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ABSTRACT
MiRNAs have been identified in various plants and animals where they function in post-transcriptional regulation. Although studies revealed
that dexamethasone play a pivotal role in the osteogenic differentiation of human bone marrow-derived mesenchymal stem cells (hBMSCs),
the identification of specific miRNAs and their regulatory roles in this process remain poorly defined. In this study, microarrays were used to
analyze the miRNA expression profile of dexamethasone-induced hBMSCs derived from three donors, and RT-PCRs were used to confirm the
microarray results. Nine upregulated miRNAs and seven downregulated miRNAs were identified. The putative target genes of these miRNAs
were predicted using bioinformatics analysis. Subsequently, we focused our attention on the functional analysis of an upregulated miRNA,
miR-23a. Overexpression of miR-23a inhibited osteogenic differentiation of hBMSCs at the cellular, mRNA, and protein levels. The results of
our study provide an experimental basis for further research on miRNAs functions during osteogenic differentiation of dexamethasone-
induced hBMSCs. J. Cell. Biochem. 115: 1683–1691, 2014. © 2014 Wiley Periodicals, Inc.
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Human bone marrow-derived mesenchymal stem cells
(hBMSCs) have the potential to differentiate into bone,

cartilage, muscle, and adipose tissue [Pittenger et al., 1999], and
thushavebeenapplied toclinicalfieldascell-based therapeutics [Chen
etal., 2004;Hareetal., 2012;Liangetal., 2012;Wangetal., 2012;Zhao
et al., 2012]. Dexamethasone is a glucocorticoid drug that is widely
used for the repression of allergic reactions and treatment of
autoimmune diseases. A caveat of dexamethasone treatment is the
induction of osteonecrosis of the femoral head via the possible
pathway of inhibition of the osteogenic differentiation of hBMSCs
[Cárcamo-Orive et al., 2010; Rauch et al., 2010]. Moreover,
dexamethasone can induce the differentiation of MSCs into a large
number of adipocytes, suppress the osteoblast proliferation and
prolong the longevity of osteoclasts [Jia et al., 2006; Yin et al., 2006;

Takano-Murakami et al., 2009]. It was also found that proliferation of
osteoblastic MC3T3-E1 cells were significantly and directly inhibited
bydexamethasoneviaaberrantglucocorticoid receptoractivationand
subsequentlyP53activation [Li et al., 2012].Although several theories
have been postulated for the role of glucocorticoid-induced
osteonecrosis of the femoral head [Miyanishi et al., 2002; Asano
et al., 2004; Kogianni et al., 2004; Kitajima et al., 2007; Séguin et al.,
2008], the underlyingmolecular mechanisms are not fully elucidated.
Investigationofosteogenicdifferentiationofdexamethasone-induced
hBMSCs can lead to a better understanding of the pathogenesis of
femoral head necrosis and enhanced treatment options.

MicroRNAs (miRNAs) are small (17–25 nucleotides), single-
stranded, non-coding RNAs that function in the negative regula-
tion of gene expression by binding to complementary sequences in
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the 3-untranslated region (UTR) of target mRNAs, thereby leading to
either mRNA degradation or translational repression [Bartel, 2004;
Thomas et al., 2010; Bae et al., 2012]. MiRNAs have been shown to
play roles in a broad spectrum of physiologic and pathological
processes, such as cell proliferation and apoptosis, major signaling
pathways, energy metabolism, tissue morphogenesis, and tumori-
genesis [Cheng et al., 2005; Kloosterman and Plasterk, 2006; Raver-
Shapira et al., 2007; Baltimore et al., 2008; Stefani and Slack, 2008].
Recently, mounting evidence has indicated that miRNAs play a vital
role in osteogenic differentiation of hBMSCs [Goff et al., 2008;
Mizuno et al., 2008; Gao et al., 2011; Baglìo et al., 2013]; however,
there are no reports of osteogenic differentiation of dexamethasone-
induced hBMSCs.

