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miR-124 regulates the osteogenic differentiation of bone
marrow-derived mesenchymal stem cells by targeting Sp7
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Abstract. MicroRNAs (miRNAs) are novel key regulators of
cellular differentiation. miR-124 has been reported to regulate
osteogenic differentiation of bone marrow-derived mesen-
chymal stem cells (BMSCs). However, the specific mechanisms
involved have not yet been fully elucidated. The present study
aimed to investigate the effect of miR-124 on osteogenic
differentiation of BMSCs and its underlying mechanisms.
In the present study, it was found that alkaline phosphatase
(ALP) activity, osteocalcin (OC) secretion, and the protein
levels of osterix (Sp7) and runt-related transcription factor 2
(Runx?2) were significantly increased, whereas the expression
of miR-124 was decreased in a time-dependent manner during
osteogenic differentiation of BMSCs. Following overexpres-
sion of miR-124 via transfection of miR-124 mimics in BMSCs,
Runx2 protein expression and ALP activity were significantly
decreased. By contrast, inhibition of miR-124 expression led to
an increase in ALP activity and Runx2 expression. Sp7 expres-
sion was suppressed in BMSCs transfected with miR-124
mimics while increased when miR-124 expression was inhib-
ited, indicating that miR-124 regulates the expression of Sp7.
Moreover, a luciferase reporter assay further verified that Sp7

Correspondence to: Professor Ling-Qing Yuan or Dr Fuxingzi Li,
Department of Endocrinology and Metabolism, Hunan Provincial
Key Laboratory of Metabolic Bone Diseases, National Clinical
Research Center for Metabolic Diseases, The Second Xiang-Ya
Hospital, Central South University, 139 Middle Renmin Road,
Changsha, Hunan 410011, P.R. China

E-mail: allenylqg@csu.edu.cn

E-mail: 1fxz9394@csu.edu.cn

“Contributed equally

Key words: miR-124, bone marrow-derived mesenchymal stem
cells, osteogenic differentiation, Sp7

is the direct target of miR-124. Finally, the effect of miR-124
inhibitor on promoting the differentiation of BMSCs was
abolished following treatment with a small interfering RNA
targeting Sp7. Taken together, the present study demonstrates
that miR-124 inhibits the osteogenic differentiation of BMSCs
by targeting Sp7.

Introduction

Osteoporosis is becoming a serious public health issue as aging
of the global population accelerates. Bone marrow-derived
mesenchymal stem cells (BMSCs) are multipotent progenitor
cells with the capacity of differentiating into osteoblasts,
adipocytes, chondrocytes, myoblasts and neurocytes (1,2). The
differentiation of osteoblasts and adipocytes from BMSCs,
as well as the balance between osteoclastic bone resorption
and osteoblastic bone formation, contribute to the mainte-
nance of bone volume (3). With increasing age, the imbalance
between osteogenesis and adipogenesis of BMSCs results in a
decrease in bone mineral density leading to osteoporosis (4).
Therefore, the balance between bone marrow osteogenesis and
adipogenesis may represent another therapeutic target for the
prevention or treatment of osteoporosis. However, the mecha-
nisms regulating the osteogenesis of BMSCs require further
exploration.

miRNAs are a series of 20-24 nt non-coding RNAs that
act as epigenetic negative regulators of their target mRNAs
by directly binding to the 3'-untranslated region (3'UTR)
post-transcriptionally (5,6). Recently, miRNAs have been
shown to play a key role in bone homeostasis and to regulate
a variety of cellular functions, including differentiation,
proliferation and migration (7-9). For example, miR-133 directly
targets Runx2 and regulates BMP-2-mediated osteogenic
differentiation of C2C12 cells (10) and p-glycerophosphate
(B-GP)-induced vascular smooth muscle cell (VSMC)
osteoblastic differentiation (7). In addition, miR-125b has
been shown to suppress osteogenic differentiation of BMSCs
via targeting Sp7 (11). miR-124 also plays an important role
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in the differentiation of BMSCs, including myogenic (12),
neuronal (13), and osteogenic differentiation (14). However,
the mechanisms involved in miR-124-mediated osteogenic
differentiation of BMSCs require elucidation.

