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Abstract

Ameliorating bone loss caused by mechanical unloading is a substantial clinical challenge, and the role of noncoding
RNAs in this process has attracted increasing attention. In this study, we found that the long noncoding RNA
osteoblast differentiation-related IncRNA under simulated microgravity (IncRNA ODSM) could inhibit osteoblast
apoptosis and promote osteoblast mineralization in vitro. The increased expression level of the INncRNA ODSM partially
reduced apoptosis and promoted differentiation in MC3T3-E1 cells under microgravity unloading conditions, and the
effect was partially dependent on miR-139-3p. LncRNA ODSM supplementation in hindlimb-unloaded mice caused a
decrease in the number of apoptotic cells in bone tissue and an increase in osteoblast activity. Furthermore, targeted
overexpression of the INcRNA ODSM in osteoblasts partially reversed bone loss induced by mechanical unloading at
the microstructural and biomechanical levels. These findings are the first to suggest the potential value of the IncRNA

ODSM in osteoporosis therapy and the treatment of pathological osteopenia.

Introduction

Bone is a dynamic tissue that is constantly resorbed by
osteoclasts and reconstructed by osteoblasts. Osteo-
porosis is associated with a number of stimuli, including
hormone fluctuations, nutrition, and inflammatory and
mechanical loading® >. Mechanical loads have been con-
sidered the basis for the normal development and main-
tenance of the musculoskeletal system. Long-term bed
rest due to spinal injury or other injuries, as well as the
reduction in bone loading caused by the microgravity
(MG) environment during space flight, results in bone
loss®~’. Hindlimb-unloaded (HU) animal models are the
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most commonly used in vivo models for inducing bone loss
due to unloading®. Osteopenia is caused by an imbalance
of bone resorption and formation, while impaired osteoblast
function is a main cause of bone loss due to unloading'*"".
Clinostats, random positioning machines, or rotary wall
vessels are usually used to study cell responses to conditions
lacking mechanical loading'*™**, It is necessary and feasible
to further study the molecular mechanisms regulating
osteoblast function in the unloading environment and to
subsequently develop a promising strategy for bone
formation.