Herein, we sought to investigate the osteogenic differentiation of
dexamethasone-induced hBMSCs which underlie the pathological
basis of femoral head necrosis and osteoporosis. To further clarify
the regulatory effects and underlying mechanisms of miRNAs in the
osteogenic differentiation of dexamethasone-induced hBMSCs, we
examined the differential expression of miRNAs in dexamethasone-
induced hBMSCs compared to non-dexamethasone-induced
hBMSCs during osteogenic differentiation from three individual
human donors. Based onmiRNAmicroarrays and confirmatory real-
time reverse transcription-polymerase chain reactions (RT-PCR),
nine overexpressed miRNAs and seven underexpressed miRNAs in
dexamethasone-induced hBMSCs relative to non-dexamethasone-
induced hBMSCs during osteogenic differentiation were identified.
The putative target genes of these miRNAs were predicted using
bioinformatics analysis. In addition, miR-23a upregulated in
dexamethasone-induced hBMSCs during osteogenic differentiation
was selected for further verification and function analysis.

MATERIALS AND METHODS

ISOLATION AND CULTURE OF hBMSCs
This study was approved by the Ethics Committee at Peking Union
Medical College Hospital and written consent was obtained from the
donors. The bone marrow tissue was obtained from three donors (A:
a 30-year-old Chinese male; B: a 31-year-old Chinese female; and C:
a 40-year-old Chinese female) who underwent total hip arthroplasty
for congenital dislocation of hip joint or trauma-induced osteonec-
rosis of femoral head. hBMSCs were isolated from bone marrow
using density gradient separation as previously described [Pittenger
et al., 1999; Otsuru et al., 2013]. Bone marrow was collected after the
osteotomy and placed in a sterile tube containing heparin (4,000U/
ml) for anticoagulation. Then the bone marrow diluted with an equal
volume of PBS was layered over lymphocyte separate medium. The
mononuclear cell layer was collected after centrifugation at 400g for
30min at room temperature followed by washing with PBS. The cells
were then resuspended at a density of 2� 106 cells in 12ml of regular
growth medium and cultured in a 75 cm2

flask. Growth medium
contained 58% Dulbecco’s modified Eagle’s medium, Ham’s F-12
medium (DF-12; Gibco, Grand Island, NY), 40% medium complete
with trace elements-201 (MCDB; Gibco), 2% fetal bovine serum
(FBS; Gibco), 1� 109mol/L insulin-trans-ferrin-selenium (ITS;
Gibco), 1� 10�4mol/L ascorbic acid 2-phosphate, 20 ng/ml inter-

leukin-6, 10 ng/ml epidermal growth factor, 10 ng/ml platelet
derived growth factor BB (PDGF-BB) (all purchased from Sigma–
Aldrich, St. Louis, MO), 100U/ml penicillin, and 100mg/ml
streptomycin (Gibco) [Yang et al., 2011]. Cell cultures were
maintained at 37°C in a humidified incubator with 5% CO2. In
some cultures 10�6mol/L of dexamethasone was added to stimulate
the hBMSCs during osteogenic differentiation.

FLOW CYTOMETRIC ANALYSIS
hBMSCs were detached from the culture plate using 0.25% trypsin/
EDTA (Gibco) and collected by centrifugation at 194g for 10min.
hBMSCs were suspended in PBS at a concentration of about
106 cells/ml and washed twice with PBS. About 5� 105 cells/500ml
were incubated and stained with 5ml of mouse anti-human CD29-
fluorescein isothiocyanate (FITC), CD31-FITC, CD44-FITC, CD73-
FITC, CD90-FITC, CD105-FITC, and HLA-DR-FITC antibodies for
20min at room temperature. The cells were rinsed twice with PBS,
resuspended in 500ml of PBS, and the expression of surface antigens
were analyzed using a flow cytometer.

OSTEOGENIC DIFFERENTIATION IN VITRO
hBMSCs were plated at a cell density of 2� 105 cells in 6-well plates
(for RNA and protein isolation) and 24-well plates (for staining) in
growth medium. At 70–80% confluence, growth medium was
replaced with normal osteogenic differentiation medium (high
glucose Dulbecco’s modified Eagle’s medium supplemented with
10% FBS, 10mM b-glycerophosphate, 0.2mM L-ascorbic acid, and
10�9M dexamethasone) [Zeng et al., 2012] or osteogenic differenti-
ationmediumwith high dexamethasone concentration (high glucose
Dulbecco’s modified Eagle’s medium supplemented with 10% FBS,
10mM b-glycerophosphate, 0.2mM L-ascorbic acid, and 10�6M
dexamethasone). The osteogenic differentiation medium was
changed every 3 days for 12 days.

