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expression rescues disuse osteopenia by
promoting mesenchymal stem cell

osteogenic differentiation and osteogenesis

in mice

Zebing Hu'", Lijun Zhang'!, Han Wang"*", Yixuan Wang', Yingjun Tan?, Lei Dang®, Ke Wang', Zhongyang Sun'”,
Gaozhi Li'", Xinsheng Cao', Shu Zhang1, Fei Shi"'® and Ge Zhang“*

Abstract

Background: Skeletal unloading can induce severe disuse osteopenia that often occurs in spaceflight astronauts or
in patients subjected to prolonged bed-rest or immobility. Previously, we revealed a mechano-sensitive factor,
miRNA-132-3p, that is closely related to the osteoblast function. The aim of this study was to investigate whether
miRNA-132-3p could be an effective target for treating disuse osteopenia.

Methods: The 2D-clinostat device and the hindlimb-unloaded (HU) model were used to copy the mechanical
unloading condition at the cellular and animal levels, respectively. Mimics or inhibitors of miRNA-132-3p were used
to interfere with the expression of miRNA-132-3p in bone marrow-derived mesenchymal stem cells (BMSCs) in vitro
for analyzing the effects on osteogenic differentiation. The special in vivo antagonists of miRNA-132-3p was
delivered to the bone formation regions of HU mice for treating disuse osteopenia by a bone-targeted
(AspSerSer)g-cationic liposome system. The bone mass, microstructure, and strength of the hindlimb bone tissue
were analyzed for evaluating the therapeutic effect in vivo.

Results: miRNA-132-3p expression was declined under normal conditions and increased under gravitational
mechanical unloading conditions during osteogenic differentiation of BMSCs in vitro. The upregulation of miRNA-
132-3p expression resulted in the inhibition of osteogenic differentiation, whereas the downregulation of miRNA-
132-3p expression enhanced osteogenic differentiation. The inhibition of miRNA-132-3p expression was able to
attenuate the negative effects of mechanical unloading on BMSC osteogenic differentiation. Most importantly, the
targeted silencing of miRNA-132-3p expression in the bone tissues could effectively preserve bone mass,
microstructure, and strength by promoting osteogenic differentiation and osteogenesis in HU mice.

Conclusion: The overexpression of miRNA-132-3p induced by mechanical unloading is disadvantageous for BMSC
osteogenic differentiation and osteogenesis. Targeted silencing of miRNA-132-3p expression presents a potential
therapeutic target for the prevention and treatment of disuse osteoporosis.
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Introduction

Throughout life, the bones are constantly remodeled by
means of two coordinated and synchronized processes,
including osteoblast-driven bone formation and
osteoclast-driven bone resorption. This remodeling helps
the bones adapt to changing loads with the optimized
morphological structure and is therefore sensitive to
mechanical stimulation alterations [1]. Skeletal unload-
ing can disrupt the physiological process of bone remod-
eling and can induce severe bone loss, especially in
weight-bearing bones. This kind of bone loss, clinically
termed disuse osteoporosis, is characterized by a reduc-
tion in bone mass and the deterioration of skeletal
microarchitecture without a change in the bone mineral
to collagen ratio [2]. It often occurs in spaceflight astro-
nauts or in patients subjected to prolonged bed-rest or
immobility [2, 3]. Unfortunately, many effective treat-
ments available for primary osteoporosis are not as ef-
fective for disuse osteoporosis because of the different
etiology, pathophysiology, and resultant pathology.
Therefore, more attention should be paid to developing
a well-targeted treatment based on the mechanobiologi-
cal pathogenesis.

It is generally agreed that impaired osteogenic dif-
ferentiation and osteogenesis are important factors in
the development of disuse osteopenia. Osteoblasts ori-
ginate from mesenchymal stem cells (MSCs), a kind
of multipotent stromal cell that can also differentiate
into other cell types such as chondrocytes, fibroblasts,
adipocytes, or myoblasts [4]. In response to special
stimuli, MSCs commit to the osteogenic lineage and
gradually differentiate into mature osteoblasts. The
osteogenesis process, e.g., proliferative expansion,
matrix deposition, maturation, and mineralization, is
completed during the intermediate stepwise differenti-
ation of osteoprogenitors and preosteoblasts into ma-
ture osteoblasts [5, 6]. In this process, the osteoblast
lineage cells are sensitive to mechanical stimulation.
Early MSCs respond to mechanical cues and switch
to osteogenic lineage differentiation more often than
other cell types, such as adipocytes [7, 8]. Early osteo-
progenitors can respond with the expansion of clonal
proliferation and the enhancement of differentiation
[9, 10]. MC3T3-E1l, a widely used preosteoblast
lineage cell, is further promoted to differentiate and
mineralize by mechanical stimuli, as evidenced by the
increase in special gene markers [11, 12]. In contrast,
the absence of mechanical stimulation is able to in-
hibit the processes of MSC proliferation and osteo-
genic differentiation [13, 14], increases osteoblast
sensitivity to apoptosis and regression [15, 16], and fi-
nally leads to a decreased rate of bone formation.
Therefore, a treatment strategy aimed at rescuing the
impaired  osteogenic  differentiation from  the
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commitment of MSC to the maturation of osteoblasts
is one of the most common endeavors for disuse
osteopenia therapy.

