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Exploring the molecular mechanisms that regulate the osteogenesis of human mesenchymal stem cells
(hMSCs) will bring us more efficient methods for improving the treatment of bone-related diseases. In
this study, we analyzed the effects of miR-31 on the osteogenesis of hMSCs. The overexpression of
miR-31 repressed the osteogenesis of hMSCs, whereas the downregulation enhanced this process. SATB2
was testified to be a direct target of miR-31, and its effects on the osteogenesis were also described. Most
importantly, the knockdown of SATB2 attenuated miR-31's osteogenic effects. Taken together, our
findings suggest that miR-31 regulates the osteogenesis of hMSCs by targeting SATB2.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Mesenchymal stem cells (MSCs) have been reported to have the
ability to differentiate into bone, cartilage and fat under appropri-
ate induction conditions [1-3]. Since MSCs demonstrate strong
regenerative properties and multi-potentiality, they have been
proposed as promising candidates for cell therapies and tissue
engineering. Studies employing MSCs derived from different
sources [4-6] have envisioned promising future for the treatments
of diseases such as myocardial infarction, spinal cord injury and
graft-versus-host disease [7-9]. In reconstructive medicine, MSCs
have attracted considerable interest due to their potentials to
behave as excellent seed cells in tissue regeneration [10,11].

microRNAs are a class of endogenous non-coding single-strand
RNA molecules of approximately 22 nucleotides in length, which
incompletely complementarily bind to the 3'-UTR of target mRNAs
and inhibit the process of translation [12,13]. miRNAs have
emerged as important regulators of diverse physiological and path-
ological processes, recent studies have revealed several microRNAs
that regulate the osteogenesis of MSCs, miR-182 represses the
osteogenesis of MSCs by targeting FoxO1 [14], miR-34 inhibits
the osteoblast proliferation and differentiation of mouse by target-
ing SATB2 [15] and miR-100 regulates human adipose-derived
mesenchymal stem cells (hASCs) by affecting BMPR-2 [16].

In this study, we analyzed miR-31’s effects on osteogenesis of
hMSCs by transfecting exogenous plasmids expressing miR-31 or
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miR-31 inhibitors into hMSCs and our data demonstrated that
miR-31 regulated the osteogenesis of hMSCs by targeting SATB2.

2. Methods and materials
2.1. Cell culture

hMSCs were purchased from Cyagen Biosciences Inc.
(Guangzhou, China) as previously described [17]. Next, hMSCs
were cultured in DMEM/F12 (Invitrogen, Carlsbad, CA) supple-
mented with 10% FBS (Invitrogen) and 100 units/ml penicillin
and streptomycin (Invitrogen) and incubated at 37 °C and a 5%
CO, humid atmosphere, cells from passage 2 were used for the
following experiments.

2.2. Reverse transcription and quantitative polymerase chain reaction
(qPCR)

Total RNA was extracted from each sample using the RNeasy
Mini Kit (Qiagen, Valencia, CA) and first-strand complementary
c¢DNA was synthesized using a PrimeScript™ RT reagent kit (Per-
fect Real Time, TaKaRa, Dalian, China) [18]. The resulting cDNAs
were diluted 20-fold in nuclease-free water (Invitrogen) and were
used as templates for qPCR. qPCR was carried out in a 20-pl
solution containing 10 pl reaction mixture, 2 ul of cDNA, and
300 nM of gene-specific primers designed using Primer 3 software.
The primer sequences used in this study were listed in Table 1. The
qPCR was conducted using a 7500 Real-Time PCR Detection System
(Applied Biosystems, Irvine, CA) and activated at 95 °C for 10 min
and 40 cycles of amplification (15 s at 95 °C and 1 min at 60 °C).
The efficiency of the reaction was measured with primers using


http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrc.2014.02.058&domain=pdf
http://dx.doi.org/10.1016/j.bbrc.2014.02.058
mailto:guping2009@hotmail.com
mailto:fanxq@sh163.net
http://dx.doi.org/10.1016/j.bbrc.2014.02.058
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc

Q. Xie et al./Biochemical and Biophysical Research Communications 446 (2014) 98-104 99

Table 1
Primers used for qPCR.