CYTOCHEMICAL STAINING
The osteoblast phenotype was determined based on alkaline
phosphatase (ALP) activity, which is an early marker of osteogenic
differentiation. ALP stainingwas performed on days 3 and 6 after the
initiation of the differentiation cultures using the ALP staining kit
(Blood Institute, Chinese Academy ofMedical Sciences). Alizarin Red
staining was performed to detect matrix mineralization deposition
which occurs at the later stage of bone formation. In brief, cells were
washed with PBS, fixed in 95% ethanol for 10min, washed with
distilled water, and stained using Alizarin Red solution (1 g Tris and
0.1 g Alizarin Red (Sigma–Aldrich) in 100ml ultrapure water;
regulating the pH to 8.3 with HCl) at 37°C for 30min.

RNA EXTRACTION AND miRNA MICROARRAY ANALYSIS
Total RNA was isolated from cultured cells using Trizol reagent
(Invitrogen, USA) according to the manufacturer’s instructions.
Total RNAwas isolated from non-dexamethasone-induced hBMSCs,
dexamethasone-induced hBMSCs on day 3 of culture, and miR-23a
and miR-NC transfected hBMSCs on days 3, 6, and 9 of cultures. The
integrity of the RNA was confirmed by agarose gel electrophoresis
and its concentration was determined by spectrophotometry. An
aliquot of 1mg total RNA was biotinylated using FlashTagTM Biotin
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HSR RNA Labeling Kit and hybridized to a GeneChip miRNA 2.0
Array (Affymetrix, Inc., Santa Clara, CA) containing 15,644 mature
miRNAs based on Sanger miRBase Release 15.0. Hybridization was
performed at 45°Cwith rotation for 16 hwith constant rotation at the
speed of 60 rpm at hybridization oven 640. After washing and
staining automatically on an Affymetrix fluidics station 450, the
GeneChip arrays were scanned on Affymetrix GeneChip scanner
3000 7G. All miRNA microarrays were performed at the Beijing
CapitalBio Corporation. Raw data were normalized to mean array
intensity for inter-array comparison and analyzed using the
Significant Analysis of Microarray software (SAM, version 3.02)
to identify significantly differentially expressed genes between
dexamethasone-induced hBMSCs and non-dexamethasone-induced
hBMSCs groups.

RT-PCR ANALYSIS OF miRNA EXPRESSION
Total RNA was isolated from cultured cells using Trizol reagent
(Invitrogen), and reverse transcription were performed as previously
described [Cao et al., 2005]. RT-PCR analysis for the osteogenic
genes were carried out in a total reaction volume of 25ml containing
0.5ml of template cDNA, 12.5ml of SYBR Green I Master Mix
(Takara, Otsu, Japan), and 200 nmol/L each of the sense and
antisense primers. The expression of miR-23a was detected by RT-
PCR using miScript SYBR Green PCR Kit (Qiagen, Valencia, CA)
according to the manufacturer’s protocol. The RT-PCRs were
conducted in triplicates according to procedures reported previously
[Cao et al., 2005]. Relative expression of mRNA or miRNA was
evaluated using the 2�DDCt method and normalized to the expression
of GAPDH or U6, respectively. The primers for the mRNAs and
related osteogenic genes are listed in Table I.

TARGET PREDICTION
Target gene prediction of the miRNAs was performed using the
online miRNA target predicting software (www.targetscan.org).

TRANSFECTION OF miRNA INTO hBMSCs
The synthetic miR-23a mimics and miR-negative control (miR-NC)
were purchased from Invitrogen. The miRNAs were transfected into
hBMSCs at the final concentration of 200 nM using lipofectamine
2000 (Invitrogen) according to the manufacturer’s instructions. The
transfection process was performed in Opti-MEM (a non-serum
medium) (Gibco) at 37°C in 5%CO2. After 6 h, the Opti-MEMmedium
was replaced with induction medium for differentiation.

