Journal of Bone and Mineral Metabolism (2018) 36:648-660
https://doi.org/10.1007/s00774-017-0886-8

ORIGINAL ARTICLE

@ CrossMark

Involvement of microRNA-23b in TNF-a-reduced BMSC osteogenic
differentiation via targeting runx2

Lin Deng’ - Guoli Hu? - Lei Jin® - Chenglong Wang* - Hongwen Niu'

Received: 8 October 2016 / Accepted: 15 November 2017 / Published online: 12 December 2017
© The Japanese Society for Bone and Mineral Research and Springer Japan KK, part of Springer Nature 2017

Abstract

Elucidation of the molecular mechanism governing bone marrow mesenchymal stem cell (BMSC) osteogenic differentiation
is of great importance for improving the treatment of osteoporosis. TNF-a is a well-known inhibitory factor during osteogenic
differentiation of BMSC:s. In our experiment, we consistently observed that TNF-« significantly inhibited BMSC osteogenic
differentiation, which was partially rescued by BAY 11-7082 (NF-«B inhibitor). In this study, we examined the potential
roles of microRNAs (miRNAs) involved in TNF-a-mediated reduction of BMSC osteogenesis. We found that microRNA-
23b (miR-23b) was dramatically induced under the stimulation of TNF-a, which was abolished by BAY 11-7082. Similar
to the effect of TNF-a, miR-23b agonist (agomir-23b) obviously impaired BMSC osteogenic differentiation in vitro and
in vivo. However, agomir-23b had no effect on osteoclast activity. Overexpression of miR-23b significantly reduced runx2,
the master transcription factor during osteogenesis, suggesting that miR-23b acts as an endogenous attenuator of runx2 in
BMSCs. Mutation of the putative miR-23b binding site in runx2 mRNA blocked miR-23b-mediated repression of the runx2 3'
untranslated region (3'UTR) luciferase reporter activity, suggesting that miR-23b directly binds to runx2 3'UTR. Furthermore,
infection with Ad-runx2 (adenovirus carrying the entire CDS sequence of runx2) effectively rescued the inhibition of BMSC
osteogenic differentiation in miR-23b-overexpressing cells, indicating that the inhibiting effect of miR-23b on osteogenesis
is mediated by suppression of runx2. Moreover, caudal vein injection of agomir-23b notably caused severe osteoporosis in
mice, and forced expression of runx2 by combined injecting Ad-runx2 attenuated the bone loss induced by miR-23b. Col-
lectively, these data indicated that miR-23b was involved in TNF-a-mediated reduction of BMSC osteogenesis by targeting
runx2. These findings may provide new insights into understanding the regulatory role of miR-23b in the process of BMSC
osteogenic differentiation in inflammatory conditions and a novel therapeutic target for osteoporosis.

Keywords MiR-23b - Runx2 - TNF-a - BMSCs - Osteogenic differentiation

Introduction

Lin Deng and Guo-Li Hu contributed equally to this work. . .
£ ey Bone mass regulation depends on the dynamic balance

between bone formation and bone resorption, which are
driven by osteoblast activation and osteoclast activation,
respectively [1]. As a major constituent of bone, osteoblasts
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are essential for maintaining skeletal architecture and modu-
lating bone microenvironment homeostasis. Osteoblasts have
been well-documented to produce a variety of extracellular
matrix proteins, including osteocalcin (OCN), alkaline phos-
phatase (ALP), osteopontin (OPN) and type I collagen [2].

Osteogenesis is an active process initiated by mesenchy-
mal stem cells (MSCs) [3], which are stromal cells with
multi-potency and can fully differentiate towards various
cell types such as osteoblasts, chondrocytes and adipocytes
[4, 5]. This process occurs throughout life and is involved
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in bone remodeling in adults [6], and it is also regulated
by inflammatory cytokines, such as TNF-a, which has been
shown to inhibit osteoblast differentiation and bone forma-
tion in multiple models [7, 8]. TNF-a has been considered
as one of the major cytokines responsible for bone loss in
many bone-related inflammatory diseases [9, 10]. In addi-
tion, TNF-a negatively regulates Wnt signaling in bone
marrow mesenchymal stem cells (BMSCs), which mediate
the inhibitory effect of TNF-a on osteogenic differentiation
[11,12].

MicroRNAs (miRNAs) are endogenous, small (19-25
nt), non-coding RNAs that regulate their targets by incom-
plete complementation to nucleotides within the 3’ untrans-
lated region (3'UTR) or open reading frame (ORF) of cod-
ing mRNAs, resulting in suppressing gene expression by
inhibiting translation, promoting mRNA decay or both [13].
MiRNAs have emerged as key regulators of various biologi-
cal and pathological processes [14]. Previous studies have
shown that miR-204, miR-135b and miR-208 present with
similar inhibitory effect on BMSC osteogenic differentia-
tion [15—17]. On the contrary, miR-194 and miR-216a have
been demonstrated to promote BMSC osteogenesis [18, 19].
Meanwhile, the impact of miRNAs on osteogenic differen-
tiation of other cell types has also been examined by modu-
lation of miRNA function [20], indicating the significant
importance of miRNA regulation on this biological process.

