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Glucocorticoids impair bone formation of bone marrow stromal
stem cells by reciprocally regulating microRNA-34a-5p
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Abstract
Summary The inhibitory effects of glucocorticoids (GCs) on
bone marrow stromal stem cell (BMSC) proliferation and os-
teoblastic differentiation are an important pathway through
which GCs decrease bone formation. We found that
microRNA-34a-5p was a critical player in dexamethasone
(Dex)-inhibited BMSC proliferation and osteogenic differen-
tiation. MicroRNA-34a-5p might be used as a therapeutic tar-
get for GC-impaired bone formation.
Introduction The inhibitory effects of glucocorticoids (GCs)
on bone marrow stromal stem cell (BMSC) proliferation and
osteoblastic differentiation are an important pathway through
which GCs decrease bone formation. The mechanisms of this
process are still not completely understood. Recent studies
implicated an important role of microRNAs in GC-mediated

responses in various cellular processes, including cell prolif-
eration and differentiation. Therefore, we hypothesized that
these regulatory molecules might be implicated in the process
of GC-decreased BMSC proliferation and osteoblastic
differentiation.
Methods Western blot, quantitative real-time PCR, and cell
proliferation and osteoblastic differentiation assays were
employed to investigate the role of microRNAs in GC-
inhibited BMSC proliferation and osteoblastic differentiation.
Results We found that microRNA-34a-5p was reciprocally
regulated by Dex during the process of BMSC proliferation
and osteoblastic differentiation. Furthermore, we confirmed
that microRNA-34a-5p was a critical player in Dex-inhibited
BMSC proliferation and osteogenic differentiation.
Mechanistic studies showed that Dex inhibited BMSC prolif-
eration by microRNA-34a-5p targeting cell cycle factors, in-
cluding CDK4, CDK6, and Cyclin D1. Furthermore, down-
regulation of microRNA-34a-5p by Dex leads to Notch sig-
naling activation, resulting in inhibition of BMSC osteogenic
differentiation.
Conclusions These results showed that microRNA-34a-5p, a
crucial regulator for BMSC proliferation and osteogenic dif-
ferentiation, might be used as a therapeutic target for GC-
impaired bone formation.
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Introduction

Glucocorticoids (GCs) are used most extensively as anti-
inflammatory and immunosuppressive drugs for treating a va-
riety of diseases such as inflammation, cancer, and
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autoimmune disorders [1, 2]. Although GCs are used exten-
sively to relieve these diseases, prolonged use of GCs is asso-
ciated with several serious side effects such as osteoporosis
[3]. GC-induced osteoporosis (GCOP) is often the etiology of
secondary osteoporosis (OP) [4]. Bone changes occur quickly
after GC initiation, and it is estimated that up to half of patients
treated with long-term GCs will fracture [5]. Although ad-
vances have been made over the past decade, cellular and
molecular mechanisms involved in the determination of the
levels of reduction in bone, due to GC excess, are not yet fully
understood.

It is well known that bone remodeling is attributed to a
dynamic metabolic balance between the destruction of pre-
existing bone by osteoclasts and rebuilding by osteoblasts
[6]. It is generally accepted that inhibition of bone formation
with impaired osteoblastic cell proliferation, differentiation,
and function is the predominant effect of GCs on bone turn-
over [5]. Osteoblasts originate from stem cells within the bone
marrow stroma lying on the abluminal surface of bone mar-
row sinusoids and are termed bone marrow stromal (skeletal
or mesenchymal) stem cells (MSCs). MSCs can be recruited
and located within the bone marrow near the bone formation
surfaces to mediate osteogenesis [7]. GC-decreased bone for-
mation is the result of inefficient proliferation or differentia-
tion of MSCs into osteoblast cells [8]. Therefore, identifying
factors regulating MSC proliferation and osteoblastic differ-
entiation by GCs is an area of intensive investigation with
potential for identifying novel targets to enhance bone forma-
tion for GCOP treatment.

Recently, noncoding microRNAs (miRNAs) have emerged
as important gene expression regulatory elements. MiRNAs
are single-stranded RNAs 19–25 nucleotides in length that
regulate several pathways including the development timing,
hematopoiesis, organogenesis, apoptosis, cell proliferation,
and tumorigenesis [9, 10]. MiRNAs affect gene expression
through the inhibitory engagement of complimentary Bseed
sequences^ within the 3′-untranslational region (3′-UTR) of
target messenger RNAs (mRNAs), resulting in translational
inhibition and/or mRNA degradation. The miRNAs may also
increase translation of selected mRNAs in a cell cycle-
dependent manner [11]. Recently, studies have shown an im-
portant role of miRNAs in GC-mediated responses in various
cellular processes, including cell proliferation, apoptosis, and
differentiation [12–14]. Furthermore, some studies have cov-
ered the role of miRNAs in regulating osteogenesis, including
miR-199a, miR-34a-5p, miR-27a, and miR-138 [13, 15–17].
However, the question of whether these molecules are impli-
cated in the process of GC-repressed MSC proliferation and
osteoblastic differentiation is still unanswered.