WESTERN BLOT ANALYSIS
Cells were lysed in ice-cold Radio ImmunoprecipitationAssay (RIPA)
lysis buffer (Beyotime, Nanjing, China) for 15min and manually
scraped from culture plates. Whole cell lysates were quantified using
the BCA assay. Protein samples (20mg) were loaded and separated
using 10% sodium dodecyl sulfate-polyacrylamide gel electropho-
resis gels, and then transferred onto polyvinylidene difluoride
membranes for immunoblotting. The membranes were incubated
with the following primary antibodies overnight at 4°C: anti-ALP
antibody (1/5,000; Abcam, USA), anti-OPN antibody (1/1,000;
Abcam), anti-RUNX2 antibody (1/500; Cell Signaling Technology,
USA), anti-IBSP antibody (1/500; Cell Signaling Technology), or

anti-GAPDH antibody (1/2,000; Santa Cruz Biotechnology, USA).
After washing, membranes were incubated with secondary anti-
rabbit or anti-mouse horseradish peroxidase-conjugated antibodies
(Zhongshan, Beijing, China) for 1 h at room temperature. Antibody
and antigen complexes were detected using chemiluminescent ECL
reagent (Millipore, USA).

STATISTICAL ANALYSIS
Data presented were the mean� standard deviation. Statistical
analysis was conducted using two-tailed t-test (SPSS Statistics 17.0).
Differences were considered significant when the P-value was less
than or equal to 0.05.

RESULTS

CHARACTERISTICS AND PHENOTYPES OF hBMSCs
After 4 days of primary culture, the adherent cells are spindle shaped
and flat (Supplemental Fig. S1A). The cells grew rapidly and reached
almost 80% confluences after 14 days of culture. During subsequent
cell passages the cell density was very high and the cells were
swirling or radial arranged (Supplemental Fig. S1B).

To further confirm that the isolated cells were hBMSCs, seven cell
surface antigens associated with hBMSCs were characterized by flow
cytometric analysis. hBMSCs from passage 3 were positive for CD29,
CD44, CD73, CD90, and CD105 (97.9%, 99.9%, 100%, 99.8%, and
99.7%, respectively), and negative for CD31 and HLA-DR (1.1% and
0.8%, respectively), showed in Supplemental Figure S2.

IDENTIFICATION OF OSTEOGENIC DIFFERENTIATION
hBMSCs at passage 4 were cultured in osteogenic medium for 12
days. In order to detect osteogenesis the cells were subjected to ALP

TABLE I. The Primers of miRNAs and the Related Osteogenic Genes

Gene Primer sequence 50–30

U6-F CTCGCTTCGGCAGCACA
U6-R AACGCTTCACGAATTTGCGT
hsa-miR-23a ATCACATTGCCAGGGATTTCC
hsa-miR-23a-RT GTCGTATCCAGTGCAGGGTCCGAGG

TATTCGCACTGGATACGACGGAAAT
hsa-miR-23a-AS GATATCACATTGCCAGGGATT
hsa-miR-155 TTAATGCTAATCGTGATAGGGGT
hsa-miR-155-RT GTCGTATCCAGTGCAGGGTCCGAGG

TATTCGCACTGGATACGACGCCCCT
hsa-miR-155-AS GCGCTTAATGCTAATCGTGATAG
hsa-miR-744 TGCGGGGCTAGGGCtAACAGCA
hsa-miR-744-RT GTCGTATCCAGTGCAGGGTCCGAGG

TATTCGCACTGGATACGACTGCTGT
hsa-miR-744-AS TGCGGGGCTAGGGCTAAC
hsa-miR-140–3p TACCACAGGGTAGAACCACGG
hsa-miR-140–3p-RT GTCGTATCCAGTGCAGGGTCCGAGG

TATTCGCACTGGATACGACCCGTGG
hsa-miR-140–3p-AS ACCGTACCACAGGGTAGAACCA
GAPDH-F GGTCACCAGGGCTGCTTTTA
GAPDH-R GGATCTCGCTCCTGGAAGATG
ALP-F CCACGTCTTCACATTTGGTG
ALP-R AGACTGCGCCTGGTAGTTGT
OPN-F ACTCGAACGACTCTGATGATGT
OPN-R GTCAGGTCTGCGAAACTTCTTA
RUNX2-F TGTCATGGCGGGTAACGAT
RUNX2-R AAGACGGTTATGGTCAAGGTGAA
IBSP-F TGGATGAAAACGAACAAGGCA
IBSP-R AAACCCACCATTTGGAGAGGT
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staining at day 6 and Alizarin Red staining at day 12. The positive
ALP staining indicated that ALP, an osteogenic specific gene, was
active (Supplemental Fig. S1C). The positive Alizarin Red staining
indicated mineral deposition and nodule formation (Supplemental
Fig. S1D).