In the present study, the miR-124 regulation of osteogenic
differentiation of BMSCs was investigated and it was revealed
that miR-124 regulated the osteogenic differentiation of
BMSCs by targeting Sp7.

Materials and methods

Culture of BMSCs and cell transfection. Human BMSCs
were isolated from bone marrow samples as described in
our previous study (15). The specimens were from three
subjects [aged 24 (female), 26 (male) and 30 years (male)]
undergoing routine therapeutic surgery at the Department of
Orthopaedic Surgery from December 2016 to March 2017,
The Second Xiang-Ya Hospital, Central South University
(Changsha, China). All of the subjects provided informed
consent. Approval for the present study was acquired from
the Medical Ethics Committee of The Second Xiang-Ya
Hospital, Central South University. The bone marrow samples
were harvested using standard Ficoll-Hypaque density sedi-
mentation methods. BMSCs were selected based on adhesion
and proliferation on a tissue culture plastic substrate. Cells
from passages 3-5 were used in the experiments.

For cell transfection, miR-124 mimics, miR-124 inhibitor,
and the negative controls, or Sp7 small interfering RNA
(siRNA) oligos (RiboBio, Guangzhou, China) were transfected
into BMSCs using Lipofectamine 2000 (Invitrogen; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) according to
the manufacturer's instructions. After 6 h of co-culture, the
cells were cultured in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% foetal bovine serum (FBS;
both Gibco; Thermo Fisher Scientific, Inc.) and cultured for a
further 24-48 h.

Osteogenic differentiation. To induce osteogenic differen-
tiation, BMSCs were cultured in osteogenic medium (basal
medium + 50 pug/ml phospho-ascorbate + 10 mM 3-GP) for
3-7 days. To assess osteogenic differentiation, an ALP activity
assay (16) was performed using the spectrophotometric
measurement of p-nitrophenol release at 37°C.

Alizarin Red S staining. Alizarin Red S staining was
performed as previously described (17). Briefly, BMSCs
cultured in osteogenic medium for 14 days were fixed in
4% paraformaldehyde for 30 min at room temperature and
stained with 2% (pH 4.2) Alizarin Red S solution for 1-3 min
at 37°C. Next, cells were washed with phosphate-buffered
saline (PBS) three times to eliminate non-specific staining.
The stained matrixes were assessed and photographed
using a digital microscope. To quantify calcium levels, cells
were washed with PBS and decalcified with 0.6 N HCI for
24 h. Calcium content was determined by measuring the
concentration of calcium in the HCI supernatant by atomic
absorption spectroscopy. Following decalcification, the cells
were washed with PBS three times and solubilized with 0.1 N
NaOH/0.1% SDS. The protein content was measured with
a BCA protein assay (Beyotime Biotechnology, Shanghai,
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China). The calcium content of the cell layer was normalized
to the protein content.

Western blotting. To investigate the protein levels of Runx2
and Sp7, western blotting was performed as previously
described (16,18). Total protein was extracted from BMSCs
using radioimmunoprecipitation assay lysis buffer (Beijing
Solarbio Science & Technology Co., Ltd., Beijing, China) and
the concentration of protein was determined a Bicinchoninic
Acid protein kit. A total of 30 ug protein was loaded per lane
in 10% electrophoresis gel and separated with sodium dodecyl
sulphate-PAGE and transferred to polyvinylidene fluoride
membranes (Millipore, Billerica, MA, USA). Membranes were
blocked with 5% non-fat milk in Tris-buffered saline for at least
1 h at room temperature. The membranes were incubated with
primary antibodies, including anti-Runx2 (cat. no. ab76956;
1:1,000), anti-Sp7 (cat. no. ab209484, 1:1,000; both Abcam,
Cambridge, UK), and anti-B-actin (cat. no. AM1021B, 1:3,000;
Abgent, Inc., San Diego, CA, USA) at 4°C overnight, followed
by incubation with the horseradish peroxidase-conjugated goat
anti-rabbit (cat. no. sc-2004, 1:5,000) or horseradish peroxi-
dase-conjugated goat anti-mouse (cat. no. sc-2005, 1:5,000;
both Santa Cruz Biotechnology, Santa Cruz, CA, USA)
secondary antibodies at 37°C for 1 h. The immunoreactive
bands were visualised using the enhanced chemiluminescence
Plus Western blot detection kit (Amersham Biosciences UK
Ltd., Little Chalfont, Buckinghamshire, UK) and densito-
metric quantification of band intensity from three independent
experiments was carried out with Image-Pro Plus 6.0 software
(Media Cybernetics, Inc., Rockville, MD, USA). The relative
expression levels of target proteins were normalized to the
intensity of the (3-actin band.