In this study, we examined the role of miR-34a-5p in the
repression of MSC proliferation and osteoblastic differentia-
tion by GCs. We profiled the genome-wide miRNA expres-
sion during GC-inhibited MSC proliferation. Several altered

miRNAs were suggested, in which miR-34a-5p was identified
as a strong candidate responsible for MSC proliferation.
Furthermore, further studies found that miR-34a-5p was also
involved in GC-decreased MSC osteoblastic differentiation.
Therefore, miRNAs and miRNA-mediated gene silencing
may contribute to inhibition effects of GCs on MSC prolifer-
ation and osteoblastic differentiation.

Materials and methods

In vivo treatment of mice

All procedures involving mice were approved by the
Shanghai Jiaotong University Animal Study Committee and
were carried out in accordance with the guide for the humane
use and care of laboratory animals. According to Li et al.’s
report [18], 8-week-old C57 male mice were injected intraper-
itoneally once daily with dexamethasone (Dex) sodium phos-
phate injection solution (50 mg/kg body weight) or with saline
as a control for a period of 5 weeks. After the last injection, the
mice were killed by cervical dislocation within 24 h. Bone
marrow cells from the tibia and femur of mice injected with
Dex were flushed out with Dulbecco’s Modified Eagle’s
Medium (D-MEM) and cultured in growth medium (D-
MEM containing 10 % FBS, 1 % penicillin-streptomycin
(all from Hyclone, Logan, UT, USA)) at 37 °C in the presence
of 5 % CO2, following lysis of red blood cells. Nonadherent
cells were removed by replacing the medium after 1 day.

Skeletal phenotyping

The distal end of intact femurs from control and Dexmice was
scanned using micro-CT (GE Locus SP) to assess bone mass,
density, and trabecular microarchitecture. Parameters comput-
ed from these data include bone mineral density (BMD) and
trabecular number (Tb.N).

Immunohistochemistry

Femur sections were quenched with 3 % hydrogen peroxide
for 15 min to reduce endogenous peroxide activity and
blocked with 3 % normal goat serum in Tris-buffered saline.
The sections were then incubated with rabbit anti-mouse
Runx2, Osterix polyclonal antibodies (Santa Cruz
Biotechnology, CA) at 4 °C overnight, followed by biotinyl-
ated secondary antibodies and a peroxidase-labeled
streptavidin-biotin staining technique (DAB kit, Invitrogen).
Nuclei were counterstained with hemalum (FARCOChemical
Supplies, Hong Kong). The slides were visualized by a mi-
croscope (ZEISS, AXIO). The slides without incubation with
secondary antibody were used as negative controls.
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Cell culture

Mouse MSCs (mMSCs), isolated from the bone marrow of
C57BL/6 mice, were obtained from Cyagen Biosciences Inc
(China). Identification of the cells according to the cell surface
phenotypes and multipotency was performed by the supplier.
mMSCs were cultured with alpha-Minimal Essential Media
(α-MEM) (Invitrogen, Paisley, UK) supplemented with 10 %
fetal bovine serum (FBS) and 100 μg/ml penicillin/streptomy-
cin. Human MSCs (hMSCs) were obtained according to Chiu
et al.’s reports [19]. Briefly, bone marrow aspirates were ob-
tained aseptically from four donors (male, 45–65 years old)
with informed consent. The aspirates were immediately mixed
with sodium-heparin (10,000 U/ml) and diluted in five vol-
umes of phosphate buffered saline. The cell suspension was
centrifuged and plated onto a 10-cm dish containing 10 ml D-
MEM with 10 % FBS and 1 % penicillin-streptomycin.
Osteoblastic differentiation of MSC was carried out using os-
teoblastic induction medium (OIM) containing standard
growth medium supplemented with 10−8 M Dex, 50 μg/ml
ascorbic acid, and 10 mM β-glycerophosphate (Sigma-
Aldrich, St. Louis, USA).

Cell viability assay

Cell counting kit (CCK-8) assay was used to measure cell
proliferation and viability. mMSCs were resuspended in a
200-μl cell culture medium and seeded at a density of 1×
103 cells/ml in 96-well microtiter plates, incubated overnight
for cell attachment. Ten microliters of CCK-8 reagent
(Dojindo Laboratories, Japan) was added to each well 1 h
before the end of incubation. The optical density (OD) value
of each sample was measured at a wavelength of 450 nm on a
microplate reader. The result of cell viability measurement is
expressed as the absorbance at OD450. Control cells were
treated in the same way, and the value of absorbance was
defined as 100 % survival.

5-Ethynil-2′-deoxyuridine assay

Logarithmic growth-phase cells were seeded in 24-well
plates and incubated with serum-free α-MEM for 24 h. In
brief, 5-ethynil-2′-deoxyuridine (EdU) (Sigma-Aldrich, St.
Louis, USA) solution was added to cell culture medium to
a final concentration of 1:1000 and then incubated for 2 h. A
cell fixative (containing 4 % paraformaldehyde in PBS) was
added before incubation at room temperature for 30 min.
After washing cells with PBS for two times, click reaction
buffer (Tris-HCl, pH 8.5, 100 mM; CuSO4, 1 mM; Apollo
550 fluorescent azide, 100 μM; ascorbic acid, 100 mM) was
added for 10–30 min while protecting from light. Then, cells
were washed with 0.5 % Triton X-100 for three times and
stained subsequently with Hoechst (5 μg/ml) for 30 min at

room temperature. Samples were stored in the dark at 4 °C
prior to fluorescence microscopy (Olympus). EdU-positive
cells were calculated with (EdU add-in cells/Hoechst-stained
cells)×100 %.