miRNA MICROARRAY ANALYSIS
miRNA microarray chips were used to determine miRNA expression
levels in hBMSCs during osteogenic differentiation. Four indicators
were adopted to evaluate the differential expression between
dexamethasone and non-dexamethasone-induced hBMSCs during
osteogenic differentiation: T-statistic value, numerator of the
T-statistic, denominator of the T-statistic, and fold change. Sixteen
differentially expressed miRNAs were identified, of which nine
miRNAs were up-regulated (hsa-miR-155, hsa-miR-196a, hsa-miR-
199a-5p, hsa-miR-130a, hsa-miR-26a, hsa-miR-221, hsa-miR-23a,
hsa-miR-22, and hsa-miR-27a) and 7 miRNAs were down-regulated
(hsa-miR-21, hsa-miR-140-3p, hsa-miR-214, hsa-miR-744, hsa-
miR-320a, hsa-miR-320b, and hsa-miR-320c). The differential
expression of the 16 miRNAs is summarized in Table II. The heat
map vividly reflects the differential expression of miRNAs between
dexamethasone and non-dexamethasone-induced hBMSCs during
osteogenic differentiation (Fig. 1).

RT-PCR VALIDATION OF THE MICROARRAY RESULTS
To confirm the microarray results, RT-PCR was conducted to detect
the expression levels of the differentially expressedmiRNAs. RT-PCR
showed that the some of the up-regulated miRNAs (miR-155 and
miR-23a) and down-regulated miRNAs (miR-744 and miR-140-3p)
were differentially expressed between dexamethasone and non-
dexamethasone-induced hBMSCs during osteogenic differentiation,
whichwas in line with themicroarray results. Figure 2 shows that the
fold-changes of miR-155, miR-23a, miR-744, and miR-140-3p by
the RT-PCR agreed with the microarray results.

TARGET PREDICTION
Potential targets of the 16 differentially expressed miRNAs were
predicted using the online software TargetScan. Predicted targets of

each miRNA included genes involved in cell cycle regulation, cell
differentiation, and metabolism. Table III lists the target genes
related to osteogenic differentiation and bone formation. The
predicted target genes of the nine up-regulated miRNAs include
RUNX2, STAT5B, SMAD1, SMAD5, and BMPR2. The seven down-
regulated miRNAs were predicted to target genes which inhibit
osteogenic differentiation, such as such as Sox4, BMP3, Acvr2b,
HDAC4, and TGF-b1.

FUNCTIONAL ANALYSIS AND FURTHER VERIFICATION OF miR-23a
miR-23a that was up-regulated in dexamethasone-induced hBMSCs
during osteogenic differentiation was selected for functional
analysis and further verification of our findings. Synthetic miR-

TABLE II. Differentially Expressed miRNAs in Dexamethasone-Induced hBMSCs During Osteogenic Differentiation

Gene name Score (d) Numerator (r) Denominator (sþ s0) Fold change

Nine miRNAs overexpressed in dexamethasone-induced hBMSCs during osteogenic differentiation
hsa-miR-155 �2.27 �302.68 133.55 3.34
hsa-miR-196a �6.47 �52.82 8.16 2.59
hsa-miR-199a-5p �11.55 �261.94 22.69 2.13
hsa-miR-130a �6.22 �70.48 11.33 2.03
hsa-miR-26a �6.06 �846.99 139.80 2.37
hsa-miR-221 �7.84 �3,278.34 418.32 2.07
hsa-miR-23a �11.23 �2,375.33 211.49 3.66
hsa-miR-22 �12.97 �914.60 70.49 2.24
hsa-miR-27a �5.68 �360.38 63.45 2.66

Seven miRNAs underexpressed in dexamethasone-induced hBMSCs during osteogenic differentiation
hsa-miR-21 4.85 241.55 49.77 0.30
hsa-miR-140-3p 14.18 252.99 17.85 0.36
hsa-miR-214 22.39 4,276.91 191.03 0.17
hsa-miR-744 25.55 714.14 27.96 0.17
hsa-miR-320a 12.95 3,917.58 302.53 0.28
hsa-miR-320b 15.56 3,372.77 216.78 0.30
hsa-miR-320c 5.92 1,320.60 223.17 0.47

SAM score (d), T-statistic value; Numerator, numerator of the T-statistic; Denominator (sþ s0), denominator of the T-statistic.