Genes Accession No. Forward (5'-3) Reverse (5'-3') Annealing temperature (°C) Product size (base pairs)
SATB2 NM_001172509 gcagttggacggctctctt caccttcccagcttgattattcc 60 168
Runx2 NM_001015010 tggttactgtcatggcgggta tctcagatcgttgaaccttgeta 60 101
BSP NM_004967 cactggagccaatgcagaaga tggtggggttgtaggttcaaa 60 106
Ocn NM_199173 cactcctcgecctattgge ccctectgettggacacaaag 60 112
Osx NM_152860 cctctgegggactcaacaac agcccattagtgcettgtaaagg 60 128
GAPDH NM_001256799 ggagcgagatccctccaaaat ggctgttgtcatacttctcatgg 60 197

serial dilutions of the ¢DNA (1:1, 1:5, 1:25, 1:125, 1:625 and
1:3125). For miR-31, qPCR was conducted by using an EzZOmics™
miRNA gPCR Detection Primer Set (Biomics Biotechnologies Co.,
Ltd.). Each sample was tested in triplicate. The relative gene
expression levels of mRNA and miRNA were analyzed using the
Pfaffl method [19] in which GADPH and U6 were used as endoge-
nous normalization controls.

2.3. Plasmids construction

The plasmid expressing hsa-miR-31 was constructed and
termed as miR-31. Total RNA was extracted from hMSCs and then
cDNA was generated by RT-PCR. The target amplicon was generated
using the primer: forward gtatgagaccactcggatcggaaaagtaaaacact
gaagagtc, reverse agcggtttaaacttaagctaaaaaatgtcatggaaatccacatcc.
Next, the PCR product was cloned into the pH1-GFP vector between
the BamHI and HindlII (Promega Biotech Co., Ltd., China). The plas-
mid expressing the reverse complementary sequence of hsa-miR-
31 was termed as miR-31 inhibitor, the constructed sequence was
synthesized by GeneChem (GeneChem Technology Co., Ltd, China)
as listed in Table 2, and then cloned into pU6-GFP vector between
BamHI and HindlIIl (Promega). The SATB2 expressing plasmid was
termed as p-SATB2, the target sequence was generated by RT-PCR
using the primer: forward agtcgctagcatggagcggceggagegagag, re-
verse cgggtaccggtggtctctggtcaatttcggcagg and then cloned into
pCMV-GFP vector between the Nhel and Agel (Promega). The frag-
ments of the SATB2 3'-UTR (NM_001172509) containing the pre-
dicted binding site of hsa-miR-31 and its mutant sequence were
synthesized by GeneChem as listed in Table 2, and then cloned
downstream of the luciferase sequence in between the Xbal cleav-
age sites of the pGL3-control vector (Promega). The constructed
plasmids were respectively termed as SATB2-3’-UTR-wt (position
2376-2383 of SATB2 3’-UTR, wild type) and SATB2-3’-UTR-mut
(position 2376-2383 of SATB2 3’'-UTR, mutant). The pRL-TK vector

Table 2
Constructed sequences used in this study.

Name Forward (5’-3")

miR-31 inhibitor agctaaaaaaggcaagatgctggcataget
ggatccagctatgecageat

cttgectttttt
gctctagaaatttcactgecaagtttgeagtgg

ttctaagtgaatctgtgg
geattttagcctgtggtettgecagatctttgegaatta
caatgcatatatgtctattta
ttcaatatctgtcatataatatctatttgga
agaagaaactttctcttgtagtgectct
tgacaatctagagc
gctctagaaatttcactgecaagtt
tgcagtggttctaagtg
aatctgtgggcattttagcctgtgggaggceaat
gatctttgcgaattaca
atgcatatatgtctatttattcaatatctgtcat
ataatatctatttgga
agaagaaactttctcttgtagtgectct
tgacaatctagagc

SATB2-3'-UTR wild type

SATB2-3’-UTR mutant

containing the renilla luciferase reporter gene was obtained
directly from Promega.