5-(and-6)-Carboxyfluorescein diacetate succinimidyl ester
assay

mMSC proliferation was measured by 5-(and-6)-carboxyflu-
orescein diacetate succinimidyl ester (CFSE) staining and
flow cytometry [13]. mMSCs were incubated with CFSE
(Invitrogen, Paisley, UK) at a concentration of 5 μmol/l in
PBS for 15 min at 37 °C. The reaction was stopped by adding
fetal calf serum. Cells were replated at a density of 48,000/
well in six-well dishes and incubated with a different treat-
ment for 3 days. After preparation by trypsinization and wash-
ing, fluorescence intensity was measured on a flow cytometer
using excitation at 488 nm at the FL1 detection channel and
analyzed with CellQuest software.

Alkaline phosphatase and alizarin red S staining

mMSCs were seeded onto six-well plates at 1×105 cells per
well. After the cells reached confluence, the medium was
changed to induction medium containing 50 μg/ml ascorbic
acid, 10 mM β-glycerophosphate, and 10−8 M Dex. The cells
were cultured for 7 or 14 days and then subjected to alkaline
phosphatase (ALP) or alizarin red S (ARS) staining. All pro-
cedures were performed according to the manufacturer’s in-
structions. Briefly, the cells were washed three times with
PBS, fixed with 4 % paraformaldehyde for 15 min, and
stained with ALP reagent or 0.2 % ARS solution for 30 min
at 37 °C. After washing three times with distilled water, the
stained cells in each well were photographed. Stainings were
repeated for at least three times independently.

ALP activity

mMSCs were cultured in a 24-well plate with differentiation
medium for 7 days. For quantitative ALP measurements,
mMSCs were lysed using 100 μl RIPA lysis buffer, and the
cell supernatant was collected into a 96-well plate. The ALP
activity in the supernatant was evaluated with the Alkaline
Phosphatase Assay Kit (Beyotime Biotech Inc., Jiangsu,
China). After co-incubation of substrates and p-nitrophenol
for 30 min at 37 °C, the ALP activity was determined at the
wavelength of 405 nm. Finally, the ALP levels were normal-
ized to the total protein content determined by the
bicinchoninic acid Protein Assay Kit (Beyotime Biotech
Inc., Jiangsu, China).
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MicroRNA microarray analysis

Quiescent (growth-arrested) mMSCs cultured in 0.3 %
FBS-α-MEM were divided into two groups: control group
and Dex group. Control group cells were cultured in normal
culture medium. Dex group cells were treated with 10−6 M
Dex for 3 days. Following treatment, total RNAwas isolated
from untreated samples and Dex-treated samples. Five micro-
grams of total RNA from each sample was labeled and hy-
bridized on microRNA microarray chips as previously de-
scribed [20].

Western blot analysis

The protein samples were extracted from cells. Protein sam-
ples (∼50 μg) were fractionated by SDS-PAGE (7.5–10 %
polyacrylamide gels). Separated proteins were blot transferred
onto a nitrocellulose membrane. After blocking with 0.1 %
Tween 20 and 5 % nonfat dry milk in Tris-buffered saline at
room temperature for 1 h, the membrane was incubated over-
night at 4 °C in one of the following primary antibodies:
CDK4 (Peprotech, Rocky Hill, NJ) (1:400), CDK6 (Santa
Cruz, CA, USA), Cyclin D1, JAG1, and β-actin (Santa
Cruz, CA, USA) (1:500) as an internal control. The membrane
was incubated with horseradish peroxidase-conjugated sec-
ondary antibody (1:5000) for 2 h and detected using the
Enhanced Chemiluminescence Western blot System
(Amersham Biosciences).

Synthesis and transfection of sequences
of miR-34a-5p/AMO-34a-5p

MiR-34a-5p (sense: 5′-UGGCAGUGUCUUAGCUGGUUGU-
3′, antisense: 5′-UCCCGUCAUAUGAACGAC UAA-3′) and
i t s a n t i s e n s e o l i g o n u c l e o t i d e s ( AMO s : 5 ′ -
ACAACCAGCTAAGACACTGCCA-3′) were synthesized by
Integrated DNA Technologies. Additionally, a scrambled RNA
was used as nega t ive con t ro l (NC) , sense : 5 ′ -
UUCUCCGAACGUGUCACGUTT-3′ and antisense: 5′-
ACGUGACACGUUCGGAG AATT-3′. The mMSCs were
transfected with miR-34a-5p or/and inhibitors for 48 h under
normal/differentiation condition, with X-tremeGENE small inter-
fering RNA (siRNA) Transfection Reagent (Roche, Basel,
Switzerland), according to the manufacturer’s instructions.