The mechanisms by which the transcription or
regulatory factors are involved in MSC differentiation
towards the osteogenic lineage have been proposed in
many studies [17]. Among those, miRNAs that remain
well conserved in different species have recently been
revealed as important regulators in the lineage com-
mitment of MSC, osteogenic differentiation, and bone
formation [18-20]. Furthermore, the involvement of
miRNAs in the mechanotransduction pathways of
osteogenic differentiation has also been studied [21-
23]. Our previous studies showed that miRNA-132-3p
was obviously increased in both bone tissue and
osteoblast cells in gravitational mechanical unloading
[24]. Further experiments confirmed that the overex-
pression of miRNA-132-3p was able to inhibit osteo-
blast differentiation and mineralization partly by
repressing E1A-binding protein p300 (EP300) protein
translation, which further resulted in the suppression
of the activity and acetylation of Runt-related tran-
scription factor 2 (RUNX2), a key activator for MSC
differentiation towards osteoblast lineage cells [25].
Disturbing the overexpression of miRNA-132-3p can
effectively attenuate the negative effects of gravita-
tional mechanical unloading on in vitro osteoblast
function. Thus, we hypothesize that silencing miRNA-
132-3p expression in bone tissues may rescue the im-
paired osteogenic differentiation from the osteogenic
lineage commitment of MSC to the maturation of os-
teoblasts; and this may enhance the osteogenesis
process to treat the bone loss induced by mechanical
unloading.

In this study, we found that the expression of
miRNA-132-3p gradually declined during bone
marrow-derived mesenchymal stem cell (BMSC)
osteogenic differentiation. Gravitational mechanical
unloading can upregulate the expression level of
miRNA-132-3p in BMSCs. Then, gain- or loss-of-
function experiments demonstrated that miRNA-132-
p is a negative regulator in the process of BMSC
osteogenic differentiation. Further studies have shown
that the inhibition of miRNA-132-3p in BMSCs could
effectively attenuate the negative effects of gravita-
tional mechanical unloading on the osteogenic differ-
entiation of BMSCs in vitro. Then, the special
inhibitor of miRNA-132-3p, termed antagomir-132,
was delivered to the bone formation regions of
hindlimb-unloaded (HU) mice where BMSCs differen-
tiate into osteogenic lineage cells and osteogenesis
takes place. The bone mass, microstructure, and
strength of the hindlimb bone tissue were obviously
improved when miRNA-132-3p was silenced in HU
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mice. This study provides a promising protective or
therapeutic approach for disuse osteopenia.

Methods

Primary BMSC isolation, culture, and osteogenic
differentiation

Primary BMSCs were isolated as described previously
[26]. Briefly, 6-8 weeks old C57BL/6j mice were sacri-
ficed by cervical dislocation after anesthesia. Then, fe-
murs and tibiae were dissected from the trunk of the
body in a sterile environment. The muscle and connect-
ive tissue on the bones were removed clearly. The bone
marrow cells were collected in Dulbecco’s modification
of Eagle’s medium (DMEM, Gibco, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco) and incubated
at 37 °C with 5% CO, in a humidified chamber. Accord-
ing to the preferential attachment to tissue culture plas-
tic, BMSCs were isolated and purified through frequent
medium changing and diminished trypsinization time.
When cells were passaged to the third generation,
BMSCs were able to be induced to differentiate towards
osteoblast lineage with differentiation medium contain-
ing 10% EBS, 50 pg/ml ascorbic acid, 10 mM sodium -
glycerophosphate, and 100 nM dexamethasone (Sigma-
Aldrich, USA).

Clinostat-based gravitational mechanical unloading
2D-clinostat (developed by China Astronaut Research and
Training Center) is an effective tool for simulating a
microgravity environment on the ground [27]. In this ex-
periment, it was used to weaken the gravitational mechan-
ical stimulation to cells. Cells grown on the coverslips
were rotated uniformly around a horizontal axis. Thus,
the gravitational mechanical unloading condition was
achieved because there is a vector-averaged reduction in
the apparent gravity acting on the cell while the vessel ro-
tates 360°. Briefly, BMSCs were seed on the coverslips at a
density of 1 x 10° cells and were cultured with the normal
growth medium. When cell confluence reached approxi-
mately 40~50%, the coverslips were placed into the
holders of a chamber filled with normal growth medium
and kept 12.5mm away from the chamber’s rotational
axis. It should be noted that the bubbles were fully re-
moved from the chamber. Finally, the chambers were
placed into a clinostat and rotated around a horizontal
axis at 24 rpm. The clinostat was placed in an incubator at
37 °C. After exposing to clinorotation, the coverslips were
further placed in the six-well plates and incubated with
osteogenic medium for osteogenic differentiation.