Fig. 1. A heat map based on the differential expression of miRNAs between
dexamethasone and non-dexamethasone-induced hBMSCs during osteogenic
differentiation.
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23a mimics and miR-NC were transfected into hBMSCs and
osteogenesis was examined by evaluating stainings, as well as
mRNA and protein expression of osteo-specific proteins.

At days 6 and 12 of osteogenic differentiation, ALP staining and
Alizarin Red staining revealed significantly decreased ALP activity
and depressed matrix mineralization in the miR-23a group
compared to the miR-NC group (Fig. 3A,B). Moreover, lower
mRNA expression levels of osteo-specific markers, such as ALP,
OPN, RUNX2, and IBSP, were detected in hBMSCs that overex-
pressed miR-23a (Fig. 3C). In addition, we also found lower protein
expression of ALP, OPN, RUNX2, and IBSP in the miR-23a group
(Fig. 3D), which were compatible with RT-PCR results and staining.
Therefore, overexpression of miR-23a inhibited the osteogenesis of
hBMSCs.

DISCUSSION

miRNAs are important negative regulators of post-transcriptional
gene expression that have emerged as key players in various cellular
processes. Recently, the regulatory role of miRNAs on mesenchymal

stem cells activities, such as self-renewal and differentiation into
osteoblasts, chondrocytes, or adipocytes, have garnered increasing
interest and attention of scientific researchers [Lakshmipathy and
Hart, 2008; Kim et al., 2009b; Schoolmeesters et al., 2009; Han et al.,
2010; Huang et al., 2010 ; Li et al., 2013]. Osteogenic differentiation
is a complex sequence of events that involves the contributions of
numerous signaling pathways and transcription factors. Baglìo et al.
[2013] evaluated the miRNA expression profile of hBMSCs during
osteogenic differentiation and found 17 up-regulated and 12 down-
regulated miRNAs. Moreover, Oskowitz et al. [2008] identified 19
miRNAs that were up-regulated during osteogenic differentiation. A
major limitation of these studies was that simple osteogenic
differentiation is a very ideal state that does not typically occur in
the normal adult environment. We therefore sought to examine
osteogenic differentiation in dexamethasone-induced hBMSCs.
Dexamethasone treatment underlies the pathological basis of the
femoral head necrosis and osteoporosis which are widely detected in
systemic lupus erythematosus patients who are treated with
dexamethasone. To the best of knowledge, this current report is
the first one that describes the role of miRNAs in dexamethasone-
induced hBMSCs during osteogenic differentiation and it provides a
new insight into the pathology and treatment of the femoral head
necrosis and osteoporosis.

In this study, we utilized miRNA microarrays to investigate the
miRNAs involved in dexamethasone-induced hBMSCs during
osteogenic differentiation. Nine up-regulated miRNAs and seven
down-regulated miRNAs were identified in this process. To further
validate the reliability of the microarray results, the expression fold
changes of some of the up-regulated miRNAs (miR-23a and miR-
155) and down-regulated miRNAs (miR-744 and miR-140-3p) were
analyzed by RT-PCR. The expression level of miR-155 and miR-23a
increased and the level of miR-744 and miR-140-3p decreased in
dexamethasone-induced hBMSCs during osteogenic differentiation,
which was in accordance with previous microarray results.

Herein, we identified nine miRNAs that were up-regulated in
dexamethasone-induced hBMSCs during osteogenic differentiation
incidating that they inhibit the osteogenic differentiation of
hBMSCs. Our findings were in line with previous reports of
differential regulation of miRNAs during osteogenesis. Hassan

TABLE III. Predicted Target Genes of Differentially Expressed miRNAs

miRNA Target gene Functions

miRNAs overexpressed in dexamethasone-induced hBMSCs during osteogenic differentiation
hsa-miR-155 SATB2 Osteogenesis
hsa-miR-196a COL1A1, COL1A2, COL3A1, FOXO1 Osteogenesis and inhibition of adipogenesis
hsa-miR-199a-5p TMEM135, Sox4 Osteogenesis
hsa-miR-130a SMAD5, SMAD4, BMPR1B, BMPR2 Osteogenesis
hsa-miR-26a SMAD1, Wnt5a, SMAD4, TMEM135 Osteogenesis
hsa-miR-221 Wnt1, Sox4 Osteogenesis
hsa-miR-23a SATB1,STAT5B, TMEM135, FGF2,NFIB, SMAD5, IHH, RUNX2 Osteogenesis
hsa-miR-22 SMAD4, SATB2, HDAC6 Osteogenesis and inhibition of adipogenesis
hsa-miR-27a RUNX1, SMAD5, SATB2, LRP6, FOXO1 Osteogenesis and inhibition of adipogenesis