2.4. Plasmids and siRNA transfection

The small interfering RNA of SATB2 was designed and synthe-
sized by Biomics Biotechnologies, sense: 5’-gcuuaguccacaacuu-
guadtdt-3’, antisense: 5’-uacaaguuguggacuaagcdtdt-3'. hMSCs
were seeded in 6-well plates at a density of 4 x 10° cells/well be-
fore transfection. The transfection was conducted in Opti-MEM
(Invitrogen), and the transfection mix was composed of 3 pg of
plasmid and optimal volume of Lipofectamine 2000 Reagent
(Invitrogen). The siRNA was transfected into the hMSCs at a final
concentration of 100 nM. The medium was changed to regular
culture medium 8 h after transfection.

2.5. Western blotting analysis

We performed Western blotting analysis according to a stan-
dard protocol as previously described [16]. Confluent hMSCs were
lysed with RIPA lysis buffer (Beyotime Institute of Biotechnology,
China) supplemented with PMSF (Invitrogen), protein contents
were determined using a BCA protein assay kit (Thermo Fisher
Scientific Inc.,, Waltham, MA). Next, the total proteins were
separated by 10% SDS-PAGE and electro-blotted onto a PVDF
membrane (Millipore Corporation, Billerica, MA). The membranes
were then incubated with an optimal concentration of the primary
antibodies: anti-osteocalcin, anti-SATB2, anti-BSP and anti-p-
actin (Abcam, Cambridge, MA). Immunoreactive bands were
detected with anti-rabbit or anti-mouse fluorescein-conjugated
secondary antibody (Abcam) and visualized by Odyssey V3.0 image
scanning.

2.6. ALP, ARS staining and quantitative ALP assay

hMSCs were cultured in a 12-well plate, washed twice with PBS
and fixed in 4% polyoxymethylene for 10 min. ALP staining was
performed with a BCIP/NBT Alkaline Phosphatase Color Develop-
ment Kit (Beyotime) according to the manufacturer’s instructions.
Alizarin red S staining solution was obtained from Sigma as previ-
ously described [20]. hMSCs were first washed with PBS and fixed
in cold 95% (v/v) ethanol for 1 h, then fixed hMSCs were incubated
with staining solution at 37 °C for 30 min. For quantitative ALP
measurements, hMSCs were lysed using RIPA lysis buffer (Beyo-
time), the cell supernatant was collected into a 96-well plate. Next,
substrates and p-nitrophenol from Alkaline Phosphatase Assay Kit
(Beyotime) were subsequently added and incubated for 10 min at
37 °C. Finally, the ALP activity was determined at the wavelength
of 405 nm.

2.7. Dual luciferase reporter assay

0.4 pg of pGL3-control plasmid, 0.3 pg of pRL-TK plasmid and
0.3 pg of pH1-GFP plasmid were co-transfected into 293T cells
using Lipofectamine 2000 Reagent (Invitrogen). Cells were har-
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vested 48 h after transfection and assayed for firefly and renilla
luciferase activity using the Dual-Glo™ Luciferase Assay System
(Promega). Firefly luciferase activity was normalized to renilla
luciferase activity.

2.8. Statistical analysis
The results represent the average of three independent experi-

ments, and the data are presented as the mean * SD. Statistical
significance was determined using the unpaired Student’s t-test,
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and a value of *P<0.05 was considered to be statistically
significant.