RT-gPCR analysis. Total small RNA was extracted using the
mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA).
The cDNA was synthesised via an All-in-One™ miRNA
first-strand cDNA synthesis kit (AMRT-0060; GeneCopoeia,
Inc., Rockville, MD, USA). Briefly, a 25 ul reverse tran-
scription reaction was carried out for 60 min at 37°C, 5 min
at 85°C, and then held at 4°C. To analyse the expression of
miR-124, RT-qPCR was performed with All-in-One™ qPCR
Mix (QP003; GeneCopoeia, Inc.) using the LightCycler® 96
System (Roche Diagnostics, Indianapolis, IN, USA). For gPCR
analysis, 20 ul reactions were incubated in a 96-well optical
plate at 95°C for 10 min, followed by 40 cycles of 95°C for
10 sec, 62°C for 20 sec, and 72°C for 20 sec. U6 snRNA was
used as the reference. The miR-124 (HmiRQP0074) and U6
(HmiRQP9001) primers were purchased from GeneCopoeia.
The relative standard curve method (2-22°9) was used to
determine the relative mRNA and miRNA expression (19).
Results are expressed as fold changes relative to the relevant
control. PCR was performed in triplicate and the results are
presented as the mean + standard error of samples.

Luciferase reporter assay. A segment of the Sp7 3-untranslated
region (3'UTR) containing the predicted miR-124 binding
sites was amplified by PCR. The PCR products were purified
and inserted into the Xbal-Fsel site downstream of the stop
codon in the pGL3 control luciferase reporter vector (Promega
Corporation, Madison, WI, USA), resulting in WT-pGL3-Sp7.
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To construct MUT-pGL3-Sp7, the Quick Change Site-Directed
Mutagenesis kit (Stratagene; Agilent Technologies, Inc.,
Santa Clara, CA, USA) was used to induce point mutations
in the 3'UTR of WT-pGL3-Sp7. The primer sequences for
the PCR are shown in Table I. BMSCs were cotransfected
with the luciferase reporter carrying WT-pGL3-Sp7 or
MUT-pGL3-Sp7 and miR-124 mimics or scramble control
oligos. After 48 h, luciferase activity was detected with the
luciferase assay system (Promega Corporation).

Statistical analysis. The results are presented as
means * standard deviation. Analysis was performed with
SPSS software (version 17.0; SPSS Inc., Chicago, IL, USA).
For comparisons of two groups, the Student's t-test was used,
and comparisons between values of more than two groups
were evaluated by one-way analysis of variance (ANOVA)
together with a Tukey's post hoc test. A level of P<0.05 was
considered statistically significant. Representative figures are
shown in the study.

Results

Expression of miR-124 is decreased during osteogenic
differentiation of BMSCs. To examine the potential osteogenic
differentiation ability of BMSCs, human BMSCs were cultured
in osteogenic medium. The osteoblastic differentiation
markers ALP activity, OC secretion, and osterix and Runx2
expression (20,21) were assessed. As expected, ALP activity
and OC secretion, as well as the protein expression of osterix
and Runx2, were significantly increased (Fig. 1A-D). In
addition, Alizarin Red S staining verified that mineralization
nodules were formed in BMSCs cultured in osteogenic
medium for 14 days (Fig. 1E). However, RT-qPCR showed that
the expression of miR-124 was considerably decreased in a
time-dependent manner during osteogenic differentiation of
BMSCs (Fig. 1F). These results showed that BMSCs cultured
in osteogenic medium could differentiate into osteoblasts and
that miR-124 may be involved in osteogenic differentiation of
BMSCs.