Experimental animal group
Six-month-old male C57BL/6j mice purchased from the
Animal Center of Air Force Medical University were
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individually caged and acclimatized to standard condi-
tions for several days. Then, 36 mice were randomly di-
vided into 6 groups: (1) baseline group (BL): mice were
euthanatized and sampled at the beginning of experi-
ment; (2) control group (CON): mice were raised in nor-
mal condition during the experiment; (3) hindlimb
unloading group (HU): mice were submitted to hindlimb
unloading experiment; (4) Hindlimb unloading plus
(AspSerSer)g-liposome injection group (HU + Mock):
mice were injected with the (AspSerSer)s-liposome be-
fore HU; (5) Hindlimb unloading plus (AspSerSer)s-lipo-
some-antagomir-NC injection group (HU + antagomir-
NC): mice were injected with the (AspSerSer)s-lipo-
some-antagomir-NC before HU; and (6) Hindlimb
unloading plus (AspSerSer)s-liposome-antagomir-132 in-
jection group (HU + antagomir-132): mice were injected
with the (AspSerSer)s-liposome-antagomir-132 before
HU.

Hindlimb-unloaded model

The hindlimb-unloaded model was used to copy disused
bone loss on the hindlimbs by a tail suspension. To build
the HU model, the tail was tightening moderately bound
with a strip of adhesive surgical tape. The tape was at-
tached to a chain hanging from a pulley so as to keep
the hindlimbs suspended at a ~30° angle between the
body and the floor. This allowed mice to freely move
and access to food and water. The hindlimbs were sub-
mitted to further detection after 3 weeks of tail
suspension.

Western blot analysis

The protein expression of osteoblast differentiation
markers was determined by western blot analysis. Briefly,
cells were lysed using M-PER mammalian protein ex-
traction reagent containing a protease inhibitor (Thermo
Fisher Scientific, USA). And protein concentrations were
tested with Pierce® BCA Protein Assay Kit (Thermo
Fisher Scientific) according to the manufacturer’s specifi-
cations. Then, the lysates were separated on an 8% SDS/
PAGE. After electrophoretic transfer on to nitrocellulose
membranes (Thermo Fisher Scientific) and blocking
with 5% milk solution, blots were incubated overnight at
4 °C with primary antibodies including anti-Runx2 rabbit
monoclonal antibody (1:2000, Epitomics, CA), anti-Sp7/
Osterix rabbit polyclonal antibody (1:1000, Abcam, UK),
and GAPDH Rabbit Polyclonal Antibody (1:5000, Pro-
teintech, China). Then, they were incubated with a
horseradish peroxidase-conjugated secondary antibody
(1:5000, Jackson, USA). The protein bands were detected
and visualized by the imaging system (Tanon 5500,
China) after being incubated with the SuperSignal™ West
Pico Plus Chemiluminescent Substrate (Thermo Fisher
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Scientific). Densitometry analyses of the western bands
were performed using the Image] Imaging software.

gRT-PCR analysis

Total RNAs were extracted from the cells or bone tissues
with the RNAiso Plus Reagent (Takara, Japan) according to
the manufacturer’s instructions. Before using for polymerase
chain reaction (PCR), the quality of total RNA was assessed
with the optical density 260 nm/280 nm. For mRNA quanti-
fication, the first-strand cDNA was synthesized using a Pri-
meScript® RT Master Mix reagent kit (Takara).
Amplification and quantification of the cDNA were con-
ducted using SYBR® Premix Ex Taq™ II (Takara) in the
CFX96 real-time PCR detection instrument (BIO-RAD,
USA). The primers were listed as follows: Runx2 (GenBank
Accession NM_053470): F-5'-CCA TAA CGG TCT TCA
CAA ATC C-3" and R-5'-GCG GGA CAC CTA CTC TCA
TAC T-3'; Osx (NM_001037632): F-5'-CAG TAA TCT
TCG TGC CAG ACC-3’ and R-5'-CTT CTT TGT GCC
TCC TTT TCC-3'; Alp (NM_013059): F-5'-AGA TGG
ACA AGT TCC CCT TTG-3" and R-5'-ACA CAA GTA
GGC AGT GGC AGT-3"; Collal (NM_007742): F-5'-GAC
ATG TTC AGC TTT GTG GAC CTC-3" and R-5'-GGG
ACC CTT AGG CCA TTG TGT A-3'; GAPDH (NM_
008084): F-5'-CAG TGC CAG CCT CGT CTC AT-3" and
R-5'-AGG GGC CAT CCA CAG TCT TC-3". GAPDH was
used as an internal control. For miRNA quantification, Pri-
meScript™ RT Master Mix reagent kit (Takara) was used
again to synthesize the cDNA. The Bulge-Loop™ miRNA
qRT-PCR system to detected miRNA-132-3p was designed
and purchased (RiboBio Biotechnology, China). The subse-
quent real-time PCR detection was the same as that of
mRNA detection described above. U6 small nuclear RNA
was used as an internal control.