Long noncoding RNAs (IncRNAs) are a class of RNAs
with a length of >200 nucleotides. IncRNAs do not encode
proteins but engage in numerous important physiological
phenomena and pathological processes'>'®. Recent stu-
dies have indicated that IncRNAs are associated with
osteoporosis and other bone diseases'’. Inhibiting
AKO016739 expression in vivo promoted osteogenic gene
expression and rescued calvarial bone formation in
ovariectomy (OVX) mice'®. LncRNAs are involved in
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osteoblast differentiation and apoptosis. The subcellular
localization of IncRNA determines its potential modes of
action in osteoblasts. Nuclear IncRNAs are functionally
implicated in gene regulatory processes, such as activation
of transcription and epigenetic gene regulation. For
example, IncRNA Bmncr could serve as a scaffold to
facilitate the interaction of TAZ and ABL, and thus
facilitated the assembly of the TAZ and RUNX2/PPARG
transcriptional complex, which enhanced osteogenesis'®.
LncRNA ODIR1 inhibited the osteogenic differentiation
of human mesenchymal stem cells through the FBXO25/
H2BK120ub/H3K4me3/OSX axis®. LncRNAs localized
in the cytoplasm are shown to be involved in post-
transcriptional gene regulatory processes, including acting
as competitive endogenous RNAs (ceRNAs) to combine
with microRNAs (miRNAs) and impair miRNA activity
through upregulating miRNA target gene expression>*?,
For example, the IncRNA PGC1B-OT1 regulated osteo-
genic differentiation through antagonizing miR-148a-3p
(ref. ). In human bone-marrow-derived mesenchymal
stem cells, linc-ROR functioned as a miRNA sponge for
miR-138 and miR-145 to promote osteogenic differentia-
tion**, Overexpression of IncRNA-ORLNCI resulted in
osteoporosis and impaired osteogenic capacity in an OVX
mouse model of osteoporosis®”. Additionally, the IncRNA
TSIX promoted osteoblast apoptosis by downregulating
miR-30a-5p (ref. *°). Our previous study found that the
IncRNA NONMMUTO002009 [osteoblast differentiation-
related IncRNA under simulated microgravity (IncRNA
ODSM)] interacted with miR-139-3p and was able to
regulate the osteoblast differentiation. MiR-139-3p alle-
viated the effect of MG unloading on differentiation and
apoptosis in MC3T3-E1 cells, through its target gene
ELK1 (ref. *”). Based on the above results, we aimed to
verify whether intervening with IncRNA ODSM expres-
sion can affect osteoblast functions and bone formation in
a mechanical unloading environment in vitro or in vivo.
With an increasing number of noncoding RNAs found
to regulate many pathological processes, the value of
miRNAs and IncRNAs as therapeutic targets in many
diseases has received increasing attention®®~. Interven-
tion with the expression of miRNAs or IncRNAs in vivo
also had an impressive therapeutic effect in the diseases
caused by mechanical unloading. For example, skeletal
muscle-specific overexpression of IncMUMA attenuated
and reversed the decrease of the muscle mass, structure
and function of 42-day HU mice®, Enforced expression of
the IncRNA MARI reversed muscle atrophy in a mouse
model of hindlimb suspension®. For bone loss and bone
anabolic therapy, (AspSerSer)s-liposomes are a promising
targeted delivery system for carrying RNA specifically
to bone formation surfaces’. Inhibiting miR-214 or
increasing miR-33-5p expression via targeted delivery by
(AspSerSer)g-liposomes counteracted bone loss in the HU
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mouse model®”*?, However, whether targeted intervention
with IncRNA expression—especially that of the IncRNA
ODSM—in the osteogenic region can improve bone loss
after mechanical unloading still needs to be explored.

In this study, we found that the IncRNA ODSM could
inhibit osteoblast apoptosis and promote osteoblast
mineralization. The IncRNA ODSM could regulate ELK1
expression by interacting with miR-139-3p. The increased
expression level of the IncRNA ODSM partly reduced
apoptosis and promoted differentiation in MC3T3-E1
cells in a manner partially dependent on miR-139-3p in a
MG unloading environment. Furthermore, we provided
the first confirmation of the anti-osteoporotic effect of the
IncRNA ODSM by the (AspSerSer)s-liposome delivery
system in a mouse model of HU.

Results
LncRNA ODSM inhibits osteoblast apoptosis and promotes
osteoblast mineralization

The IncRNA ODSM expression level was much higher
in the femurs than in other tissues and organs in mice,
and the level of the IncRNA ODSM was significantly
decreased in the femurs of HU mice (Supplementary Fig.
1). To further explore the biological effects of the IncRNA
ODSM on osteoblast function in vitro, we used a RNA
interference and overexpression vector to change the
expression of the IncRNA ODSM in MC3T3-E1 cells.
Silencing the IncRNA ODSM markedly increased the
ratio of apoptotic osteoblasts in the small interfering RNA
(siRNA)-ODSM  group (Fig. la). The levels of the
apoptosis-related protein Bax and cleaved caspase-3 in the
siRNA-ODSM group were increased, while the protein
level of Bcl-2 was significantly decreased (Fig. 1b, d).
Hoechst 33258 staining was used to evaluate the apoptotic
status of MC3T3-E1 cells. Blue apoptotic nuclei were
observed in siRNA-ODSM-treated cells (Fig. 1c). To
observe the mineralization of osteoblasts, alizarin red
staining was used. There was more mineral deposition in
the pEX-ODSM groups and less mineral deposition in the
siRNA-ODSM-treated cells than in the control or nega-
tive control (NC) groups (Fig. 1e).