2.9. Bio-information prediction

To predict the target genes of hsa-miR-31 during the osteoblast
differentiation of hMSCs, we selected three scientifically
sanctioned miRNA target prediction databases: TargetScan
(http://www.targetscan.org), PicTar (http://www.pictar.org), and
miRbase (http://www.mirbase.org).
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Fig. 1. miR-31 inhibited osteoblast differentiation, whereas the miR-31 inhibitor enhanced the osteogenesis of hMSCs. qPCR detected intracellular miR-31 levels after
transfection with exogenous plasmids expressing miR-31, a miR-31 inhibitor and the negative control (A); these data were normalized to U6 as a control. qPCR detection of
osteogenic specific genes including Runx2 (B), BSP (C), Ocn (D) and Osx (E) showed that miR-31 reduced hMSC osteogenesis by over 50%, but the miR-31 inhibitor increased
the osteogenesis by more than 1.5-fold. These data are the averages of three independent experiments and were all normalized to GADPH. All the gPCR data are averages of
three independent experiments, *P < 0.05, **P < 0.01, **P < 0.001. Western blot analyses indicated that Ocn and BSP were repressed by miR-31 overexpression, whereas their
expression was enhanced by the miR-31 inhibitor (F). ALP and ARS staining revealed that the exogenous overexpression of miR-31 reduced the ALP level and the amount of
calcium deposits in hMSCs, whereas the miR-31 inhibitor elevated these levels (G). A quantitative ALP assay indicated that ALP activity was inhibited by miR-31-27% of the
control group activity on day 6 but was elevated to 2.4-fold higher than the control group by the miR-31 inhibitor on day 4 (H). Data from each time point were each
normalized to the negative control group, and these data were averages of three independent experiments, *P < 0.05, **P < 0.01.
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3. Results

3.1. miR-31 inhibited osteoblast differentiation whereas the miR-31
inhibitor enhanced hMSC osteogenesis

qPCR analyzed the intracellular miR-31 content after the trans-
fection of exogenous plasmids expressing miR-31, the miR-31
inhibitor and the empty pCMV-GFP vector, termed as miR-31,
miR-31 inhibitor and miR-NC, respectively. The intracellular miR-
31 level was found to be elevated dramatically by miR-31 transfec-
tion, whereas the miR-31 inhibitor led to reduced miR-31 content,
miR-NC had hardly any effect on miR-31 content (Fig. 1A). Western
blot analysis indicated that Ocn and BSP were both repressed by
transfection with miR-31, but the downregulation of miR-31 by
transfecting the miR-31 inhibitor increased Ocn and BSP expres-
sion levels; the negative control had no effect on their expression
levels (Fig. 1B). qPCR was used to detect the mRNA expression lev-
els of some osteoblast specific genes, including Runx2, BSP, Ocn
and Osx. These data indicated that the exogenous overexpression
of miR-31 reduced Runx2 (Fig. 1C), BSP (Fig. 1D), Ocn (Fig. 1E)
and Osx (Fig. 1F) expression levels by over 50%, whereas the
miR-31 inhibitor elevated levels by more than 1.5-fold, the nega-
tive control had no effect. ALP and ARS staining also demonstrated
that the ALP level and calcium deposition in miR-31-transfected
hMSCs were significantly lower than those in the negative control
and untreated hMSCs. On the contrary, these levels were much
higher in the miR-31 inhibitor-transfected hMSCs (Fig. 1G). The
quantitative ALP assay performed at different time points after
transfection with miR-31, the miR-31 inhibitor and miR-NC
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implied that ALP activity was inhibited by 27% of the control group
on day 6 after miR-31 transfection. The miR-31 inhibitor could
enhance ALP levels to 2.4-fold higher than that of the control group
(miR-NC) (Fig. TH). In conclusion, the above results indicated that
the overexpression of miR-31 can repress hMSC osteogenesis, but
the downregulation of miR-31 could potentiate the osteoblastic
features of hMSCs.