Recently, microRNA-23b (miR-23b) has been reported
to regulate the balance between osteoblast and adipocyte
differentiation in BMSCs [21]. In addition, downregu-
lated miR-23b promotes BMP9-mediated osteogenesis in
C2C12 myoblast cells [22]. However, the regulatory role
of miR-23b in the process of osteogenic differentiation of
BMSCs in an inflammatory condition remains ambiguous.
In the present study, we showed that miR-23b was sensi-
tive to TNF-a, characterized by a prompt increase upon
the stimulation of TNF-a. TNF-a induced the expression
of miR-23b mainly through a canonical NF-kB signaling
pathway. In turn, TNF-a-induced miR-23b significantly
decreased runx2 in BMSCs, resulting in the inhibition of
BMSC osteogenic differentiation in vitro and in vivo. Inter-
estingly, overexpression of runx2 by Ad-runx2 efficiently
rescued miR-23b-reduced BMSC osteogenic differentiation.
On the other hand, agomir-23b had no effect on osteoclast
activity. Furthermore, in vivo, agomir-23b obviously caused
severe osteoporosis by caudal vein injection. In summary,
miR-23b was involved in TNF-a-inhibited BMSC osteogenic
differentiation mechanically through suppressing runx2, and
miR-23b-induced bone loss was mainly attributed to lack
of BMSC-derived osteoblasts but not bone resorption. Our
findings illuminate the regulatory role of miR-23b in the
process of osteogenic differentiation in an inflammatory
condition and provide a novel potential therapeutic target
for osteoporosis.

Materials and methods
Cell culture and transfection

Bone marrow from the femurs of each donor was aspirated
and collected in a 10-cm dish containing modified Eagle’s
medium (MEM; #51412C; Sigma-Aldrich) with 10% fetal
bovine serum (#A15-204; PAA, Pasching, Austria), 100 U/
mL penicillin G, and 100 mg/L streptomycin (#15070-063;
Life Technologies, Carlsbad, CA, USA). The cells were
cultured at 37 °C with 5% CO,. After cell culturing for
48 h, non-adherent cells were removed by washing with
phosphate-buffered saline (PBS). The adherent cells were
cultured in a complete medium that was replaced every
2 days. After achieving 80% confluence, the cultures were
digested with 0.25% trypsin/ethylene diaminetetraacetic
acid (EDTA; #25200-056; Life Technologies). The cells at
passages 2—6 were used for the following experiments. For
TNF-a stimulation experiments, hBMSCs were treated with
TNF-a (10 ng/mL) for 24 h. For transfection of miRNA, the
medium was transfected by Lipofectamine2000 (Invitrogen,
MA, USA) according to the manufacturer’s instructions.
Agomi-23b (Guangzhou Ribo Bio Co., Ltd.) was transfected
at a concentration of 200 nM. The agomir and negative con-
trol sequences: Ago-23b, 5'-AUCACAUUGCCAGGGAUU
ACC-3'; NC, 5'-UUGUACUACACAAAAGUACUG-3'.

Identification of hBMSCs

Human BMSCs (hBMSCs, 5 x 10° cells) at passage 3
were incubated with 1 pg of phycoerythrin conjugated or
fluorescein isothiocyanate-conjugated mouse anti-human
monoclonal antibodies (R&D Systems, Minneapolis, MN,
USA) for 45 min at room temperature. After washing with
fluorescence-activated cell-sorting (FACS) buffer (PBS with
10% bovine serum albumin and 1% sodium azide) at 376 g
for 5 min, the stained cells were resuspended in 300 mL of
ice-cold FACS buffer and subjected to flow cytometry analy-
sis (BD Biosciences, San Jose, CA, USA). A total of 104
events were counted for each sample. The percentage of cells
with a positive signal was calculated using the technical flow
cytometry. The antibodies used in the present study included
CD-44 (#555478; BD Pharmingen), CD-90 (#551401; BD
Pharmingen), CD-34 (#555822; BD Pharmingen) and CD45
(#340953; Biosciences).

Induction of hBMSCs

For osteogenic differentiation assays, hBMSCs seeded
at 1 x 10* cells/cm® were cultured in a complete culture
medium until confluent. Then, the hBMSCs were incubated
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in basal medium («-MEM with 10% fetal bovine serum,
100 U/mL penicillin G, and 100 mg/L streptomycin) or
osteogenic medium [basal medium supplemented with
1 nM dexamethasone (#D4902; Sigma-Aldrich), 50 mM
ascorbic acid (#A4403; Sigma-Aldrich), and 20 mM beta-
glycerolphosphate (#G9891; Sigma-Aldrich)] for 14 days for
the assessment of alizarin red S (#A5533; Sigma-Aldrich)
staining. For alizarin red S staining, the cultured cells were
rinsed with PBS three times and fixed with 4% paraform-
aldehyde for 10 min at room temperature. The fixed cells
were then soaked in 0.5% alizarin red S for 30 min at room
temperature, washed with PBS, and then observed under a
digital camera (IXUS 115 HS; Canon, Tokyo, Japan).