LncRNA ODSM interacts with miR-139-3p to regulate ELK1
expression

Our previous experiments confirmed that IncRNA
ODSM and miR-139-3p interact with and repress each
other””. By using the online IncRNA location prediction
software IncLocator (http://www.csbio.sjtu.edu.cn/bioinf/
IncLocator/) and cell fractionation followed by quantita-
tive reverse transcription polymerase chain reaction
(qRT-PCR), we identified that IncRNA ODSM expression
was located in the cytoplasm and nuclei of cells (Sup-
plementary Fig. 2). To further confirm the interaction of
IncRNA ODSM and miR-139-3p, we performed RNA
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Fig. 1 LncRNA ODSM inhibits osteoblast apoptosis and promotes osteoblast mineralization. siRNA-ODSM, pEX-ODSM, and their
corresponding negative controls were transfected into MC3T3-E1 cells. a Flow cytometric analysis of apoptosis in osteoblasts stained with Annexin
V-FITC/PI (N = 3). b, d Protein levels of Bax, Bcl-2, and cleaved caspase-3 in osteoblasts (N = 3). ¢ Representative images of Hoechst 33258 staining in
osteoblasts (N = 3). Scale bar, 50 um. e Representative images of Alizarin red staining in osteoblasts (N = 3). *P < 0.05, **P < 0.01 vs. the negative

control.

fluorescence in situ hybridization (RNA-FISH) in MC3T3-
E1 cells. The data showed the co-localization of IncRNA
ODSM and miR-139-3p in the cytoplasm (Fig. 2a). Wes-
tern blotting analyses showed that the protein translation
of ELK1 was suppressed by IncRNA ODSM, and this effect
had little influence on ELK1 phosphorylation (Supple-
mentary Fig. 3). Thus, further study was conducted to
explore whether the IncRNA ODSM can regulate the
expression of the miR-139-3p-targeted gene ELK1 in
MC3T3-E1 cells. The regulation of ELK1 by miR-139-3p
relies on the 3'-UTR region of ELK], so if the regulatory
effect of the IncRNA ODSM on ELK1 depends on com-
petitive binding to miR-139-3p, then the IncRNA ODSM
should also have a regulatory effect on the 3’-UTR region
of ELK1. We constructed luciferase reporter vectors con-
taining the ELK1 3’-UTR sequence and the IncRNA
ODSM sequence with a wild-type (pEX-ODSM WT) or
mutated miR-139-3p binding site (pEX-ODSM MUT) as
previously reported®’, and we then transfected these vec-
tors into cells. Overexpression of the IncRNA ODSM, but
not pEX-ODSM MUT, partly blocked the mimic-139-
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induced reduction in luciferase activity of the ELKI1
reporter vector. The results suggested that the upregu-
lation of the IncRNA ODSM increased the luciferase
activity of the ELK1 3'-UTR reporter by competitively
binding miR-139-3p (Fig. 2b). To further investigate
whether the IncRNA ODSM regulates ELK1 protein
expression partially through interacting with miR-139-
3p, we simultaneously regulated the expression of the
IncRNA ODSM and miR-139-3p in MC3T3-E1 cells. Co-
transfection of mimic-139 with pEX-ODSM partially
inhibited the pEX-ODSM-induced increase in ELK1
expression, whereas treatment with inhibitor-139 par-
tially blocked the siRNA-ODSM-induced reduction in
ELK1 expression, as indicated by western blot and
indirect immunofluorescence assays (Fig. 2c, d). Simi-
larly, co-transfection pEX-ODSM with mimic-139 sig-
nificantly attenuated the decrease in the expression level
of ELK1 in the mimic-139 group. Meanwhile co-
transfection siRNA-ODSM with inhibitor-139, the
expression of ELK1 markedly decreased compared with
that in the inhibitor-139 group (Supplementary Fig. 4).
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Fig. 2 LncRNA ODSM interacts with miR-139-3p to regulate ELK1 expression. a The co-localization of INcCRNA ODSM and miR-139-3p in MC3T3-
E1 cells determined by RNA fluorescence in situ hybridization (N = 3). Scale bar, 100 um. b Luciferase activity in 293 T cells transfected with luciferase
reporter vectors containing the ELK1 3’-UTR and treated with mimic-139, pEX-ODSM WT, pEX-ODSM MUT, or the corresponding controls for 24 h
(N'= 3). c Protein levels of ELK1 in osteoblasts (N = 3). d Immunostaining analysis of the expression levels of ELK1 in osteoblasts (N = 3). Scale bar,