3.2. The 3'-UTR of SATB2 mRNA is a direct target of miR-31

The plasmids expressing miR-31, miR-31 inhibitor and the neg-
ative control were individually transfected into hMSCs. qPCR anal-
ysis implied that SATB2 mRNA levels did not change significantly
in different transfection groups (Fig. 2A). However, the SATB2 pro-
tein level was repressed by miR-31, and promoted by the miR-31
inhibitor when compared with the negative control and untreated
hMSCs (Fig. 2B). As shown in Fig. 2C, the predicted binding sites of
hsa-miR-31 is located at position 2376-2383 of the 3’-UTR of
SATB2’s mRNA. To verify the predicted binding sites, the firefly
luciferase reporter system containing the wild type miR-31 bind-
ing site and its mutant sequence was constructed and co-transfec-
ted with the miR-31 overexpression plasmid and the negative
control, along with renilla luciferase reporter system as a normal-
izer. As Fig. 2D shows, the luciferase activity assay detected that
the co-transfection of miR-31 overexpression plasmid (miR-31)
and the wild type 3’-UTR binding site (SATB2-3’-UTR-wt)
decreased the luciferase expression level compared with the
miR-31 negative control (miR-NC). Furthermore, the co-transfec-
tion of miR-31 and the mutant 3’-UTR binding site (SATB2-3'-

SATB2 mRNA __Iw

Position 2376-2383 of SATB2 3UTR  5'...UAGCCUGUGGUCUUGCCAG...

|
hsa-miR-31 3" UCGAUACGGUCGUAGAACGGA

Mutation of SATB2 3'UTR 5 ..CCUGUGGGAGGCAATG...

Position 2376-2383 of 3'-UTR of SATB2

°
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Fig. 2. The 3'-UTR of SATB2 mRNA is a direct target of miR-31. Western blot analysis indicated that the SATB2 expression level was inhibited by the overexpression of miR-31,
but the downregulation of miR-31 via the transfection of the miR-31 inhibitor promoted its expression (A). qPCR showed that neither exogenous miR-31 nor the miR-31
inhibitor had special effects on SATB2 mRNA levels (B). Position 2376-2383 of the 3'-UTR of SATB2’s mRNA and its mutation sequence we designed (C) showed that miR-31
may directly target the 3'-UTR of SATB2 mRNA and interfere with SATB2 protein synthesis. The dual luciferase reporter system indicated that the co-transfection of miR-31
and its wild type 3’-UTR binding site, termed as SATB2-3'UTR-wt, dramatically reduced luciferase activity, whereas miR-31 had no effects on the mutated 3’-UTR binding
region (SATB2-3'UTR-mut) (D). All of these data were averages from three independent experiments, and the firefly luciferase activity data were all normalized to renilla

luciferase activity as a control, ***P < 0.001.



102 Q. Xie et al./Biochemical and Biophysical Research Communications 446 (2014) 98-104

UTR-mut) seemed to have no effect on luciferase levels. Consider-
ing all of the results, we observed that the miR-31 expression level
seemed to have a negative correlation with the SATB2 protein
level. Next, we conducted the exogenous transfection of miR-31
and miR-31 and found that the overexpression of miR-31 could re-
press the SATB2 protein level, whereas the knockdown of miR-31
could elevate it. Neither of these constructs affected SATB2 mRNA
levels. We finally determined via the dual luciferase reporter
system that the 3’-UTR at position 2376-2383 of the SATB2 is
the direct target of miR-31. In short, our results demonstrated that
SATB2 mRNA is a direct target of miR-31.

3.3. Overexpression of SATB2 promotes osteogenic differentiation
whereas the knockdown of SATB2 impairs hMSC osteogenesis

To determine what effects SATB2 may have on the osteogenesis,
we transfected the SATB2 overexpression plasmid (p-SATB2) and
small interfering RNA (si-SATB2) into hMSCs (Fig. 3A). qPCR results
indicated that the SATB2 mRNA expression level was increased by
over sevenfold after transfection with p-SATB2, whereas the trans-
fection of si-SATB2 decreased the SATB2 mRNA level by more than
70% when compared with the negative control. The results of Wes-
tern blot analysis were consistent with qPCR, showing that SATB2
protein levels were increased by p-SATB2, whereas they were
decreased by si-SATB2 when compared with the negative control
(Fig. 3B). Interestingly, we also found that the overexpression of
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SATB2 resulted in increased mRNA expression levels of osteo-
blast-specific genes, such as Runx2 (Fig. 3C), BSP (Fig. 3D), Ocn
(Fig. 3E) and Osx (Fig. 3F), by over 150%, In contrast, the SATB2-
knockdown hMSCs exhibited a reduced potential to become osteo-
blasts because mRNA expression levels of osteogenic related genes
declined by more than 50% compared with the negative control
group. Protein expression levels such as Ocn and BSP were simi-
larly increased by transfection with p-SATB2, whereas they
decreased significantly upon transfection with si-SATB2 compared
with the untreated control hMSCs (Fig. 3G). The ALP level and the
amount of calcium deposition were also assessed after performing
ALP and ARS staining, indicating that SATB2-overexpressing hMSCs
could generate more ALP and more calcium deposition, whereas
the SATB2 knockdown hMSCs were much less likely to differenti-
ate into osteoblasts than the control hMSCs (Fig. 3H). Taken
together, we suggest that SATB2 is a critical regulator of osteogen-
esis and that the overexpression of SATB2 promotes osteoblast
differentiation, whereas the knockdown of SATB2 impairs
osteogenesis.