For chondrogenic differentiation assays, hBMSCs were
harvested and resuspended at a density of 1 x 10 cells/mL.
A total of 20 pL of cell suspension was carefully placed in
the interior of a 12-well plate. The cells were allowed to
adhere at 37 °C in 5% CO, for 2 h, followed by the addi-
tion of 500 pL of chondrogenic medium that contained
basal medium, which was supplemented with 10 ng/mL
of recombinant human transforming growth factor beta 1
(#7666-MB-005; R&D Systems) and 50 ng/mL recombi-
nant human insulin-like growth factor 1 (#6630-GR-025;
R&D Systems). The cells were fixed for alcian blue staining
(#A3157; Sigma-Aldrich) after 21 days.

For adipogenic differentiation assays, hBMSCs (1 x 10*
cells/cm?) were cultured in a complete culture medium.
After 2 days, the medium was replaced with basal or adi-
pogenic medium, wherein the basal medium was supple-
mented with 500 nM dexamethasone, 0.5 mM isobutylmeth-
ylxanthine (#17018; Sigma-Aldrich), 50 mM indomethacin
(#17378; Sigma-Aldrich), and 10 mg/mL insulin (#I3536;
Sigma-Aldrich). After another 2 days, the medium was
replaced with a basal medium containing only insulin. The
medium was changed every 2 days. The cells were cultured
for 21 days for oil red O (#00625; Sigma-Aldrich) staining.
The presence of oil droplets was confirmed by staining the
cells with 0.3% fresh oil red O solution for 30 min after fixa-
tion with 70% ethanol for 10 min.

RNA purification and quantitative real-time PCR
(qRT-PCR)

Total RNA was prepared by using TRIzol reagent (Invitro-
gen, USA) in accordance with the manufacturer’s instruc-
tions. A first-strand cDNA was synthesized from 1 pg of the
total RNA by incubating for 1 h at 42 °C with Superscript III
reverse transcriptase (Invitrogen, USA) following oligo (dT)
priming. After the reverse transcription reaction, qRT-PCR
was performed with a LightCycler480 system (Roche, Man-
nheim, Germany) using SYBR1Premix Ex Taq™ (Takara,
Dalian, China) in accordance with the manufacturer’s
instructions. The conditions of RT-PCR were as follows:
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denaturation at 95 °C for 10 s, 40 cycles at 95 °C for 10 s,
and 60 °C for 30 s. The dissociation stage was added to the
end of the amplification procedure. No non-specific ampli-
fication was determined by the dissociation curve. All of
the amplifications were normalized by GAPDH. Data were
analyzed by using comparison Ct (2722¢% method and
expressed as fold change compared with respective control.
Each sample was presented in mean with the standard error
of triplicate. Primers were made by Sangon Biotech (Sangon
Biotech, China). The primer sequences used in this study
were as follows: miR-23b: forward, 5'-CTCAGGTGCTCT
GGCTGCTTGGGT-3'; reverse, 5'-GCCAAGGTCGTG
GTTGCGTGGT-3"; U6: forward, 5'-CTCGCTTCGGCA
GCACA-3'; reverse, 5'-AACGCTTCACGAATTTGCGT-3';
GAPDH: forward, 5'-CCTCTGACTTCAACAGCGAC-3';
reverse, 5S'-TCCTCTTGTGCTCTTGCTGG-3’; runx2: for-
ward, 5'-GCCTTCAAGGTGGTAGCCC-3'; reverse, 5'CGT
TACCCGC CATGACAGTA-3'; OCN: forward, 5'-GAA
GCCCAGCGGTGCA-3'; reverse, 5'-CA CTACCTCGC
TGCCCTCC-3"; ALP: forward, 5'-GAGTCGGACGTGTAC
CGGA-3'; reverse, 5'-TGCCACTCCCACATTTGTCAC-3'.

Western blot

Cells were lysed on ice for 30 min in the lysis buffer contain-
ing 50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% Nonidet
P-40, and 0.1% SDS supplemented with protease inhibitors
(10 mg/mL leupeptin, 10 mg/mL pepstatin A, and 10 mg/mL
aprotinin). For Western blot analysis, 30 pg of protein sam-
ple was resolved on 10% SDS-PAGE and electrotransferred
onto nitrocellulose membranes (Whatman, Piscataway,
NJ). The primary antibodies used were anti-runx2 rabbit
mADb (1:1000; Cell Signaling Technology, Inc.; no. 8486),
GAPDH Rabbit mAb (1:1000; Cell Signaling Technology,
USA; no. 5174). HRP-conjugated secondary antibodies were
used at a 1:1000 dilution. The antigen-antibody complexes
were made visible by using an enhanced chemiluminescence
detection system (Millipore, Billerica, MA, USA) in accord-
ance with the manufacturer’s recommendations.

Alkaline phosphatase staining

Alkaline phosphatase (ALP) presence in the cell layers was
assessed as follows. The cultured cells were rinsed with
PBS three times and fixed with 4% paraformaldehyde for
10 min at 48 °C. The fixed cells were soaked in 0.1% naph-
thol AS-MX phosphate (Sigma-Aldrich, St. Louis, MO,
USA) and 0.1% fast red violet LB salt (Sigma-Aldrich) in
56 mM 2-amino-2-methyl, 3-propanediol (pH 9.9; Sigma)
for 10 min at room temperature, washed with PBS, and
observed under a digital microscope.
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Alizarin red staining

Cells were fixed in 70% ice-cold ethanol for 1 h and rinsed
with ddH,0. Cells were stained with 40 mM Alizarin red
S (Sigma-Aldrich), pH 4.0, for 15 min while being gen-
tly agitated. Cells were rinsed five times with ddH,O and
then rinsed for 15 min with 1 X PBS while being gently
agitated.