Overexpression of the IncRNA ODSM partially reduces
apoptosis and promotes differentiation in MC3T3-E1 cells
under MG unloading conditions

Experiments have shown that mechanical unloading can
increase the apoptosis and decrease the differentiation of
osteoblasts®’. To investigate whether the IncRNA ODSM
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can affect the differentiation of osteoblasts in a MG
unloading environment, MC3T3-E1 cells were transfected
with pEX-ODSM for 12 h and were then cultured in a MG
unloading environment for 48h. In the pEX-ODSM
group, the ratio of apoptotic MC3T3-E1 cells was mark-
edly decreased (Fig. 3a). Compared with MC3T3-E1 cells
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Fig. 3 Overexpression of the IncRNA ODSM partially reduces apoptosis and promotes differentiation in MC3T3-E1 cells under MG
unloading conditions. a Flow cytometric analysis of apoptosis in osteoblasts stained with Annexin V-FITC/PI (N = 3). b Protein levels of Bax, Bcl-2,
and cleaved caspase-3 in osteoblasts (N = 3). ¢ Representative images of Hoechst 33258 staining in osteoblasts (N = 3). Scale bar, 50 um. d mRNA
expression levels of osteoblast marker genes (Runx2, Bglap, Collal, and ALP; normalized to GAPDH) in osteoblasts treated with pEX-ODSM or the
corresponding control (N = 3). e Protein levels of Runx2, Bglap, and Col1a1 in osteoblasts (N = 3). f ALP activity analysis in osteoblasts at 48 h (N = 3).
g Representative images of ALP staining in osteoblasts (N = 3). *P < 0.05, **P <0.01 vs. the control or negative control.

in the MG + pEX group, cells in the MG + pEX-ODSM
group exhibited the decreased expression levels of the
apoptosis-related proteins Bax and cleaved caspase-3 but
increased Bcl-2 protein expression levels (Fig. 3b).
Hoechst 33258 staining also showed a marked decrease in
blue apoptotic nuclei in the pEX-ODSM group in the MG
unloading environment (Fig. 3c).

The IncRNA ODSM is closely related to osteoblast
differentiation, but whether it can affect osteoblast dif-
ferentiation in a MG unloading environment remains to
be studied. pEX-ODSM transfection significantly upre-
gulated the expression of the osteogenic genes Runx2,
Bglap, Collal, and alkaline phosphatase (ALP) in the MG
unloading environment (Fig. 3d). The protein levels of
Runx2, Bglap, and Collal were also increased in the MG
+ pEX-ODSM groups (Fig. 3e). ALP activity assays and
ALP staining showed similar trends (Fig. 3f, g).

LncRNA ODSM-mediated regulation of osteoblast
apoptosis and differentiation partially depends on miR-
139-3p under MG unloading conditions

To further investigate the mechanism by which the
IncRNA ODSM regulates the osteoblast apoptosis and
differentiation in a MG unloading environment, pEX-
ODSM and mimic-139 or its negative control were
cotransfected into MC3T3-E1 cells for 12h, and cells
were then cultured in a MG unloading environment for
48 h. The ratio of apoptotic osteoblasts was markedly
reversed in MC3T3-E1 cells treated with pEX-ODSM in
the MG unloading environment, and apoptosis was
abolished by overexpression of miR-139-3p (Fig. 4a, d).
Mimic-139 significantly attenuated the decrease in the
Bax and cleaved caspase-3 protein levels, and the
increase in the Bcl-2 protein level induced by pEX-
ODSM in the MG unloading environment (Fig. 4b, c).
Additionally, Hoechst 33258 staining showed that the
IncRNA ODSM reduced the number of blue apoptotic
nuclei in the pEX-ODSM group, but this decrease was
diminished by mimic-139 in the MG unloading envir-
onment (Fig. 4e).

