antiosteoporotic agents,
serum miR‑27a levels are significantly reduced in postmenopausal women (42). The present study measured the serum
levels of miR‑27a‑3p in 85 samples with osteoporosis and
found that the miR‑27a‑3p levels were significantly higher in
osteoporotic patients compared with those in non‑osteoporotic
controls. These findings implied that miR‑27a‑3p may serve as
a promising marker for the detection of osteoporosis.
Taken together, the results of the present study demonstrated that miR‑27a‑3p suppressed osteogenic differentiation
via downregulating Osx expression. The findings revealed the
regulatory role of miR‑27a‑3p in osteogenic differentiation,
and suggested that therapies targeting miR‑27a‑3p may serve
as a promising strategy for the treatment of osteoporosis. The
results of the present study provided novel insight into the
mechanism by which miRNAs regulate bone physiology.
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