Runx2 3'UTR cloning and luciferase assay

Runx2 mRNA 3'UTR containing the miR-23b-binding
sequences for the human runx2 gene (gene ID 860) were
amplified by PCR from human genomic DNA. The primer
sequences used in this study were as follows: runx2-
3'UTR-F: 5'-CCGCTCGAGAATTCCTCAGCAGTG
GC-3'; runx2-3'UTR-R: 5'-GAATGCGGCCGCTAACAA
AACCAAAAAAGCCATTTTATTG-3". The PCR product
was then subcloned into the Xhol-Notl site downstream
of the stop codon in the pmiR-RB-REPORT empty vector
(Guangzhou Ribo Bio Co., Ltd.). Binding-region muta-
tions were achieved using a Quik-Change Site-Directed
Mutagenesis Kit (Stratagene) following the manufacturer’s
instructions. Transient transfection of hBMSCs was carried
out in six-well plates with Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s instruction. The cells were
co-transfected with 200 ng of the luciferase constructs and
50 ng of the pRL-TK (Promega, WI, USA) Renilla lucif-
erase plasmid, and luciferase assays were performed with the
dual-luciferase reporter assay system (Promega) according
to the manufacturer’s instructions. Luminescent signals were
quantified by a luminometer (Glomax; Promega), and each
value from the Renilla luciferase construct was normalized
by firefly luciferase.

Construction of Ad-runx2 and Ad-EV

Adenoviruses encoding human runx2 (Ad-runx2) and
empty plasmid (Ad-EV) were purchased from GenePharma
(Shanghai; 1 x 10° TU/mL). hBMSCs were treated with
Ad-EV and Ad-runx2 in combination with polybrene at the
indicated MOI for 12 h, washed, and then maintained for
48-72 h prior to further analysis according to the manu-
facturer’s instructions. Stable transfectants were selected
by puromycin (Sigma-Aldrich) 72 h after lentivirus infec-
tion. For Ad-runx?2 construction, the PCR products of runx2
were cloned into the EcoRI/BamHI site of ADV4 (CMV/
IRES-GFP) using the following primers: 5'-TTGAAT
TCGCAGAATTCTGTGAAAGTCGACAATT-3' (sense);
5'-CGGGATCCTCCTCCCTTCAAAGCACTACCAC-3'
(antisense).

Histology and immunostaining

Bone tissue was fixed in 4% paraformaldehyde and embed-
ded in paraffin. Paraffin blocks were sectioned at a thickness
of 5 pm. Sections were deparaffinized in xylene and hydrated
with graded ethanol. For immunohistochemistry, antigen
retrieval was performed by incubating at 37 °C with 0.05%
trypsin (pH 7.8). After blocking with 1% BSA, sections were
incubated at 4 °C overnight with primary antibodies against
runx2 (1:500; ab76956; Abcam, Cambridge, UK).

Animals

Male C57BL/6J mice 8 weeks old were purchased from
Shanghai SLAC Laboratory Animal Co., Ltd., and housed at
five per cage under standard conditions (12 h light/12 h dark
cycle, 211°C controlled temperature). For miR-23b agomir
injection, 8 mice were injected via caudal vein once a week
(200 nmol/kg body weight) or with saline as a control for a
period of 4 weeks and then were euthanized.

Bone histomorphometric analyses

We measured the structure of distal femurs with a SCANCO
Medical mCT 40 scanner to produce the images and ana-
lyzed them with SCANCO evaluation software for seg-
mentation, three-dimensional (3D) morphometric analysis,
density, and distance parameters (SCANCO MedicalAG,
Switzerland). 3D structural parameters analyzed included
the following: total tissue volume (TV; contains both tra-
becular and cortical bone); trabecular bone volume per tissue
volume (BV/TV); trabecular bone surface per tissue volume
(BS/TV); bone mineral density (BMD); trabecular number
(Tb.N); trabecular thickness (Tb.Th); trabecular separation
(Tb.Sp). The bone histomorphometric parameters were cal-
culated and expressed according to the standardized nomen-
clature for bone histomorphometry.

Statistical analysis

Statistically significant differences were determined using
two-tailed Student’s ¢ test or ANOVA. Statistical signifi-
cance was considered at p < 0.05. Data are presented as the
mean + SD.

Results

Identification and characterization of hBMSCs

The isolated hBMSCs positively expressed the MSC mark-

ers CD44 and CD90, but negatively expressed the hemat-
opoietic marker CD34 and the leukocyte marker CD45
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(Fig. 1a). Crystal violet staining indicated the colony-form-
ing efficiency of hBMSCs (Fig. 1b). The cell growth curve
further confirmed the results (Fig. 1c). The chondrogenic
differentiation of hBMSCs was verified via alcian blue stain-
ing after 21 days of micromass culture. The micromass in
the CM exhibited higher alcian blue staining compared with
the control groups (upper part). The adipogenic differentia-
tion capacity of hBMSCs was verified via oil red O stain-
ing. Lipid droplets were formed after 21 days of adipogenic
induction. These droplets were fewer as observed in the con-
trol groups (Fig. 1d, e). Osteogenic differentiation assays
indicated that most cells formed mineralized calcium depos-
its as confirmed by ALP staining and alizarin red S staining
after culturing for 14 days in OM. By contrast, few mineral-
ized calcium deposits were observed in the control groups

(Fig. 1f, g). qRT-PCR analysis showed increased expression
of osteogenic specific genes, runx2, ALP, and OCN, at 3, 6,
and 9 days after induction (Fig. 1h). These data validate that
the isolated hBMSCs in our experiments possess the ability
of rapid proliferation and multi-directional differentiation.