Osteogenic genes, such as Runx2, Bglap, Collal, and
ALP were upregulated by pEX-ODSM, whereas miR-139-
3p overexpression reduced the upregulation induced by
the IncRNA ODSM in the MG unloading environment
(Fig. 5a). The changes in the Runx2, Bglap, and Collal
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protein levels, ALP activity and ALP expression also
showed similar trends (Fig. 5b—d). These results con-
firmed that IncRNA ODSM suppressed osteoblast apop-
tosis and increased the osteogenic differentiation by
interacting with miR-139-3p.

LncRNA ODSM partially counteracted the decrease in
osteoblast activity and bone formation in HU mice

To investigate the role of the IncRNA ODSM in vivo,
we used the (AspSerSer)g-liposome system to deliver the
IncRNA ODSM to the bone formation zone. Before the
hindlimb unloading procedure, mice in the experi-
mental groups were injected with three consecutive
injections of HU + pEX and HU + pEX-ODSM lipo-
somes via the caudal vein. The expression of the
IncRNA ODSM was upregulated, and the expression of
miR-139-3p was downregulated in the femurs of HU
mice treated with pEX-ODSM relative to these levels in
the HU+ pEX group on the 21th day of hindlimb
unloading (Supplementary Fig. 5). After 21 days of
hindlimb unloading, ELK1 immunohistochemical
staining showed that ELK1 expression was significantly
decreased in the HU group, whereas this decrease was
reversed in the HU + pEX-ODSM group (Fig. 6a, b).
The proportions of TUNEL-positive apoptotic cells
were significantly higher in the distal femurs of HU mice
than in those of Con mice, and fewer TUNEL-positive
apoptotic cells were seen in HU + pEX-ODSM group
mice than in HU + pEX group mice (Fig. 6c, d). The
Bglap staining results showed that the numbers of
Bglap® osteoblasts were significantly decreased in the
femurs of HU mice. There were more Bglap ' osteoblasts
in HU+ pEX-ODSM group mice than in HU+ pEX
group mice (Fig. 6e, f). The hematoxylin and eosin (H&E)
staining results showed that compared to control mice,
HU mice exhibited a reduction in the bone area/total area
ratio (B.Ar/T.Ar). However, administration of pEX-ODSM
significantly restored the B.Ar/T.Ar (Fig. 6g, h). Calcein
double labeling indicated that bone formation was sig-
nificantly decreased in HU group mice compared with that
in Con group mice, and that bone formation was increased
in pEX-ODSM-treated HU group mice compared to that
in negative control mice. Regarding bone histomorpho-
metric parameters, the mineral apposition rate (MAR)
showed the same trends (Fig. 6i, j).
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Fig. 4 LncRNA ODSM-mediated regulation of osteoblast apoptosis partially depends on miR-139-3p under MG unloading conditions.
pEX-ODSM and mimic-139 were cotransfected into MC3T3-E1 cells and then cultured in a MG unloading environment for 48 h. a, d Flow cytometric
analysis of apoptosis in osteoblasts stained with Annexin V-FITC/PI (N = 3). b, ¢ Protein levels of Bax, Bcl-2, and cleaved caspase-3 in osteoblasts
(N = 3). e Representative images of Hoechst 33258 staining in osteoblasts (N = 3). Scale bar, 50 um. *P < 0.05, **P < 0.01 vs. the control or negative

control.