Mimic and inhibitor of miRNA-132-3p synthesis and

usage

To achieve the gain- or loss-of-function of miRNA-132-
3p, the inhibitor including antimir-132 used for in vitro
and antagomir-132 used for in vivo, and the mimic of
miRNA-132-3p were designed and synthesized with
chemical modification by RiboBio Biotechnology Co.,
Ltd. Briefly, the antimir-132 was chemically modified,
single-stranded oligonucleotides which at least contains
a key sequence complementary to the seed-targeting 8-
mer oligonucleotides of miRNA-132-3p. And the
antagomir-132 was 3’ cholesterol-conjugated, 2'-0-me-
thyl-modified antisense oligonucleotides that are fully
complementary to miRNA-132-3p [28]. The mimic was
a small, chemically modified double-strand RNA that
mimics the sequence and function of miRNA-132-3p. In
each experiment, we delivered the antimir-132 and
mimic of miRNA-132-3p using Lipofectamine 2000 re-
agent (Invitrogen, USA) according to the manufacturer’s
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instructions. The antagomir-132 or antagomir-NC were
prepared as described previously [29]. Briefly, the lyophi-
lized delivery system (1.5 mg/kg body weight) was rehy-
drated by adding 0.5 ml DEPC-treated water containing
antagomir-132 or antagomir-NC (4 mg/kg body weight)
and were incubated for 20 min at room temperature.
The entrapment procedure was performed immediately
before use and then sterilized by passing through a 0.22-
pum sterile filter. Specifically, it is hard to deliver the
drugs via tail vein injection due to the wrapped tail in
hindlimb-unloaded experiment. So, a 3-day consecutive
pre-injection before HU was adopted to keep a high
concentration of antagomir-132 in bones.

Alkaline phosphatase activity assay

To examine alkaline phosphatase activity, BMSCs were
washed with PBS and then lysed with M-PER mamma-
lian protein extraction reagent (Thermo Fisher Scien-
tific) for 30 min, and finally centrifuged at 14,000 rpm
for 15 min. The supernatants were collected to deter-
mine their alkaline phosphatase activities using the ALP
assay kit (Jiancheng Biotechnology, China). Protein con-
centrations were measured using the Pierce® BCA Pro-
tein Assay Kit. ALP activity (IU/L) was defined as the
release of 1 nmol p-nitrophenol per minute per micro-
gram of total cellular protein.

Alizarin red staining

Alizarin red is a sort of dye which can bind to calcium
ions and form depositing red nodules. Here, Alizarin red
staining was used to assess the calcium deposition in min-
eralizing extracellular matrix. Briefly, cells were rinsed
with DPBS three times and fixed with 70% cold ethanol
for 1 h. Then, remove the ethanol and rinse the fixed cel-
lular layer three times with ddH,O. Cells were stained
with 40 mM Alizarin red S solution (PH 4.2) (Sigma) for
10 min at room temperature with gentle agitation. After
staining, cultures were washed with ddH,O five times and
incubated with DPBS for 15 min at room temperature. Fi-
nally, the red nodules were observed with an inverted light
microscope and taken a picture with a digital camera.

Micro-CT analysis

The trabecula microstructure of the femur in each group
was evaluated by micro-CT (Siemens, Germany) with a
resolution of 10.44 pm/slice. Briefly, the femurs were
firstly fixed with 4% (v/v) paraformaldehyde for 24 h be-
fore submitting to scanning. The basic parameters of
scanning energy were set as voltage 80 kV, current 500
mA, and exposure time 800 ms/frame over a 360° rota-
tion. The angle of increment around the sample was set
to 0.5°. After scanning, the 2D images were submitted to
a workstation and reconstructed into a 3D microstruc-
ture. The area in 3D microstructure, which is
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approximately 1.5 mm away from the proximal epiphys-  experiment, the bone tissue was dissected and fixed with
eal growth plate, extended 2.0 mm length towards the 70% ethanol for 5 days. Then, the samples were embed-
femoral head and covered all the cancellous bone that ded in methyl methacrylate without decalcification. After
was selected as the region of interest (ROI). The detailed the tissue was sliced, the fluorescence of calcein was ob-
3D indices in the defined ROI were analyzed including served and the distance between the middle of two fluor-
bone mineral density (BMD), ratio of bone volume to  escein labels was measured by Image] software. Finally,
tissue volume (BV/TV), ratio of bone surface to bone mineral apposition rate (MAR, pm/day) and bone forma-
volume (BS/BV), trabecular number (Tb.N), trabecular tion rate per bone surface (BFR/BS, pms/ pmz/day) were
thickness (Tb.Th), trabecular separation (Tb.Sp), and calculated to evaluate the bone formation.