Quantitative real-time PCR

Total RNAwas extracted from mMSCs and hMSCs using the
Trizol reagent (Invitrogen) according to the manufacturer’s
instructions. For reverse transcription of miR-34a-5p and
mRNA, first-strand complementary DNA (cDNA) was syn-
thesized from 1μg of total RNA using PrimeScript RT reagent
kits: Cat#RR037A and Cat#RR036A (TaKaRa, Dalian,

China), respectively. After reverse transcription reaction,
real-time PCR was performed using a SYBR Green qRT-
PCR kit (TaKaRa, Dalian, China) and an ABI Step One Plus
Real-Time PCR System. U6 and β-actin were respectively
used as references for quantitation of miR-34a-5p and
mRNAs. The primer sequences used in this study were as fol-
lows: U6: RT, 5′-CGCTTCACGAATTTGCGTGTCAT-3′; for-
ward, 5′-CAAAGTGCTTACAGTGCAGGTAG-3′; reverse, 5′-
CTACCTGCACTGTAAGCACTTTG-3′; miR-34a-5p: RT, 5′-
GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTGC-
ACTGGATACGACACAACCA-3 ′ ; f o rwa rd , 5 ′ -
GGGTGGCAGTGTCTTAGC - 3 ′ ; r e v e r s e , 5 ′ -
CAGTGCGTGTCGTGGAGT-3′; Osterix (accession no.
AF184902.1): forward, 5′-GTCCTCTCTGCTTGAGGAAGAA-
3′; reverse, 5′-GGGCTGAAAGGTCAGCGTAT-3′;Runx2 (acces-
s i o n n o . N M _ 0 0 9 8 2 0 . 5 ) : f o r w a r d , 5 ′ -
GTGTCACTGCGCTGAAGAGG-3 ′ ; reverse, 5 ′-G
ACCAACCGAGTCATTTAAGGC-3′; ALP (accession no.
X13409.1): forward, 5′-GGTAGATTACGCTCACAACAA-3′; re-
verse, 5′-A GGCATACGCCATCACAT-3′; OC (accession no.
X04142.1): forward, 5′-ACCCT GGCTGCGCTCTGTCTCT-3′;
reverse, 5′-AGGTAGCGCCGGAGTCTGTTCAC-3′; and β-actin
( a c c e s s i o n n o . NM_007 393 . 4 ) : f o rw a r d , 5 ′ -
CTGTCCCTGTATGCCTCTG - 3 ′ ; r e v e r s e , 5 ′ -
ATGTCACGCACGATTTCC-3′.

Statistics

The composite data are expressed as means±sem. Statistical
analysis was performed with one-way ANOVA followed by
Dunnett’s test where appropriate. Differences were considered
to be significant at P≤0.05.

Results

The effect of Dex on mMSC proliferation and osteoblastic
differentiation

To determine whether Dex regulated mMSC proliferation, we
firstly used CCK-8 assay to monitor cell viability. mMSCs
were cultured in normal medium with Dex at different con-
centrations (0, 10−8, 10−7, and 10−6 M) from day 1 to day 3.
Our results showed that Dex decreased the viability of
mMSCs in a dose- and time-dependent manner (Fig. 1a).

Furthermore, mMSCs were stimulated with 10−6 M
Dex for 3 days prior to EdU assay. EdU-stained photomi-
crographs and corresponding photomicrographs of total
cells are shown in Fig. 1b. The proportion of cells with
EdU-positive nuclei is shown in Fig. 1c. EdU incorpora-
tion was decreased in the Dex group, indicating that Dex
could inhibit the mMSC proliferation.
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Fig. 1 The inhibition of mMSC proliferation and osteoblastic
differentiation by Dex. a Proliferation of mMSCs was measured by
CCK-8 after cells were treated with 10−8, 10−7, and 10−6 M Dex from
day 1 to day 3. n=3, **P<0.01. b Representative photomicrographs of
EdU staining. Blue marks the Hoechst labeling of cell nuclei and red
marks EdU labeling of nuclei of proliferative cells (×200). Scale bars
are 50 μm. c Quantitative data showing the percentage of EdU-positive
cells in different treatment groups (number of red vs number of blue
nuclei). n=3, **P<0.01. d mMSCs were stained with CFSE before
plating, cultured for 3 days, and analyzed by flow cytometry as
described in BMaterials and methods.^ n=3. e Representative figures of
micro-CT analysis of the distal end of intact femurs of mice treated with
Dex. Scale bars are 25 μm. f BMD in the distal end of intact femurs of
each experimental group. n=4, **P<0.01. g Tb.N in the distal end of

intact femurs of each experimental group. n=4, **P<0.01. h
Hematoxylin-eosin staining was performed to histologically identify
structures of the distal end of intact femurs of mice injected with Dex
for 5 weeks. Scale bars are 50 μm. i, j Runx2 and Osterix expression and
localization (red arrow) in the distal end of intact femurs of each
experimental group through immunohistochemistry. Scale bars are
20 μm. n=4, **P<0.01. k qRT-PCR analysis of Runx2 and Osterix
expression in mMSCs induced by osteoblastic differentiation medium
and treated with Dex for 3 days. n=4, **P<0.01. l Dex inhibited
osteogenic differentiation of mMSCs in a dose-dependent manner, as
evidenced by changes in mineralized matrix formation (ARS staining,
day 14) and ALP staining (day 7). m Dex inhibited osteogenic
differentiation of mMSCs in a dose-dependent manner, as evidenced by
changes in ALP activity (day 7)
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To further examine proliferation, mMSCs were cultured
with 10−6 M Dex for 3 days and stained with CFSE. CFSE
irreversibly couples to cellular proteins. When cells divide,
CFSE labeling is distributed equally between daughter cells,
which are half as fluorescent as their parents. The peak CFSE
fluorescence intensity on flow cytometry was right shifted by
Dex, indicating that mMSCs treated with Dex had fewer cy-
cles of cell replication as compared with the control group
(Fig. 1d).