3.4. SATB2 knockdown inhibits the effects of miR-31

To verify the relationship between miR-31 and SATB2 further,
we co-transfected the miR-31 inhibitor, which has previously been
shown to promote hMSC osteogenesis, and si-SATB2 into hMSCs.
Next, qPCR, Western blotting, and ALP and ARS staining were
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Fig. 3. The overexpression of SATB2 promotes osteogenic differentiation, whereas the knockdown of SATB2 impairs hMSC osteogenesis. qPCR revealed that the transfection of
the SATB2 overexpression plasmid, termed p-SATB2, increased the SATB2 mRNA level by more than 7-fold, whereas the transfection of small interfering RNA designed for
SATB2 mRNA, termed si-SATB2, decreased SATB2 mRNA level by over 70% (A). Western blotting also revealed that SATB2 protein levels were elevated by the transfection of p-
SATB2 while they were diminished by si-SATB2 (B). Expression levels of osteoblast specific marker genes including Runx2, BSP, Ocn and Osx were elevated by the transfection
of p-SATB2 by over 150% but repressed by si-SATB2 to levels less than 50% of the control (C). The expression levels of osteogenic specific proteins including Ocn and BSP were
elevated by p-SATB2 but repressed by si-SATB2 (D). Intracellular ALP levels and calcium deposit levels were detected by ALP and ARS staining, respectively (E). These levels
were increased by transfection with p-SATB2 but were decreased by si-SATB2. All of these data were averages of three independent experiments, qPCR data were normalized

to GADPH, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 4. The knockdown of SATB2 attenuates the effects of miR-31 inhibitor. qPCR detected that mRNA expression levels of osteogenic associated genes such as Runx2 (A), BSP
(B), Ocn (C) and Osx (D) in SATB2 knockdown hMSCs could not be increased by transfection with the miR-31 inhibitor, but the miR-31 inhibitor could still elevate the
expression levels of osteogenic related genes by over 1.5-fold in normal hMSCs. Western blot results showed that the protein expression levels of Ocn and BSP in SATB2
knockdown hMSCs could not be elevated by the miR-31 inhibitor, but increased expression could be observed by the transfection of the miR-31 inhibitor in normal hMSCs (E).
Transfection of the miR-31 inhibitor enhanced normal hMSCs’ intracellular ALP levels and calcium deposition as evidenced by ALP and ARS staining, but the inhibitor failed to
increase levels in SATB2 knockdown hMSCs (F). All these data were averages of three independent experiments, and the qPCR data were all normalized to GADPH, *P < 0.05,

**P<0.01.

conducted to detect the effects of the miR-31 inhibitor in SATB2-
knockdown hMSCs. As indicated, transfection of miR-31 inhibitor
had no significant impact on promoting mRNA expression levels
of osteogenic related genes, such as Runx2 (Fig. 4A), BSP
(Fig. 4B), Ocn (Fig. 4C) and Osx (Fig. 4D), in SATB2-knockdown
hMSCs compared with the negative control. However, the miR-31
inhibitor could still promote normal hMSC osteogenesis by more
than 1.5-fold. Similar results are clearly shown in Fig. 4E; Ocn
and BSP expression levels in SATB2-knockdown hMSCs were not
increased by miR-31 inhibitor transfection compared with
the negative control. Both ALP and ARS staining results indicated
that the SATB2-knockdown hMSCs were not likely to be osteogen-
ically enhanced by the miR-31 inhibitor, but normal hMSCs could
be promoted to differentiate into osteoblasts as previously
observed (Fig. 4F). Taken together, these results indicate that the
knockdown of SATB2 inhibits miR-31’s effects on the osteogenesis
of hMSCs.