TNF-a inhibits hBMSC osteogenic differentiation
and induces miR-23b expression

Osteogenic differentiation assays were assessed via ALP
staining and alizarin red S staining after culturing for
14 days in OM with and without TNF-a (20 and 40 ng/
mL). The results showed that decreased ALP activity and
fewer calcium deposits were obtained after osteogenic
induction at a concentration of 40 ng/mL TNF-a compared
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Fig. 1 Identification and characterization of human bone marrow-
derived mesenchymal stem cells (hBMSCs). a Expression of hBMSC
markers (CD44, CD90), hematopoietic stem cell marker (CD34)
and leukocyte marker (CD45) on hBMSCs was measured by flow
cytometry. hBMSCs highly expressed CD44 and CD90, but scarcely
expressed CD34 and CD45. b The colony-forming efficiency of
hBMSCs was confirmed by crystal violet staining. ¢ The cell growth
curve of hBMSCs. d The chondrogenesis and adipogenesis capabili-
ties of hBMSCs were, respectively evaluated by alcian blue staining
and oil red O staining after culturing for 21 days in chondrogenic
medium or adipogenic medium. Scale bars, 100 pm (upper), 50 pm
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(bottom). e The quantitative results of alcian blue staining and oil
red O staining. f The osteogenesis capabilities of hBMSCs were
evaluated by ALP staining and alizarin red staining after culturing
for 14 days in osteogenic medium. g The quantitative results of ALP
staining and alizarin red staining. h qRT-PCR analysis of the time
course changes of runx2, alkaline phosphatase (ALP) and osteocal-
cin (OCN) mRNA levels (normalized by GAPDH) in hBMSCs dur-
ing osteogenic medium-induced osteogenesis. Data represent the
mean + SEM of at least n = 4 independent experiments. *p < 0.05,
**p < 0.01, ***p < 0.001. ns not significant, CM control medium,
OM osteogenic medium
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with the OM and 20 ng/mL groups (Fig. 2a, b). More cal-
cium deposits were obtained in the OM + TNF-a + BAY
11-7082 group than in the OM + TNF-a + DMSO group
after culturing for 14 days in OM via alizarin red S stain-
ing (Fig. 2c, d), suggesting that inhibition of NF-kB sign-
aling abolished the inhibitory effect of TNF-a on BMSC
osteogenic differentiation. The mRNA level of runx2 was
analyzed via qRT-PCR under the conditions of CM or
OM (OM + TNF-a, OM + TNF-a + BAY 11-7082). The
results showed that decreased runx2 was detected in the
OM + TNF-a group compared with the OM group, which
was dramatically rescued after BAY 11-7082 treatment
(Fig. 2e).

We hypothesized that runx2 might be regulated by miR-
NAs through binding to its 3'UTR, resulting in decreased
runx2 protein level and reduced osteoblast differentiation.
Thus, we performed bioinformatic analyses using three
miRNA target prediction software programs (i.e., TargetS-
can, miRDB, and miRanda) to screen for runx2-targeting
miRNAs, and 8 miRNAs including miR-143, miR-103a,
miR-221, miR-384, miR-23b, miR-154, miR-375, and miR-
22 were finally acquired to potentially target the human
runx2 3'UTR through multiple binding sites (Fig. 2f). The
expression levels of aforementioned 8 miRNAs in hBMSCs
stimulated with TNF-a for 24 h were analyzed via qRT-
PCR. We then selected miR-23b to conduct the following

OM+TNF-a
a CM OM 20ng/mL 40ng/mL b
. — - e ok *%
aﬂ § o = i
== > >
= g © S Q6
< 8 c 4 c =
7} < & < c
b
2= B
< = g6 2 s =
2 e N £ £32
= .= ) s | g ©°
5 £ é 0 T T T T 8 0
S Q Q& Q& &
N / o s ) o s
Z° N\ ¢ ¢
- OM+TNF-a OM+TNF-a
Runx2
c OM+TNF-a d 3 6 = e 8 -~ om
> 5 s . -~ OM+TNF-a
oM DMSO BAY 11-7082 E @ *k @ 6 —— OM+TNF-a+BAY 11-7082
= : —— <c 4 §
£ w % 5.
= = S N X w
T g ‘ © = 2 Eo
3 ) =g >
s \ £ 52
< N = © ©
- é 0 [
OM DMSO BAY 117082 0 3 6 9 12 15 18 21 ()
OM+TNF-a
f g 8= === Control *x h
c == TNF-a I === Control
o 6+ 12 = TNFa
— ‘0 = === TNF-a+BAY 11-7082
"o S 4- S 10- *x *x
o u"; 8
X -
o 23 ~
- o ql % 6=
miRanda Target Scan E X o
(86) (103) S 1+ E o 44
] 2
4 " 2+
0- g ® 5 | —— [
= T T