miRNAs underexpressed in dexamethasone-induced hBMSCs during osteogenic differentiation
hsa-miR-21 SMAD7, Sox2, TGFBR2 Inhibit of osteogenesis
hsa-miR-140-3p Acvr2b, CBL, HDAC4 Inhibit of osteogenesis
hsa-miR-214 CBL, GSK3b Inhibit of osteogenesis and adipogenesis
hsa-miR-744 TGFBb1 Inhibit of osteogenesis
hsa-miR-320a CBL, BMP3, HDAC4, Sox4, Acvr2b, TGFBR2 Inhibit of osteogenesis
hsa-miR-320b CBL, BMP3, HDAC4, Sox4, Acvr2b, TGFBR2 Inhibit of osteogenesis
hsa-miR-320c CBL, BMP3, HDAC4, Sox4, Acvr2b, TGFBR2 Inhibit of osteogenesis

Fig. 2. RT-PCR confirmation of related upregulated miRNAs (miR-155 and
miR-23a) and downregulated miRNAs (miR-744 and miR-140-3p) in
dexamethasone-induced hBMSCs.
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et al. [2010] showed that miR-23a was a potent inhibitor of
osteoblastogenesis and miR-27a delayed osteoblast differentiation.
According to Luzi et al. [2008], inhibition of miR-26a in treated
osteoblasts by 20-O-methyl-antisense RNA increased protein levels
of its predicted target, SMAD1 transcription factor, which
upregulated bone marker genes and enhanced osteoblast differenti-
ation. Wu et al. [2012] found that knockdown of miR-155 relieved
the inhibition of TNF-a on BMP-2-induced osteogenic differentia-
tion. However, our findings were different from that of at least two
other studies. First, Kim et al. [2009a] found that overexpression of
miR-196a decreased the proliferation of human adipose tissue-
derived mesenchymal stem cells (hAMSCs) and enhanced osteogenic
differentiation. Second, according to Huang et al. [2012], the
upregulation of miR-22 promoted osteogenic differentiation and
inhibited adipogenic differentiation of hAMSCs via repression of

HDAC6 protein expression. The distinct research findings were likely
due to differences in the variability among MSCs from different
tissues or the cultured microenvironment of the MSCs.

Downregulation of miRNAs in the dexamethasone-induced
hBMSCs during osteogenic differentiation would indicate that these
miRNAs enhance the osteogenic differentiation of hBMSCs. Our
findings were supported by previous studies. MiR-21 was confirmed
to promote the osteoblast differentiation of MSCs by repressing
Spry1, which negatively regulates osteogenic differentiation of
MSCs [Yang et al., 2013]. Palmieri et al. [2010] found that miR-214
and miR-320 were up-regulated in an osteoblast-like cell line
(MG63) exposed to Bio-Oss, a biomaterial that enhances osteoblast
activity to promote bone formation. On the other hand, Kim et al.
[2009b] found that lentiviral overexpression of miR-21 enhanced
adipogenic differentiation. In addition, it was reported that miR-140

Fig. 3. Functional analysis of miR-23a. Synthetic miR-23amimics andmiR-NCwere transfected into hBMSCs and osteogenesis was examined by evaluating stainings, as well as
mRNA and protein expression of osteo-specific proteins. A: ALP staining at day 6 of osteogenic differentiation. The upper are gross appearances and the lower are the
corresponding microscopic appearances. B: Alizarin Red staining at day 12 of osteogenic differentiation. The upper are gross appearances and the lower are the corresponding
microscopic appearances. C: mRNA expression levels of ALP, OPN, RUNX2, and IBSP. D: protein expression of ALP, OPN, RUNX2, and IBSP. *P< 0.05.
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is associated with chemoresistance in human osteosarcoma and
osteoarthritis [Song et al., 2009; Miyaki et al., 2010]. Taken together
these data highlight a putative role for miRNAs during osteogenesis
and the promoting or inhibitory effects varied depending on the
specific tissue or the microenvironment of cells.