trabecular pattern factor (TPF) [30]. The operator who

performed the scan analysis was blinded to the treat-  Analysis of biomechanical properties

ment associated with the specimens. Biomechanical properties of the femur were tested by
the three-point bending test with an electromechanical
Calcein double labeling material-testing machine (Bose, USA). The femoral sam-

The mice in each group were injected intraperitoneally  ples were placed on a bracket with a span length of 8
with Calcein (5 mg/kg body weight) twice at 10 days and mm. And a loading speed of 0.02 mm/s was set to exert
3 days, respectively, before euthanasia. At the end of the  on the anterior surface of the diaphyseal mid-part. Load
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and deformation data were recorded and sampled at 50
Hz. The load-deflection curves were used to calculate
max load at failure (N), stiffness (slope of the load-
deflection curve, representing the elastic deformation,
N/mm), and elasticity modulus (Gpa).

Statistical analysis

All statistical analyses were performed with the SPSS
software. The data are expressed as the mean + SD of at
least three independent experiments in vitro and six in-
dependent experiments in vivo. Comparisons were per-
formed using a two-tailed ¢ test or one-way ANOVA for
experiments with more than two subgroups. A P value
of less than 0.05 was considered significant.

Results

miRNA-132-3p inhibits the osteogenic differentiation of
BMSCs in vitro

To study the regulation of miRNA-132-3p on BMSC
osteogenic differentiation, mouse primary BMSCs were
identified and induced to differentiate towards the osteo-
genic lineage with the osteogenic medium. Differenti-
ation was assessed by the expression levels of the
specific transcription markers, Runx2, osterix (Osx), and
alkaline phosphatase (Alp) and by the mineralization of
the extracellular matrix. The results showed that the ex-
pression of Runx2, Osx, and Alp (Fig. la), the enzyme
activity of ALP (Fig. 1b), the protein expression of
RUNX2 and OSX (Fig. 1c), and the mineralized nodules
of the external matrix (Fig. 1d) were all significantly
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increased, which indicated that BMSCs were successfully
induced to differentiate into osteoblast cells in vitro. In
this process, miRNA-132-3p was detected but conse-
quently declined (Fig. le). This shows a potential nega-
tive correlation with the osteogenic differentiation of
BMSCs. Mimics or inhibitors were used to explore this
potential correlation by intervening with the endogenic
expression of miRNA-132-3p (Fig. 2a). The osteogenic
differentiation phenotypes were decreased when
miRNA-132-3p was upregulated, and the phenotypes
were enhanced when miRNA-132-3p was downregulated
in BMSCs (Fig. 2b—e). Thus, the conclusion can be
drawn that miRNA-132-3p is a negative regulator in
BMSC osteogenic differentiation.

miRNA-132-3p mediates the unloading effects on BMSC
osteogenic differentiation in vitro

To verify whether miRNA-132-3p could respond to
mechanical  unloading in  BMSC  osteogenic

differentiation, BMSCs were first exposed to a clinostat-
based gravitational mechanical unloading environment
and were then induced into the osteogenic lineage. The
expression of Runx2, Osx, and Alp (Fig. 3a, ¢) and the
enzymatic activity of ALP (Fig. 3b) were all gradually de-
creased, indicating that the osteogenic differentiation
process of BMSCs was blocked by the unloading condi-
tions. Meanwhile, the expression of miRNA-132-3p
gradually increased as the exposure time prolonged
(Fig. 3d), indicating that gravitational unloading can pro-
mote the expression of miRNA-132-3p during the aber-
rant osteogenic differentiation of BMSCs. Therefore, we
hypothesized that miRNA-132-3p may be involved in
this aberrant osteogenic differentiation. To verify this
hypothesis, BMSCs were pretreated with the inhibitor of
miRNA-132-3p and then submitted to the gravitational
mechanical unloading experiments. The results showed
that the silencing of miRNA-132-3p in BMSCs (Fig. 4a)
could significantly promote the expression of osteogenic
differentiation markers (Fig. 4b—d) and could effectively



Hu et al. Stem Cell Research & Therapy (2020) 11:58

Page 8 of 15

@
o
d Go“ ae° 0\\‘\"
RUNX2 - - 57 kDa
osX — — = === 46 kDa
GAPDH s e wmme s 36 kDa
c
=]
w187 C— CON clino+miR-NC
g 1.6 3 clino mm clino+antimir-132
g 1.4]
e 12] * * * 0k
£ el ~— ~— ~— —
2 1.0
g_ 0.8
g 0.6
% 0.4
£ 0.2
S 00
S .