Fig.2 TNF-a inhibits osteogenic differentiation and upregulates miR-
23b expression. a Representative images of ALP staining and aliza-
rin red staining of hBMSCs after culturing for 14 days in osteogenic
medium with or without TNF-a (20 and 40 ng/mL). b The quantita-
tive results of ALP staining and alizarin red staining. ¢ Representative
images of alizarin red staining of hBMSCs after culturing for 14 days
in osteogenic medium contains TNF-a (40 ng/mL) with or without
BAY 11-7082 (10 pM). d The quantitative result of alizarin red stain-
ing. € qRT-PCR analysis of the runx2 mRNA levels (normalized
by GAPDH) in hBMSCs cultured with CM or OM (OM + TNF-a,

OM + TNF-a + BAY 11-7082), respectively. f Bioinformatic analy-
sis using three miRNA target prediction software programs (TargetS-
can, miRDB and miRanda) to screen for runx2-targeting miRNAs. g
The expression levels of eight predicted miRNAs in hBMSCs stimu-
lated with TNF-a for 24 h. h gqRT-PCR analysis of miR-23b expres-
sion in hBMSCs treated with TNF-a alone or combined with BAY
11-7082. Data represent the mean + SEM of at least n = 4 independ-
ent experiments. *p < 0.05, **p < 0.01, ***p < 0.001. ns not signifi-
cant, CM control medium, OM osteogenic medium

@ Springer



654

Journal of Bone and Mineral Metabolism (2018) 36:648-660

experiments for its higher expression level induced by
TNF-a (Fig. 2g). MiR-23b expression level in hBMSCs
treated with TNF-« alone or combined with BAY 11-7082
was also analyzed via qRT-PCR. The result showed that
miR-23b was dramatically induced by TNF-a, which was
completely blocked by BAY 11-7082 (Fig. 2h). Taken
together, our results demonstrate that TNF-a suppresses
osteogenic differentiation of hBMSCs and upregulates miR-
23b expression in hBMSCs.

Overexpression of miR-23b imitates the inhibitory
effect of TNF-a on osteogenesis

Given that TNF-« inhibited hBMSC osteogenic differentia-
tion, accompanied by a prompt upregulation of miR-23b,
we then investigated the potential role of miR-23b during
hBMSC osteogenic differentiation. Osteogenic differen-
tiation assays were performed in miR-23b-overexpressing
hBMSCs. Similar to the treatment with TNF-a, decreased
ALP activity and fewer calcium deposits were obtained after
osteogenic induction in the miR-23b-overexpressing hBM-
SCs compared with the negative controls (Fig. 3a, b). The
in vivo role of miR-23b in osteogenesis was examined via
caudal vein injection of agomir-23b into mice. In line with
our in vitro results, injection of agomir-23b led to robust
bone loss with marked decreases in volumetric bone min-
eral density and lower trabecular number accompanied by
enlarged marrow cavity (Fig. 3c). Taking into account that
bone is continuously being formed and resorbed to main-
tain mineral homeostasis and the structural integrity of the
skeleton, we also assessed the osteoclast activity in mice
injected with agomir-23b. The result showed that miR-
23b had no effect on osteoclast activity in vivo (Fig. 3d).
Moreover, osteoclastogenesis of bone marrow monocytes
(BMMs) treated with miR-23b agomir or PBS was evaluated
by TRAP staining, and the result showed that the number of
TRAP+ cells was similar between the two groups (Fig. 3e),
suggesting that miR-23b-induced bone loss was mainly
attributed to impaired osteogenesis but not osteoclastogen-
esis. Collectively, miR-23b plays a negative regulatory role
in hBMSC osteogenic differentiation, and enforced overex-
pression of miR-23b perfectly mimics TNF-a-reduced osteo-
genesis mainly by influencing the bone formation instead of
bone resorption.

MiR-23b directly targets runx2 through a seed site
in the 3'UTR

Next, we performed in vitro experiments to validate the
direct binding of miR-23b to the runx2 3'UTR region. MiR-
23b level was detected via qRT-PCR in hBMSC:s transfected
with agomir-23b or the negative control (NC), and found
that miR-23b expression level was indeed elevated in the
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agomir-23b group (Fig. 4a), along with decreased runx2
expression level compared with the agomir-NC group
(Fig. 4b). A similar result was obtained from western blot
analysis of runx2 protein level in the agomir-23b group
compared with the NC (Fig. 4c, d). In addition, the bind-
ing site of miR-23b in runx2 3'UTR is a highly conserved
cross-species according to TargetScan analysis (Fig. 4e). To
obtain further direct evidence that runx?2 is a direct target
of miR-23b, luciferase reporter constructs were generated
by cloning either the wild type (WT) or a mutated (MT)
portion of runx2 3'UTR (Fig. 4f) and then co-transfecting
with agomir-23b or agomir-NC into hBMSCs. The ectopic
expression of miR-23b markedly reduced the luciferase
activity of the reporter with WT 3'UTR but not that of the
MT reporter (Fig. 4g). Together, these results suggest that
runx?2 is a direct target of miR-23b in hBMSCs.