miR-124 inhibits osteogenic differentiation of BMSCs.
To investigate whether miR-124 exerts a regulatory effect
on osteogenic differentiation of BMSCs, a gain- and
loss-of-function approach was used to overexpress or inhibit
the expression of miR-124, respectively. RT-qPCR verified that
miR-124 mimics induced miR-124 expression by more than
70-fold whereas the miR-124 inhibitor significantly decreased
the expression of miR-124 (Fig. 2A). In addition, ALP activity
and OC and Runx2 protein expression were significantly
decreased in miR-124-overexpressing cells while inhibition of
miR-124 expression led to opposite results (Fig. 2B-D). Taken
together, our results demonstrated that miR-124 could regulate
osteogenic differentiation of BMSCs.

Sp7 is the target gene of miR-124. To investigate the
mechanism underlying miR-124 regulation of osteogenic
differentiation of BMSCs, we searched for potential targets of
miR-124 using miRNA target prediction algorithms and iden-
tified Sp7 as a putative target gene of miR-124 (Fig. 3A). To
confirm this target, a luciferase reporter assay was performed

3809

Table I. Nucleotide sequences of primers for WT and mutant
reporter plasmids.

Gene Primer sequence (5' to 3')

F: 5'-GCTCTAGAGCCCATCTCCACCTCCA
GT-3'

R: 5-GGCCGGCCATCCCTTCCATTCCAC
AA-3

F: 5-AAGCCGCTTCGTGTCTATCCTGTAA
CGTTGGA-3

R: 5-TTCGGCGAAGCACAGATAGGACAT
TGCAACCT-3

WT-Sp7

MUT-Sp7

WT, wild-type; MUT, mutant, F, forward; R, reverse.

to evaluate whether miR-124 could directly target the 3'UTR
of Sp7. Luciferase reporters containing the wild-type (WT) or
mutant (MUT) 3'UTR uncoding sequences for the predicted
miRNA binding sites of Sp7 were introduced with miR-124
mimics into BMSCs. The results showed that overexpression
of miR-124 decreased the luciferase activity of the WT-Sp7
3'UTR reporter genes while mutation of Sp7 binding sites
abolished this repression. These results suggested that Sp7 is
a direct target of miR-124 (Fig. 3B). Moreover, overexpression
of miR-124 in BMSCs resulted in decreased expression of Sp7,
whereas inhibition of miR-124 expression upregulated the
expression of Sp7 (Fig. 3C). These results provide evidence
that miR-124 directly targets Sp7.

Sp7 is involved in the miR-124 regulation of osteogenic
differentiation of BMSCs. To further confirm that miR-124
relies on Sp7 to regulate osteogenic differentiation of BMSCs,
the effect of Sp7 siRNA treatment on osteoblastic markers
involved in the osteogenic differentiation of BMSCs was
determined. As shown in Fig. 4A, Sp7 was successfully
knocked down by Sp7-targeting siRNA. Transfection with
Sp7 siRNA significantly reduced ALP activity and the protein
levels of Runx2, whereas transfection with the miR-124
inhibitor significantly increased ALP activity and Runx2
expression. Nevertheless, Sp7 siRNA completely blocked the
ALP activity induced by miR-124 inhibitors (Fig. 4B and C).
These data confirmed that miR-124-dependent inhibition of
ALP activity was dependent on Sp7.

Discussion

In the present study, it was demonstrated that miR-124 was
downregulated during osteogenic differentiation of bone
marrow-derived mesenchymal stem cells (BMSCs) and
involved in regulating the osteogenic differentiation of BMSCs.
In addition, our results confirmed that Sp7 is a direct target
of miR-124 and is also involved in regulating the osteogenic
differentiation of BMSCs. Taken together, our results showed
that miR-124 negatively regulates osteogenic differentiation of
BMSC:s by targeting Sp7.