Fig. 4 Downregulation of miRNA-132-3p partly attenuates the effects of mechanical unloading on BMSC osteogenic differentiation in vitro.
BMSCs were transfected with the inhibitor of miRNA-132-3p for 6 h and were then exposed to gravitational unloading for 48 h. After the
unloading exposure, BMSCs were cultured with osteogenic medium for 4 days. a miRNA-132-3p expression in BMSCs was analyzed after its
antimiR was transfected. b Gene expression of Runx2, Osx, and Alp. ¢ The protein activity of ALP was analyzed. d Protein expressions of RUNX2

5 5
2 2 1.2, sk
2 8 —
S s 1.04
i i *
o (] i r—
:3 é 0.8
< S 0.6
1 < NS
I3 [ 0.4] r—
k-] ] "
8 K
T T 0.2
£ £
(<] o
z z
N a0 < 32
O @\
o~ ‘\\.\“\
& 0¥
o
-‘E‘ 1.4
=] %
S 1.2 —
c %k
'g 1.0 —_—
s 0.8
r
< 0.64 NS
o ) )
'g 0.4
©
g 0.2
S
z 0.0
O ¢° O AT
'\?~ "‘\\‘
PR
. 0*®
oV
and OSX were analyzed. Values are shown as mean + SD, n = 3. *P < 0.05, **P < 0.01. NS, no significant

Normalized Alp Gene Expression

Normalized Osx Gene Expression

Runx2 Osx

attenuate the negative effects of gravitational mechanical
unloading on the osteogenic differentiation of BMSCs.

Targeted delivery of antagomir-132 specifically decreases
the miRNA-132-3p levels in the bones

To obtain the in vivo specific silencing of miRNA-132-
3p function in BMSC-derived osteogenic lineage cells of
the mechanical unloading animal model, mice were sub-
jected to hindlimb unloading for 21 days after 3 pulsed
systemic administrations of antagomir-132 delivered by
the bone-targeted (AspSerSer)s-cationic liposome system
(Fig. 5a). According to the binding property of (AspSer-
Ser)g-cationic liposome system, antagomir-132 would be
mainly enriched in bone formation regions where vari-
ous stages of osteogenic lineage cells reside (Fig. 5b).
The mice were euthanized with one single injection of
antagomir-132 for the miRNA-132-3p silencing

specificity and efficiency test. Real-time PCR analysis
showed that miRNA-132-3p expression in the bone tis-
sues of experimental mice significantly decreased by ap-
proximately 60% 2 days after the injection and then slowly
increased as antagomir-132 was exhausted in vivo, while
no significant changes were observed in other non-skeletal
organs, such as the heart, liver, lungs, and kidneys (Fig. 5c).
At the end of the experiment, the expression levels of
miRNA-132-3p in the mice of each group were detected
(Fig. 5d). miRNA-132-3p was much higher in the HU
group with or without the administration of antagomir-
132 than it was in the baseline (BL) or control (CON)
groups, indicating that mechanical unloading indeed trig-
gered the overexpression of miRNA-132-3p, as we de-
scribed previously. After the 21-day experiment, the level
of miRNA-132-3p recovered to the HU level in the
antagomir-132-treated group, possibly due to the quick
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response of miRNA-132-3p to mechanical unloading after
the antagomir-132 were exhausted.

Targeted silencing of miRNA-132-3p improves osteogenic
differentiation and bone formation in vivo

To clarify the effect of silencing miRNA-132-3p expres-
sion on BMSC osteogenic differentiation in vivo and
whether to rescue bone loss induced by mechanical
unloading, osteogenesis was profiled after the injection
of antagomir-132 in HU mice. Although the expression
of the differentiation markers Runx2, Osx, Alp, and col-
lagen-1a (Collal) did not recover to the normal levels
of the CON group, they were all dramatically increased
in the antagomir-132-treated group compared with
those of the negative control (NC) group (Fig. 6a). This
result indicated that the targeted silencing of miRNA-
132-3p in the bone tissue effectively promoted the differ-
entiation of osteogenic lineage cells. Thus, it can be fur-
ther inferred that there may be more mature osteoblasts

working and  promoting  extracellular  matrix
mineralization and new-bone formation. We performed
a dynamic bone histomorphometric analysis of the distal
femurs. The calcein double-labeling experiment showed
a wider deposited line, which indicated that there was
more new-bone formation during the same growth
period (Fig. 6b). The mineral apposition rate (MAR) and
bone formation rate per bone surface (BFR/BS) were sig-
nificantly increased in the antagomir-132-treated group
compared with those of the NC group (Fig. 6¢). These
results indicated that the targeting silencing of miRNA-
132-3p expression in the bone tissues can improve
osteogenic differentiation and bone formation in HU
mice.