Next, we investigated the effect of Dex on mMSC osteo-
blastic differentiation. Eight-week-old mice were injected
with Dex for 5 weeks to generate a Dex mice model. Micro-
CTanalysis of distal femur metaphysis revealed that the BMD
and Tb.N of Dex mice were significantly lower compared to
those of control mice (Fig. 1e–g), in consistence with the less
amount of trabecular bones shown in HE staining (Fig. 1h).
The master osteogenic transcription factors Runx2 and
Osterix were significantly decreased in osteoblasts on the sur-
faces of the trabecular bone in Dex mice (Fig. 1i, j).
Subsequently, mMSCs were cultured in osteogenic medium
with Dex at the concentrations (0, 10−8, 10−7, and 10−6 M) for
3 days. We found that Dex remarkably decreased the expres-
sion of Runx2 and Osterix in a dose-dependent manner
(Fig. 1k). In addition, Dex inhibited mMSC osteogenic poten-
tial, as evidenced by ARS and ALP staining (Fig. 1l).
Similarly, ALP activity was also decreased by Dex in a
dose-dependent manner, when mMSCs were induced by os-
teogenic medium (Fig. 1m). Taken together, these results
strongly suggest that Dex significantly decreases mMSC pro-
liferation and osteoblastic differentiation.

Reciprocal regulation of miR-34a-5p expression by Dex
in MSC proliferation and osteoblastic differentiation

To detect miRNAs related to Dex-decreased mMSC prolifer-
ation, microRNA expression was analyzed with a RNA/
cDNA-based microarray screening. We analyzed a panel of
mRNAs obtained from mMSCs subjected to a 10−6-M Dex
assault for 3 days. Among the miRNAs represented on our
chip, nine were differentially expressed in response to Dex-
decreased mMSC proliferation (Fig. 2a). To confirm the re-
sults of microarray-based screening, we measured the expres-
sions of these identified miRNAs using quantitative real-time
PCR (qRT-PCR). During these differentially expressed
miRNAs, miR-34a-5p was found to be upregulated by more
than fivefold (Fig. 2b). Further studies confirmed the upregu-
lation of miR-34a-5p expression by Dex in a dose-dependent
manner (Fig. 2c). Furthermore, the effects of Dex onmiR-34a-
5p expression were observed in hMSCs. In consistence with
the results frommMSCs, Dex also greatly increased miR-34a-
5p expression in hMSCs (Fig. 2d).

Next, we investigated the effects of Dex on miR-34a-5p
expression during mMSC osteoblastic differentiation.

Surprisingly, when mMSCs cultured under osteogenic medi-
um were treated with 10−6 M Dex for 3 days, miR-34a-5p
expression was significantly decreased (Fig. 2e). Similar re-
sults were also observed in hMSCs, when cells were cultured
in osteogenic medium with 10−6 M Dex (Fig. 2f), indicating
that Dex reciprocally regulated miR-34a-5p expression in
MSC proliferation and osteoblastic differentiation.
Furthermore, a significant inhibition of miR-34a-5p expres-
sion was also observed in MSCs from Dex mice (Fig. 2g).

The effect of miR-34a-5p on Dex-decreased mMSC
proliferation

To delineate the role of miR-34a-5p in Dex-decreased mMSC
proliferation, we performed loss-of-function and gain-of-
function experiments in which we decreased and increased
the quantities of miR-34a-5p with a miR-34a-5p inhibitor
and a miR-34a-5p mimic, respectively. Then, we firstly
assessed cell proliferation with CCK-8 assays. Our results
showed that miR-34a-5p markedly facilitated Dex-decreased
mMSC proliferation. Furthermore, the inhibitory effect of Dex
on mMSC proliferation was significantly alleviated when
mMSCs were transfected with AMO-34a-5p, indicating that
miR-34a-5p was involved in Dex-decreased mMSC prolifer-
ation (Fig. 3a).

Furthermore, EdU assay by fluorescence microscopy fur-
ther demonstrated that the miR-34a-5p mimic enhanced the
inhibitory effects of Dex on mMSC proliferation, while the
miR-34a-5p inhibitor alleviated it (Fig. 3b, c). Similar results
were further confirmed by CFSE fluorescence intensity assay
(Fig. 3d). Taken together, these results indicated that miR-34a-
5p could be implicated in the process of Dex-decreased
mMSC proliferation.