MSCs are commonly isolated from adult bone marrow and
have the potential to differentiate into adipose tissue, bone,
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Figure 1. Expression of miR-124 during osteogenic differentiation of bone BMSCs. (A) ALP activity was determined using spectrophotometric methods
during osteogenic differentiation of BMSCs. (B) OC secretion was measured by ELISA. (C and D) Western blotting was performed to determine the expression
of Runx2 and osterix during osteogenic differentiation of BMSCs. (E) Alizarin Red S staining showed the formation of mineralization nodules in BMSCs
cultured in CM and OM for 14 days, respectively. The black arrow indicates the mineralization nodules. (F) The expression of miR-124 was detected by
RT-gPCR during osteogenic differentiation of BMSCs. Data are expressed as means + standard deviation (SD), n=3. "P<0.05, “P<0.01 compared with the
control group. BMSCs, bone marrow-derived mesenchymal stem cells; ALP, alkaline phosphatase; OC, osteocalcin; CM, control medium; OM, osteogenic

medium.
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Figure 2. miR-124 regulates osteogenic differentiation of BMSCs. (A) BMSCs were transfected with scramble miR mimics, miR-124 mimics, scramble miR
inhibitor, or miR-124 inhibitor. The expression of miR-124 was determined by RT-qPCR. (B-D) BMSCs were transfected and cultured in OM. ALP activity,
OC secretion, and the level of Runx2 were assessed. Data are expressed as mean + SD, n=3. “P<0.01. BMSCs, bone marrow-derived mesenchymal stem cells;
ALP, alkaline phosphatase; OC, osteocalcin; CM, control medium; OM, osteogenic medium.



MOLECULAR MEDICINE REPORTS 19: 3807-3814, 2019

A

WT Sp7 3UTR 5- UUUUAAAGCCGCUUC(TLllfli(llTllﬂllU -3
miR-124 3-  CCGUAAGUGGCGCACGGAAU -5

MUT Sp7 3UTR  5'- UUUUAAAGCCGCUUCGTGTCUAU -3'

3811

C

B
15- == WT-Sp7-3' UTR
2 = Mut-Sp7-3 UTR 50- -
: . e
@ = = 404
2 104 <
g % 304
= m
] @ 20 "
2 05 5 i (m
2 @ 10
0.0 T T & & & &
& & S & & &
QS‘@ é‘\ .g.\ T Q{\\Q‘ Pg?‘
N €
& > & & ¢ &
@ Q< P & &
& 3 & @
& N o &
2y

Figure 3. Sp7 is a target of miR-124. (A) Schematic of the miR-124 putative target sites in the Sp7 3'untranslated region (UTR) and alignment of miR-124
with the wild-type (WT) Sp7 3'UTR showing complementary pairing. The three mutated nucleotides are underlined. (B) Luciferase reporter assay was
performed using luciferase constructs carrying WT or MUT-Sp7 3'UTR cotransfected with miR-124 mimics or scramble control into BMSCs. (C) BMSCs
were transfected with scramble miR inhibitor, miR-124 inhibitor, scramble miR mimics, or miR-124 mimics and the expression of Sp7 was determined by
western blotting. Data are expressed as means + SD, n=3. “P<0.01. BMSCs, bone marrow-derived mesenchymal stem cells; WT, wild-type; MUT, mutant.

cartilage, tendon, and muscle, and thus hold great potential
for therapeutic applications (1,22,23). Recent studies have
shown that certain miRNAs may play a key role in osteogenic
differentiation of BMSCs (24,25). However, the molecular
mechanisms governing osteogenic differentiation of BMSCs
involved in the pathogenesis of bone homeostasis remain
unclear. In the present study, human BMSCs were isolated
and cultured from three individual donors. Osteogenic
medium was used to induce osteogenic differentiation of
BMSCs, which was confirmed by an increase in ALP activity,
OC secretion, Runx2 and Sp7 protein expression, and the
formation of mineralized nodules.

miRNAs, important post-transcriptional regulators in
gene expression (26), play a pivotal role in the functions of
BMSCs.Recently, many miRNAs have beenreported to modu-
late the phenotypes and differentiation of BMSCs (27-29).
A previous study demonstrated that miR-144-3p negatively
regulated osteogenic differentiation and proliferation of
MSCs by specifically targeting Smad4 (27). A study by
Jeong et al suggested that miR-194 could determine whether
MSCs would differentiate into osteoblasts or adipocytes by
targeting COUP-TFII (28). Yang et al showed that TNF-a
inhibited osteoblastic differentiation of MSCs by suppressing
the functional axis of miR-21 and Spryl (29). These results
indicated that miRNAs play a vital role in regulating the
osteogenic differentiation of MSCs.