Targeted silencing of miRNA-132-3p improves the

microstructure and mechanical properties of the hindlimb
To observe the alteration of bone microstructure after
the administration of antagomir-132, the femurs of each
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group were scanned by micro-CTs. The two- and three-
dimensional reconstructed images of the bone displayed
a sparse, fractured, and inconsecutive trabecular archi-
tecture in the HU, Mock, and NC groups and a relatively
intact trabecular architecture in the antagomir-132-
treated group (Fig. 7a). Three-dimensional architecture
parameters showed that the bone mineral density
(BMD), ratio of bone volume to total volume (BV/TV),
trabecular thickness (Tb.Th), and trabecular number
(Tb.N) were markedly increased while ratio of bone sur-
face to bone volume (BS/BV), trabecular separation
(Tb.Sp), and trabecular pattern factor (TPF) was mark-
edly decreased in the antagomir-132-treated group com-
pared with those of the HU, Mock, and NC groups
(Fig. 7b). These data indicated that the targeted silencing
of miRNA-132-3p was able to increase bone mass and
restore the trabecular architecture of HU mice. Finally,
the mechanical properties of the femurs in each group
were evaluated by a three-point bend test. The load-
deflection curves of samples were drawn (Fig. 8a). Three

main biomechanical parameters, max load, stiffness, and
elasticity modulus, were calculated and analyzed
(Fig. 8b—d). The results showed that they were dramatic-
ally decreased in the HU, Mock, and NC groups com-
pared with those of the CON and BL groups. However,
the parameters were increased in the antagomir-132-
treated group, although they did not recover to normal
levels.

Discussion

Currently, every effort is being made to look for the key
factors responding to unloading at the cellular and mo-
lecular levels to develop effective and well-targeted treat-
ments for disuse osteoporosis. Our previous study
revealed a mechano-sensitive factor, miRNA-132-3p,
which is upregulated in a gravitational mechanical
unloading environment and can inhibit osteoblast differ-
entiation and mineralization. In the present study, we
demonstrated that the upregulated expression of
miRNA-132-3p induced by gravitational mechanical
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unloading was able to inhibit the process of BMSC
osteogenic differentiation. The targeted silencing of
miRNA-132-3p in the bone formation region, where
BMSCs differentiate into osteogenic lineage cells and
osteogenesis takes place, can effectively preserve bone
mass, microstructure, and strength by promoting osteo-
genic differentiation and osteogenesis in the hindlimb
bone tissues of HU mice. This study presents a potential
therapeutic target for the prevention and treatment of
bone loss induced by unloading.

Previous studies have shown that miRNA-132-3p is in-
volved in complicated and comprehensive regulatory

networks, including neurological development [31],
heart failure [32, 33], inflammation [34], angiogenesis
[35], and even cancer [36]. However, the roles it plays in
osteogenic differentiation, particularly during mechanical
unloading conditions, are first reported by our group. As
described previously, the overexpression of miRNA-132-
3p induced by gravitational mechanical unloading can
decrease the acetylation and transcriptional activity of
RUNX2 by inhibiting the expression of the histone ace-
tyltransferase EP300. Runx2, also known as core-binding
factor al (Cbfal), is the first transcription factor re-
quired for the determination of osteogenic lineage
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commitment and the activation of several key down-
stream proteins that maintain osteoblast differentiation
and bone matrix [37]. This finding reminds us that the
effects of miRNA-132-3p-mediated mechanical unload-
ing on osteogenic differentiation may trace back to the
osteogenic lineage commitment of MSCs and persist
throughout the entire differentiation process.