The effect of miR-34a-5p on Dex-decreased mMSC
osteoblastic differentiation

To investigate whether miR-34a-5p was involved in Dex-
decreased mMSC osteogenic differentiation, we observed
the effect of Dex on osteoblastic differentiation of mMSCs
transfected with miR-34a-5p or/and AMO-34a-5p. qRT-PCR
results showed that the miR-34a-5p mimic clearly attenuated
the inhibitory effect of Dex on the expressions of Runx2,
Osterix, and osteocalcin (OC), while AMO-34a-5p greatly
facilitated Dex-decreased expressions of Runx2, Osterix, and
OC (Fig. 4a–c). In addition, ARS staining and ALP staining
showed that overexpression of miR-34a-5p significantly at-
tenuated the inhibitory effect of Dex on mMSC osteoblastic
differentiation. However, miR-34a-5p depletion significantly
facilitated Dex-decreased mMSC osteoblastic differentiation
(Fig. 4d). Similar results were further confirmed by ALP ac-
tivity assay (Fig. 4e), suggesting that miR-34a-5p was in-
volved in Dex-decreased mMSC osteoblastic differentiation.
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Molecular targets of miR-34a-5p involved
in Dex-decreased mMSC proliferation and osteoblastic
differentiation

Based on the above observations, miR-34a-5p was involved
in Dex-decreased mMSC proliferation and osteoblastic dif-
ferentiation. It is possible that miR-34a-5p targets several
regulatory factors associated with mMSC proliferation and
osteoblastic differentiation. To address this issue, we used a
computation and bioinformatics-based approach to predict
the putative targets related to proliferation and osteoblastic
differentiation through TargetScan, which is hosted by the
Wellcome Trust Sanger Institute. These explorations lead to
the identification of candidate targets of miR-34a-5p: cyclin-
dependent kinase 4 (CDK4), CDK6, Cyclin D1, and jagged
1 (JAG1). Western blot analysis showed that the expressions

of cell cycle factors, including CDK4, CDK6, and Cyclin
D1, were greatly decreased in the mMSCs treated with
10−6 M Dex for 3 days. Overexpression of miR-34a-5p sig-
nificantly increased the inhibitory effect of Dex on the ex-
pressions of CDK4, CDK6, and Cyclin D1, while AMO-
34a-5p greatly alleviated the Dex-decreased expressions of
cell cycle factors (Fig. 5a–c). These results suggested that
Dex might decrease mMSC proliferation by miR-34a-5p
targeting CDK4, CDK6, and Cyclin D1.

JAG1, a Notch ligand, was predicted as a potential target of
miR-34a-5p involved in Dex-decreased mMSC osteoblastic
differentiation. Our results showed that Dex significantly in-
creased JAG1 expression. Furthermore, miR-34a-5p could al-
leviate the stimulatory effect of Dex on JAG1 expression.
Conversely, inhibition of miR-34a-5p by AMO-34a-5p leads
to greatly enhanced Dex-increased expression of JAG1

Fig. 2 Dex reciprocally regulated miR-34a-5p expression during MSC
proliferation and osteogenic differentiation process. a Heat map
representation of miRNAs differentially expressed in mMSCs treated
with 10−6 M Dex for 3 days. Red indicates miRNAs induced, and green
indicates miRNAs repressed. n=3. b Gene chip results were validated
with qRT-PCR in mMSCs treated with 10−6 M Dex for 3 days. n=3,
**P<0.01, *P<0.05. c Expression of miR-34a-5p was measured by
qRT-PCR in mMSCs treated with 10−8, 10−7, and 10−6 M Dex. n=3,
**P<0.01, *P<0.05. d Expression of miR-34a-5p was measured by

qRT-PCR in hMSCs treated with 10−6 M Dex for 3 days. n=3,
**P<0.01. e Expression of miR-34a-5p was measured by qRT-PCR in
mMSCs induced by osteogenic medium and treated with 10−6 M Dex
from day 3 to day 7. n=3, **P<0.01. f Expression of miR-34a-5p was
measured by qRT-PCR in hMSCs induced by osteogenic medium and
treated with 10−6 M Dex from day 3 to day 7. n=3, **P<0.01. g
Expression of miR-34a-5p was measured by qRT-PCR in mMSCs from
Dex mice. n=4, **P<0.01
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(Fig. 5d). Since JAG1 is a Notch-1 receptor ligand, we
further identified whether Notch signaling was required
for Dex-decreased mMSC osteogenic differentiation. Our
results showed that Dex significantly inhibited the expres-
sions of Runx2, Osterix, and OC, while blocking Notch
signaling by JAG1-siRNA could alleviate the inhibitory
effect of Dex on osteoblast marker gene expression
(Fig. 6a–c), in consistence with the results shown in aliza-
rin red staining, ALP staining, and activity assay (Fig. 6d,
e). Taken together, these results indicated that Notch signal-
ing activation was required for Dex-inhibited mMSC oste-
ogenic differentiation.

Discussion

The inhibitory effects of GCs on MSC proliferation and
osteoblastic differentiation are an important pathway
through which GCs decrease bone formation. However,
the cellular and molecular mechanism remains elusive.
In this study, we identified that miR-34a-5p, a post-
transcriptional regulator, was reciprocally regulated by
Dex during the process of MSC proliferation and oste-
oblastic differentiation. We demonstrated that Dex might
decrease MSC proliferation by miR-34a-5p targeting cell

cycle factors, including CDK4, CDK6, and Cyclin D1.
Furthermore, downregulation of miR-34a-5p by Dex
leads to activation of Notch signaling, which decreased
MSC osteoblastic differentiation.