Recently, miR-124 has received much attention from
researchers for its key role in the different differentiation
pathways of MSCs. For example, Qadir er al showed that
miR-124 acts as a negative regulator of myogenic differen-
tiation of MSCs by targeting DIx5 (12) and another study
showed that miR-124 regulated cardiomyocyte differentia-
tion of BMSCs by targeting STAT3 mRNA (30). In addition,
Zou et al demonstrated that miR-124 plays an important role
in the differentiation of BMSCs into neurons (13). In the
present study, it was also identified that miR-124 was down-
regulated during osteogenic differentiation of BMSCs and
involved in regulating osteogenic differentiation of BMSCs.
Thatis, ALP activity, OC secretion and Runx?2 protein expres-
sion were significantly decreased in miR-124-overexpressing
BMSCs while inhibition of the expression of miR-124 led
to opposite results. These results are consistent with one
previous study, which showed that miR-124 is also nega-
tively correlated with osteogenic differentiation of MSCs
by targeting DIx3, DIx5, and DIx2 (14). However, the role of
miR-124 in the osteogenic differentiation of BMSCs in vivo
needs further study.

Sp7, a member of the Sp family of zinc-finger-containing
transcription factors, is a bone-specific transcription factor
that plays a crucial role in osteoblast mineralization (31,32).
Previous studies have shown that BMSCs are multipotent and
exhibit different levels of Sp7 expression depending on the
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Figure 4. Sp7 is involved in miR-124 regulation of osteogenic differentiation of BMSCs. (A) Expression of Sp7 in BMSCs transfected with Sp7 small inter-
fering RNA (siRNA) or control siRNA was determined by western blotting. (B and C) BMSCs were transfected with control siRNA, Sp7 siRNA, miR-204
inhibitor, or Sp7 siRNA + miR-124 inhibitor and ALP activity and Runx2 protein were determined by spectrophotometry and western blotting, respectively.
Data are expressed as means = SD, n=3. "P<0.05, “P<0.01. BMSCs, bone marrow-derived mesenchymal stem cells; ALP, alkaline phosphatase.

differentiation commitment (33,34). Previous studies have
also shown that miR-125b regulates the osteogenic differen-
tiation of both BMSCs (11) and VSMC:s (35) by targeting Sp7.
Yang et al demonstrated that miR-93 regulates osteoblast
mineralization through a novel miR-93/Sp7 regulatory feed-
back loop (32). In the present study, bioinformatic analysis
predicted that Sp7 is a potential target of miR-124 and it
was demonstrated that Sp7 is the direct target of miR-124.
On the one hand, miR-124 negatively regulates the expres-
sion of Sp7. On the other hand, overexpression of miR-124
significantly suppressed the luciferase activity of the WT-Sp7
3'UTR reporter but not that of the MUT-Sp7 3'UTR reporter.
Moreover, knockdown of the expression of Sp7 using siRNA
blocked the osteogenic differentiation of BMSCs induced by
the miR-124 inhibitor, suggesting that the effect of miR-124
in regulating osteogenic differentiation is dependent on Sp7.
Collectively, the data supported that miR-124 attenuates
osteogenic differentiation of BMSCs by directly targeting
Sp7.

In conclusion, the present study identified for the first time that
miR-124 is a significant regulator of osteogenic differentiation
of BMSCs by targeting Sp7. This finding provides insight into
the mechanisms of osteogenic differentiation of BMSCs and
suggests that miR-124 may be an important potential therapeutic
target for a variety of bone diseases including osteoporosis.
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