To further understand the regulatory mechanism of the
differentially expressed miRNAs in dexamethasone-induced
hBMSCs during osteogenic differentiation, the putative target genes
for the candidate miRNAs were predicted using TargetScan 5.1.
Several of the putative target genes for the upregulatedmiRNAswere
associated with bone formation, including RUNX2, STAT5B,
SMAD1, SMAD5, and BMPR2. Runx2 directs the formation of
immature bone by inducing the differentiation of multipotent
mesenchymal cells into immature osteoblasts [Komori, 2010].
Studies demonstrated that osteoblastic differentiation was associat-
ed primarily with increased Runx2 activity in bone marrow stromal
cells [Wojtowicz et al., 2010]. Activation of STAT5B, which mediates
the signal transduction triggered by various ligands, such as IL-2, IL-
4, and CSF-1, promotes osteogenic differentiation of MSCs and bone
growth [Joung et al., 2012, 2013]. The BMP-Smad signaling pathway
plays a vital role in osteogenic differentiation and bone-related
disorders. Phosphorylated Smad1 or Smad5 forms a complex with
Smad4, which is then translocated to the nucleus where it binds to
the consensus DNA sequence to regulate the transcription of BMP
target genes [Li, 2008].

The miRNAs that were down-regulated in the dexamethasone-
induced hBMSCs during osteogenic differentiation were predicted to
target genes, such as Sox4, BMP3, Acvr2b, HDAC4, and TGF-b1. The
Sox4 gene belongs to a gene family (SOX and SRY) comprising
transcription factors that bind to DNA through their high mobility
group (HMG)-type binding domain. They regulate bone formation by
acting upstreamof Osx and independent of Runx2 [Reppe et al., 2000;
Nissen-Meyer et al., 2007]. Kokabu et al. [2012] found that BMP3
inhibits Smad signaling via its interaction with Acvr2b, thereby,
suppressing osteoblast differentiation of bone marrow stromal cells.
Shimizu et al. [2010] demonstrated that histone deacetylase 4
(HDAC4) suppressed osteoblast differentiation by binding to Runx2 at
the runt domain (RD) site of theMMP-13 promoter. Ochiai et al. [2012]
showed that TGF-b1 inhibited osteoblast differentiation via suppres-
sion of IGF-1 expression and subsequent down-regulation of the
PI3K/Akt pathway. Moreover, Zhou [2011] demonstrated that TGF-
b1 inhibited osteoblast differentiation in hMSCs through the
regulation of b-catenin signaling.

Functional studies and analysis of miRNAs can provide direct
evidence to prove that miRNAs modulate osteogenic differentiation
of hBMSCs. In previous studies, hsa-miR-23a was associated with B-
cell development [Kong et al., 2010] and gastrointestinal cancer
[Zheng et al., 2013]. Zhang et al. [2011] showed that miR-23a
inhibits osteogenesis and downregulates RUNX2 protein expression
in MC3T3-E1 cells. In our study, miR-23a upregulated in
dexamethasone-induced hBMSCs during osteogenic differentiation
was selected for the further function verification. Subsequently,
miR-23a effects were assessed by the RT-PCR, western blot, ALP and
Alizarin Red staining by transfecting miR-23amimics in to hBMSCs.
The results showed that miR-23a inhibit the osteogenic differentia-
tion of hBMSCs. There are three highlights in our study compared

with the study by Zhang et al. [2011]. Firstly, the cells we treated in
our study are human BMSCs, whereas Zhang et al. used MC3T3-E1
osteoblasts. Secondly, we examed the osteoginic ability from mRNA
(ALP, OPN, RUNX2, and IBSP), protein and stainings levels, which is
more comprehensive than previous study.

To the best of our knowledge, this is the first report on the miRNA
expression profile of dexamethasone-induced hBMSCs during
osteogenic differentiation. We discovered nine upregulated miRNAs
and seven downregulated miRNAs in dexamethasone-induced
hBMSCs during osteogenic differentiation. Bioinformatic analyses
were used to predict the putative target genes for these miRNAs.
Functional analysis of hsa-miR-23a further validated the results and
highlighted its putative role during osteogenesis. Further studies
involving target verification for the differentially regulated miRNAs
are required tomore fully explain the underlyingmiRNAs regulatory
mechanisms. Taken together, the results of our study provided an
experimental basis for further research of miRNA functions during
osteogenic differentiation of dexamethasone-induced hBMSCs,
which plays a role in the pathogenesis and development of bone
diseases, such as femoral head necrosis and osteoporosis.
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