Therefore, the expression and function of miRNA-
132-3p were further studied in BMSC osteogenic differ-
entiation processes. The results show that miRNA-132-
3p expression declines as differentiation progresses
under normal conditions. The extraneous upregulation
of miRNA-132-3p can inhibit the expression of the
osteogenic differentiation activator Runx2 as well as its
downstream markers Osx and Alp, while downregulation
enhances their expression. A similar effect was observed
on the mineralization of the extracellular matrix when
the differentiation reached the end-stage. This indicates

that the low-level expression of miRNA-132-3p is essen-
tial for the osteogenic differentiation of BMSCs, the mat-
uration of osteoblasts and, consequently, osteogenesis.
When the differentiation process is exposed to a gravita-
tional mechanical unloading environment, the expres-
sion of miRNA-132-3p is increased, while BMSC
osteogenic differentiation is decreased. Similarly, the in-
hibition of miRNA-132-3p expression is able to attenu-
ate the negative effects of clinostat-based gravitational
mechanical unloading on BMSC osteogenic differenti-
ation. These results provide fundamental support for the
therapeutic inhibition of miRNA-132-3p in vivo to res-
cue disuse osteopenia by recovering the impaired osteo-
genic differentiation and osteogenesis.

miRNAs have many advantages as therapeutic mo-
dalities, and several miRNAs are being tested in pre-
clinical and clinical studies [38-40]. The miRNA
sequences are short in length and are usually highly
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conserved across multiple vertebrate species [41]; for
example, the mature sequences of miRNA-132-3p are
completely consistent in humans, rats, and mice ac-
cording to the miRBase database [42]. These charac-
teristics make it relatively easy to target and allow the
use of the same miRNA-modulating compound in
preclinical efficacy and safety studies as well as in
clinical trials [43]. Of course, challenges also exist for
miRNA-based therapeutic development. The main
challenges are how to maintain the stability and effi-
ciency of miRNA antagonists or mimics and how to
prevent off-target effects. To solve these problems,
antagomir-132, an antagonist of miRNA-132-3p, was
chemically modified to improve its binding affinity,
biostability, and pharmacokinetic properties [28, 44].
Then, a delivery system targeting bone formation re-
gions, the (AspSerSer)s-liposome system, was chosen
to encapsulate and carry antagomir-132 to avoid the
off-target effects [29]. This bone-specific targeting de-
livery system consisted of two moieties, including the
navigational (AspSerSer)g oligopeptide and the cationic
liposome. The cationic liposome moiety was used to
encapsulate the antagomir-132 and then was linked to
the (AspSerSer)s moiety. The (AspSerSer)s oligopep-
tides have a high binding affinity for low-crystallized
hydroxyapatite that is found in the bone formation re-
gions rather than for high-crystallized hydroxyapatite
that is found in the bone resorption regions. It is ex-
tremely suitable for our purpose because it can spe-
cially deliver antagomir-132 to bone formation regions
where BMSCs are differentiating into osteoblast
lineage cells at various differentiation stages.

The hindlimb-unloaded model is a well-accepted
method to replicate disuse osteopenia on the hindlimbs
by removing their weight-bearing loads. It has been
demonstrated that HU can lead to a reduced bone mass,
degenerated bone microstructure, and weakened bone
resistance [45] as well as impaired osteogenic differenti-
ation potentials [46, 47]. Based on the HU model, we
tested the therapeutic effects of antagomir-132 on disuse
osteopenia. Our results show that the targeted silencing
of miRNA-132-3p can partially recover the impaired
osteogenic differentiation evidenced by the increased dif-
ferentiation activator and markers. In other words, the
activities of osteoblast lineage cells are enhanced and
more mature osteoblasts are devoted to the osteogenesis
process. This is also verified by the newly formed bones
in the double calcein labeling experiment. Micro-CT
scans and three-dimensional reconstructions show that
the bone mass is obviously increased and that the bone
microstructure is recovered in the treatment group. Of
course, the biomechanical properties of the femurs are
strengthened correspondingly. These data demonstrate
that the targeted silencing of miRNA-132-3p in the bone
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tissues can effectively alleviate disuse osteopenia with a
variety of in vivo effects.

There are some limitations that should be noted in
our study. This study mainly focuses on the therapeutic
effects of the targeted silencing of miRNA-132-3p ex-
pression on disuse osteopenia. Therefore, the regulatory
mechanism is not involved, and even the target gene of
miRNA-132-3p, Ep300, elucidated in our previous paper,
is not restated. In addition, due to the limitation of ex-
perimental  materials, the pharmacokinetics of
antagomir-132 and the time-dependent variation in
miRNA-132-3p expression after the administration of
antagomir-132 were both not tested. However, these
limitations do not affect the therapeutic trials and should
be addressed in future studies.

Conclusion

In conclusion, this study was the first to demonstrate
that the overexpression of miRNA-132-3p induced by
mechanical unloading is disadvantageous for BMSC
osteogenic differentiation and osteogenesis. Additionally,
the targeted silencing of miRNA-132-3p expression in
the bone tissues can preserve bone mass, microstructure,
and strength by promoting osteogenic differentiation
and osteogenesis in HU mice. These data provide new
references on pharmaceuticals and treatment protocols
for preventing or reducing disuse osteoporosis.
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