4. Discussion

Mesenchymal stem cells (MSC) isolated from various tissues
have exhibited great potential for use in reconstructive therapy.
Determining the underlying mechanisms that govern MSCs’
proliferation and differentiation would provide us more effective
approaches to make progress in stem cell-related therapies.
Recently, miRNAs have attracted tremendous focus for their
extensive regulatory function by affecting the post-transcription
process of protein synthesis. In this study, we identified miR-31

as a negative regulator of osteogenic differentiation. The overex-
pression of miR-31 inhibited the osteogenesis of hMSCs, whereas
the inhibition of miR-31 enhanced this process.

It has been reported that miR-31 is downregulated in some tu-
mor tissues and acts as a negative regulator of tumor proliferation
and metastasis [21], and our colleagues have reported that rno-
miR-31 was downregulated during osteogenic induction in rat
bone marrow derived MSCs [20]. In this study, we selected the
hsa-miR-31 to test what effects it may have on the osteogenesis
of hMSCs. Our data revealed that miR-31 transfection resulted in
reduction of SATB2 protein level, whereas miR-31 inhibitor led to
promotion. However, qPCR results indicated that the mRNA level
of SATB2 was affected by neither miR-31 nor miR-31 inhibitor.
We supposed that miR-31 might lead to translation repression of
SATB2 instead of mRNA degradation. We predicted the binding
sites of hsa-miR-31 using bio-information databases like PicTar,
mirbase and TargetScan, and found out that SATB2 may be one of
its many targets. Meanwhile, the dual luciferase reporter assay
has identified SATB2 as a direct target of miR-31. According to
our data, miR-31 was demonstrated to bind to position 2376-
2383 of the 3’-UTR of SATB2’s mRNA, which suggested that miR-
31 regulated SATB2 expression by interfering with mRNA
translation.

SATB2 plays a critical role in regulating osteogenesis, it has been
reported to not only bind individually to the promoter of osteo-
genic specific genes, but also synergistically enhance the regula-
tory role of Runx2 [22]. Our results revealed that the
overexpression of SATB2 promote the osteogenesis of hMSCs by
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upregulating both mRNA and protein expression levels of osteo-
blast-specific genes, such as Runx2, BSP, Ocn and Osx. On the con-
trary, SATB2-knockdown hMSCs exhibited decreased expression
levels of Runx2, BSP, Ocn and Osx. As our data demonstrated, the
overexpression of miR-31 repressed the osteogenesis of hMSCs
whereas the inhibition of miR-31 enhanced it. These results indi-
cate that SATB2 may function as a bridge that connects miR-31
and the osteogenesis. To test this hypothesis, we transfected
miR-31 inhibitor into SATB2-knockdown hMSCs and detected the
expression levels of Runx2, BSP, Ocn and Osx. Our results
demonstrated that the transfection of the miR-31 inhibitor no
longer exhibited promotive effects on the osteogenesis of
SATB2-knockdown hMSCs. Taken together, these data suggest that
miR-31 regulates hMSC osteogenesis by directly targeting SATB2.

In conclusion, our results demonstrate that miR-31 performed
as a negative regulator of the osteogenesis of hMSCs. miR-31
exhibited its regulatory function by affecting the expression level
of SATB2, a critical osteogenesis-related gene, by directly binding
to 3’-UTR of its mRNA. Overall, our findings suggest that miR-31
plays an important regulatory role in osteogenic differentiation
and might function by targeting SATB2 directly.
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