Ectopic expression of runx2 rescues
miR-23b-mediated inhibition of osteogenic
differentiation

To further confirm the essential role of runx2 in miR-
23b-mediated inhibition of osteogenic differentiation, ade-
noviruses containing the entire coding sequence (CDS) of
runx2 (Ad-runx2) were generated. The mRNA level of runx2
in hBMSCs infected with Ad-runx2 or adenovirus contain-
ing Ad-EV was analyzed via qRT-PCR. Indeed, expression
of runx2 was considerably elevated by Ad-runx2 at the tran-
scriptional and post-transcriptional level (Fig. 5a—c). Nota-
bly, miR-23b-mediated inhibition of osteogenic differentia-
tion was powerfully rescued by ectopic expression of runx2
resulting from the infection of Ad-runx2 (Fig. 5d, e). Mean-
while, the expression of runx2 was examined by western blot
and the results showed that the amount of runx2 protein was
dramatically raised in the panel adding Ad-runx2 (Fig. 5f,
g). These findings solidly demonstrated that miR-23b inhib-
ited hBMSC osteogenic differentiation mechanically through
suppression of runx2.

Activation of miR-23b leads to severe bone loss
likely through its direct suppression of runx2

The in vivo role of miR-23b in bone homeostasis was
examined via global delivery of agomir-23b alone or
combined with Ad-runx2 into mice (Fig. 6a). Similar to
the results obtained from in vitro analysis, 4 weeks after
injection, the bone mass of tibias in C57BL/6J mice from
agomir-23b treatment group largely decreased compared
with the saline-treated group, characterized by significant
decline of several 3D microstructural parameters (BV/TV,
BS/TV, BMD, Tb.N, and Tb.sp), but not Tb.Th (Fig. 6b,
c¢). Encouragingly, ectopic expression of runx2 by inject-
ing Ad-runx2 absolutely eliminated the inhibitory effect of
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Fig.3 Enforced overexpression of miR-23b impairs hBMSC osteo-
genesis in vitro and induces bone loss in vivo. a Representative
images of alizarin red staining of hBMSCs after culturing for 14 days
in osteogenic medium with agomir-NC or miR-23b agomir (100 nM).
b The quantitative results of ALP staining and alizarin red staining. ¢
H&E staining of tibia sections from mice injected with agomir-23b or
saline via caudal vein. n = 5 per group. Scale bars, 100 pm. d TRAP

miR-23b on bone mass (Fig. 6b, ¢). Indeed, Ad-runx2-GFP
injection successfully elevated the expression of runx2 in
bone (Fig. 6d, e). In summary, these observations reveal
that activation of miR-23b causes severe bone loss in vivo
and direct suppression of runx2 is responsible for its inhib-
itory regulation of bone formation.

miR-23b agomir

miR-23b agomir

staining of femur region from agomir-23b- or saline-treated mice.
n =5 per group. Scale bar, 100 um. e Representative TRAP staining
images of BMMs treated with agomir-23b or PBS. Scale bar, 100 pm.
Data represent the mean + SEM of at least n = 4 independent experi-
ments. *p < 0.05, **p < 0.01, ***p < 0.001. BMMs bone marrow
monocytes, ns not significant, H&E hematoxylin-eosin

Discussion
Osteoporosis, as an emerging worldwide epidemic,

affects a large number of people worldwide, particularly
older adults and post-menopausal women. Osteoporosis
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Fig.4 MiR-23b directly targets runx2 in hBMSCs. a qRT-PCR anal-
ysis of miR-23b level in hBMSCs transfected with miR-23b agomir
or negative control (agomir-NC). b The effect of agomir-NC or miR-
23b agomir on the mRNA level of runx2 in hBMSCs. ¢ The effect
of agomir-NC or miR-23b agomir on the amount of runx2 protein in
hBMSCs. d The quantitative result of western blot. e Cross-species
conservation of the miR-23b seed sequence in the 3'UTR of runx2
mRNA. f Schematic representation of the runx2 3'UTR indicating the

is characterized by decreased bone density and subdued
strength, which eventually result in fragility fractures. On
the basis of numerous associated investigations, TNF-o
is a negative regulator of osteogenic differentiation and
has been considered one of the major cytokines responsi-
ble for bone loss in many bone-related inflammatory dis-
eases, such as rheumatoid arthritis and periodontitis [9,
10]. In this study, our results showed that decreased ALP
activity and fewer calcium deposits were achieved after
osteogenic induction with a concentration of 40 ng/mL
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Empty WT 3'UTR MT 3'UTR

binding site of miR-23b. WT wild type, MT mutated. g hBMSCs were
transfected with either pGL3 luciferase vector containing a fragment
of runx2 3'UTR harbouring binding site for miR-23b, or the corre-
sponding mutant constructs. Ectopic expression of miR-23b led to a
remarkable reduction of the reporter luciferase activity with the wild-
type 3'UTR but not that of the mutant reporter. Data represent the
mean + SEM of at least n = 4 independent experiments. *p < 0.05,
**p < 0.01, ¥**p < 0.001. ns not significant