Several recent reports have suggested that miRNAs and
miRNA-mediated gene silencing contribute to GC-induced
bone loss [13, 21]. Ko et al. reported that excess GC-
induced loss of miR-29a signaling accelerated β-catenin
deacetylation and ubiquitination that impairs osteogenic ac-
tivities of osteoblast cultures [22]. Furthermore, miR-29a
signaling protected against GC-induced disturbance of
Wnt and Dkk-1 actions and improved osteoblast differen-
tiation and mineral acquisition [23]. In addition, our previ-
ous studies showed that downregulation of miR-17∼92a by
GCs leads to Bim targeting and induction of osteoblast
apoptosis [12]. Moreover, GCs could also increase receptor
activator of nuclear factor B ligand (RANKL) expression
through the downregulation of miR-17/20a in osteoblasts,
which indirectly enhanced osteoclastogenesis and bone re-
sorption [14]. However, to our knowledge, there have been
no reports on whether miRNA expression could be regu-
lated by GCs in MSC proliferation and osteoblastic differ-
entiation. The present study is the first effort to observe
the effect of GCs on miRNAs in MSC proliferation and
osteoblastic differentiation.

Fig. 3 Involvement of miR-34a-5p in Dex-decreased mMSCs
proliferation. a Proliferation of mMSCs was measured by CCK-8 after
cells were transfected with miR-34a-5p or/and AMO-34a-5p under
10−6 M Dex from day 1 to day 3. n=3, **P<0.01 versus Dex+miR-
c t r l ; #P < 0.01 ver sus Dex + AMO-c t r l . b Representa t ive
photomicrographs of corresponding total cell photomicrographs (top
panel) and EdU staining (middle panel). Blue marks DAPI labeling of
cell nuclei and red marks EdU labeling of nuclei of proliferative cells

(×200). Scale bars are 50 μm. c Quantitative data showing the
percentage of EdU-positive cells in different treatment groups (number
of red vs number of blue nuclei). n=3, **P<0.01. d mMSCs were
transfected with miR-34a-5p or/and AMO-34a-5p under 10−6 M Dex
for 3 days, then cells were stained with CFSE and analyzed by flow
cytometry as described in BMaterials and methods.^ The right shift of
peak of CFSE fluorescence intensity on flow cytometry indicated
inhibition of cell replication. n=3
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In this study, we found that miR-34a-5p was involved in
the regulation of MSC proliferation and osteoblastic differen-
tiation by GCs. Some results of our research were coincident
with Chen et al.’s report that miRNA-34a exhibited unique
dual regulatory effects controlling both hMSC proliferation
and osteoblastic differentiation [15]. However, our results
showed that miR-34a-5p as a positive regulator was implicat-
ed in Dex-decreased osteogenic differentiation of MSCs,
which was just the opposite of Chen et al.’s report that miR-
34a was a negative regulator for MSC osteoblastic differenti-
ation. We presumed that miR-34a-5p might play different
roles in MSCs exposed to different conditions. In addition,
Chen et al. reported that miR-34a-5p affected MSC prolifera-
tion during the osteogenic differentiation process. However,
our study revealed that miR-34a-5p was implicated in Dex-
decreasedMSC proliferation, when cells were cultured in nor-
mal medium, but not in osteogenic medium.

Previous studies showed that miR-34b and miR-34c affect-
ed skeletogenesis during embryonic development and

inhibited osteoblast proliferation and terminal differentiation
of osteoblasts [24]. Differential expressions of miR-34b and
miR-34c were also observed in our study, although to a lesser
extent. As the most robust change was miR-34a-5p, thus we
firstly explored the roles of miR-34a-5p on Dex-regulated
MSC proliferation and osteoblastic differentiation. It is also
possible that even though a member of the miR-34a-5p family
might be involved in osteoblast proliferation and differentia-
tion, only miR-34a-5p might dominantly contribute to the
inhibitory effects of GCs onMSC proliferation and osteoblas-
tic differentiation. Future studies will be required to explore
the effects of miR-34b and miR-34c on Dex-regulated prolif-
eration and osteogenic differentiation of MSCs.

GCs, which regulate diverse physiological effects, have
established both genomic and nongenomic mechanisms.
Although GCs appear to mediate some rapid, nongenomic
cellular responses by interacting with membrane receptors,
classical, intracellular GR that functions as ligand-activated
transcription factors mediates many GC responses [25]. Wei

Fig. 4 Involvement of miR-34a-5p in Dex-decreased osteogenic
differentiation of mMSCs. a, b qRT-PCR analysis of Runx2 and Osterix
expression in mMSCs transfected with miR-34a-5p or/and AMO-34a-5p
under 10−6 M Dex and osteoblastic differentiation condition for 3 days.
n=3, **P<0.01. c qRT-PCR analysis of OC expression in mMSCs
transfected with miR-34a-5p or/and AMO-34a-5p under 10−6 M Dex
and osteoblastic differentiation condition for 7 days. n=3, **P<0.01,

*P<0.05. d Osteogenic differentiation of mMSCs transfected with
miR-34a-5p or/and AMO-34a-5p under 10−6 M Dex and osteoblastic
differentiation conditions were observed by ARS staining (day 14) and
ALP staining (day 7). n=3. e Osteogenic differentiation of mMSCs
transfected with miR-34a-5p or/and AMO-34a-5p under 10−6 M Dex
and osteoblastic differentiation conditions were measured by ALP
activity (day 7). n=3, **P<0.01, *P<0.05
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et al. reported that the inhibitory effects of GCs on MSC pro-
liferation and differentiation were remarkably attenuated by

blocking GR expression [26]. Therefore, GC-inhibited prolif-
eration and differentiation of MSCs are triggered via GR-

Fig. 5 Identification of target genes regulated by miR-34a-5p in Dex-
decreased mMSC proliferation and osteogenic differentiation. a Western
blot analysis of CDK4 expression in mMSCs transfected with miR-34a-
5p or/and AMO-34a-5p under 10−6 M Dex for 3 days. n=3, **P<0.01,
*P<0.05. b Western blot analysis of CDK6 expression in mMSCs
transfected with miR-34a-5p or/and AMO-34a-5p under 10−6 M Dex

for 3 days. n=3, **P<0.01, *P<0.05. c Western blot analysis of Cyclin
D1 expression in mMSCs transfected with miR-34a-5p or/and AMO-
34a-5p under 10−6 M Dex for 3 days. n=3, **P<0.01, *P<0.05. d
Western blot analysis of JAG1 expression in mMSCs transfected with
miR-34a-5p or/and AMO-34a-5p under 10−6 M Dex and osteoblastic
differentiation condition for 7 days. n=3, **P<0.01, *P<0.05
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dependent transcriptional regulation. Previous study reported
that GCs could regulate miRNA expression via a GR-
mediated direct DNA binding mechanism [27]. In this study,
we did not uncover the mechanisms of GC-mediated miR-
34a-5p expression in MSCs. Therefore, future studies need
to be done to explore the progress of GC-regulated miR-
34a-5p expression.

Previous studies showed that a number of cell cycle
genes and proliferation proteins, such as Cyclin D1,
CDK4, CDK6, E2F transcription factor three (E2F3),
and cell division cycle 25 homolog A (Cdc25A), were
among the miR-34a-5p targets, which were crucial
players for MSC proliferation [15]. However, our results
confirmed that Dex could inhibit mMSC proliferation by
miR-34a-5p targeting Cyclin D1, CDK4, and CDK6, but
not E2F3 and Cdc25A (data were not shown). These
results suggested that the role of miR-34a-5p target
genes in mMSC proliferation was different, when cells
were exposed to different conditions.

JAG1 as a target gene of miR-34a-5p was implicated
in the Dex-inhibited differentiation of MSCs into osteo-
blasts. JAG1 interacting with Notch receptors leads to
release of the Notch intracellular domain (NICD),
allowing it to translocate into the nucleus and activate
Notch-responsive genes that are important for cell

differentiation and morphogenesis in different biological
systems [28]. Indeed, the role of Notch signaling in
MSC osteoblastic differentiation and bone formation
has yielded conflicting results [29–32]. We found that
activation of the Notch signaling pathway was involved
in Dex-inhibited mMSC osteoblastic differentiation.
Furthermore, Xu et al. found that activation of Notch
signaling was involved in hypoxia-inhibited mMSC os-
teoblastic differentiation [33]. However, Chen et al.
showed that activation of the Notch signaling pathway
could promote osteogenic differentiation of hMSCs [15].
Taken together, it is possible that activation of the
Notch signaling pathway under different conditions
might carry out opposite roles in MSC osteoblastic dif-
ferentiation. Furthermore, Zhu et al. suggested that
JAG1 was sufficient to induce osteoblast differentiation
in hMSCs, while conversely inhibiting osteoblastogene-
sis in mMSCs [34]. Therefore, it is also likely that the
roles of the Notch signaling pathway in MSC osteogen-
ic differentiation might be different, when MSCs were
derived from different species.

Our data provide new evidence that miR-34a-5p as a
dual-effector miRNA was involved in the inhibitory ef-
fects of GCs on MSC proliferation and osteoblastic dif-
ferentiation. Upregulation of miR-34a-5p by GCs leads

Fig. 6 Notch signaling pathway activation was required for Dex-
decreased osteogenic differentiation of mMSCs. a, b qRT-PCR analysis
of Runx2 andOsterix expression in mMSCs transfected with siR-ctrl/siR-
JAG1 under 10−6 M Dex and osteoblastic differentiation condition for
3 days. n=3, **P<0.01, *P<0.05. c qRT-PCR analysis ofOC expression
in mMSCs transfected with siR-ctrl/siR-JAG1 under 10−6 M Dex and
osteoblastic differentiation condition for 7 days. n=3, **P<0.01,

*P<0.05. d Osteoblast differentiation of mMSCs transfected with siR-
ctrl/siR-JAG1 under 10−6 M Dex and osteoblastic differentiation
conditions were observed by ARS staining (day 14) and ALP staining
(day 7). n=3. eOsteoblast differentiation ofmMSCs transfected with siR-
ctrl/siR-JAG1 under 10−6 M Dex and osteoblastic differentiation
conditions were measured by ALP activity (day 7). n=3, **P<0.01,
*P<0.05
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to cell cycle gene (Cyclin D and CDK4) targeting and
inhibition of MSC proliferation. Furthermore, downreg-
ulation of miR-34a-5p by GCs caused activation of the
Notch signaling pathway and inhibition of MSC osteo-
blastic differentiation. Thus, this study is an effort to
establish a molecular mechanism of GC-induced bone
loss and to provide insights into the potential contribu-
tion of miRNA in the regulation of MSC proliferation
and osteoblastic differentiation by GCs.
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