TNF-a. By contrast, the level of ALP activity and calcium
deposits were rescued after BAY 11-7082 treatment, sug-
gesting that the inhibitory effect of TNF-« on osteogenesis
is NF-kB-dependent. Moreover, TNF-a largely induced
miR-23b expression. In turn, overexpression of miR-23b
inhibited ALP expression and the formation of calcium
deposits in hBMSCs. On the other hand, miR-23b exhib-
ited no effect on osteoclast activity. Our findings indicate
that miR-23b is implicated in the negative regulation of
TNF-a on BMSC osteogenic differentiation.
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Fig.5 Overexpression of runx2 counteracts the inhibition of miR-23b
on hBMSC osteogenic differentiation in vitro. a qRT-PCR analysis
of runx2 expression in hBMSCs infected with adenoviruses contain-
ing the entire CDS of runx2 (Ad-runx2) or empty vector (Ad-EV).
b Western blot analysis of the runx2 protein amount in hBMSCs
infected with Ad-runx2 or Ad-EV. ¢ The quantitative result of west-
ern blot. d Representative images of ALP staining and alizarin red

Runx2 is a critical transcriptional regulator of osteo-
blast differentiation and an important downstream target of
BMP-2 [23-25]. It is specifically expressed in the cells of
osteoblastic lineage at various differentiation stages rang-
ing from immature mesenchymal osteochondro progenitors
to mature osteoblasts. Runx2 expression is both neces-
sary and sufficient for the differentiation of mesenchymal
progenitor cells toward the osteoblastic lineage [23, 24].
In addition, runx2 enhances the transcription of all major

staining of hBMSCs cultured in CM, and OM (agomir-NC + Ad-EV,
miR-23b agomir + Ad-EV and miR-23b agomir + Ad-runx2),
respectively. e The quantitative results of ALP staining and alizarin
red staining. f Western blot analysis of the runx2 protein amount in
hBMSC:s treated as described above. Data represent the mean + SEM
of at least n = 4 independent experiments. *p < 0.05, **p < 0.01,
*#*¥p < 0.001. ns not significant

osteoblast-related genes, such as OCN, by specifically bind-
ing to the regulatory regions of the gene [26]. In the present
study, we performed bioinformatic analyses using three
miRNA target prediction software programs to screen for
runx2-targeting miRNAs, and miR-23b was predicted to be
a conserved miRNA binding with runx2 3'UTR. Further, we
have fully validated the direct bond between miR-23b and
runx2. The binding of miR-23b to runx2 3'UTR severely
impaired the translation of runx2, eventually leading to
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Fig.6 Activation of miR-23b causes bone loss in vivo mainly
through repressing runx2. a A schematic diagram illustrating the
experimental design (for each group, n = 6 male C57BL/6] mice).
b Representative micro-CT reconstructive images of femurs in
C57BL/6] mice injected with PBS, miR-23b agomir, or miR-23b
agomir + Ad-runx2 through the tail vein. ¢ Three-dimensional micro-
structural parameters of the tibias from C57BL/6] mice treated as
described above. BV/TV trabecular bone volume per tissue volume,

reduced osteogenesis. Thus, TNF-a-induced miR-23b upreg-
ulation, thereby suppressing runx2 expression, may be a new
mechanism to explain the inhibition of TNF-« on osteogenic
differentiation.

Recently, dozens of miRNA have emerged as impor-
tant negative or positive regulators of post-transcriptional
gene expression and are considered critical for osteogenesis
[27-30]. In a recent study, miR-23b was found to be mark-
edly downregulated in BMSCs of aged mice and humans,
and regulated the balance between osteoblast and adipocyte
differentiation in BMSCs mainly through the suppression
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Saline

BS/TV trabecular bone surface per tissue volume, BMD bone min-
eral density, 7b.N trabecular number, 7h.Th trabecular thickness, Tb.
Sp trabecular separation. d Western blot analysis of the runx2 protein
amount in bone tissue obtained from mice injected with Ad-runx2-
GFP or PBS. e Immunostaining of runx2 in bone tissue obtained
from mice injected with Ad-runx2-GFP or PBS. Scale bar, 50 pm.
Data represent the mean + SEM of at least n = 4 independent experi-
ments. *p < 0.05, **p < 0.01, ***p < 0.001. ns not significant

of Tmem64, which was found to positively modulate osteo-
clast differentiation via the RANKL-mediated Ca’* sign-
aling pathway. Tmem64 primarily regulates the switch in
the lineage commitment of MSCs to adipogenesis rather
than to osteogenesis by suppressing p-catenin, the key Wnt
signaling molecule. Thus, the negative regulatory role of
miR-23b in MSC osteogenic differentiation described in
this literature was mainly attributed to shifting MSCs to
adipogenesis, but not influencing the osteogenic differen-
tiation of MSCs directly. However, in this study, we identi-
fied miR-23b as a negative regulator of hBMSC osteogenic
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differentiation directly through suppressing runx2. Our data
also showed that activation of miR-23b in vivo causes severe
bone loss. Therefore, miR-23b is crucial in regulating bone
metabolism.

To our knowledge, this is the first study to report the
regulatory role of miR-23b in osteogenic differentiation in
inflammatory conditions in vitro and in vivo. Nevertheless,
additional in-depth investigations should follow this prelimi-
nary study. For example, the signaling pathway involved in
this process should be further clarified. Finally, our findings
should be validated via patient treatment.
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