Enforced IncRNA ODSM expression attenuated the adverse
effects on bone architecture and mechanical properties in
HU mice

In addition to observing the effect of the IncRNA
ODSM on new bone formation in HU mice, we further
explored its effect on bone structure. After 21 days of
hindlimb unloading, the two-dimensional (2D) and three-
dimensional (3D) image reconstruction from microCT
examination of the distal femurs of the mice showed that
in the HU groups, the trabecular structures and bone
mass in the HU groups were severely damaged, although
these structures were more complete in the HU + pEX-
ODSM group than in the HU+ pEX group (Fig. 7a).
MicroCT analysis showed significant decreases in the
bone mineral density (BMD), relative bone volume (BV/
TV), trabecular bone thickness (Tb.Th), and trabecular
bone number (Tb.N) in HU mice, whereas the decreases
in these parameters were reversed in HU + pEX-ODSM
group mice. In addition, there were marked increases in
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the ratio of bone surface to bone volume (BS/BV), tra-
becular bone separation (Tb.Sp), and trabecular bone
pattern factor (TbPF) in the HU group compared with
those in the Con group, and these increases were atte-
nuated by treatment with pEX-ODSM (Fig. 7b, c).

To further explore the strength and structural prop-
erties of the femurs, we used a three-point bending test,
which causes a mid-diaphyseal fracture under con-
trolled loading conditions. Typical load-displacement
curves for each group were plotted according to the
data (Fig. 7d). The structural parameters of the mouse
femurs (including the maximum load, yield load, stiff-
ness, and modulus of elasticity) were markedly
decreased in the HU group compared to those in the
Con group and were not significantly different from
those in the HU 4 pEX group. pEX-ODSM over-
expression in HU mice partially counteracted the
decreases in these parameters in the HU + pEX group
(Fig. 7e). These results indicated that the femurs of HU
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+ pEX-ODSM mice were more resistant to fracture
than those of HU + pEX mice.

Discussion

An increasing number of experiments have confirmed
that IncRNAs can regulate osteoblast functions, such as
differentiation and apoptosis'®?*?%33 Qur previous
research first identified a sensitive IncRNA, IncRNA
ODSM, in osteoblasts in a MG unloading environment
that could promote osteoblast differentiation®”. In this
study, we further confirmed that the IncRNA ODSM
can inhibit the apoptosis and promote the mineraliza-
tion of MC3T3-E1 cells, and that it can regulate ELK1
expression in a manner partially dependent on miR-
139-3p. Enforced expression of the IncRNA ODSM
attenuated the increase in osteoblast apoptosis and the
decrease in osteoblast differentiation in vitro. In addi-
tion, targeted overexpression of the IncRNA ODSM
partly reversed bone loss following mechanical
unloading in HU mice. The IncRNA ODSM could be a
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promising therapeutic target in osteoporosis induced by
mechanical unloading.

LncRNAs containing miRNA binding sites could serve
as molecular sponges to inhibit miRNA function®"*, In
our previous study, we found that the IncRNA ODSM was
mainly located in the cytoplasm of MC3T3-E1 cells and
could regulate the expression of miR-139-3p. The luci-
ferase assay and AGO2 immunoprecipitation (RIP) assay
validated the direct binding of the IncRNA ODSM to
miR-139-3p. We first identified that miR-139-3p can
regulate osteoblast differentiation and apoptosis under
both normal and MG unloading conditions®. Several
studies have shown that miR-139-3p is associated with
several cancers, such as myeloid leukemia, hepatocellular
carcinoma, and bladder cancer®*~>°. MiR-139-5p, which
originates from the opposite arm of the same miRNA
precursor as miR-139-3p, can inhibit osteogenesis in
mesenchymal stem cells®’. One of the target genes of
miR-139-3p is ELK1. ELK1, a transcription factor in the
ETS family, acts as an essential component of the mitogen
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analysis of TUNEL-positive cell percentages (N =5). e Representative images of Bglap staining of the distal femurs of mice in each indicated group.
Scale bar, 50 um. f Statistical analysis of the number of positive osteoblasts per bone surface in the femurs (N. Bglapt Ob/BS; N = 5). g Representative
images of H&E staining of the distal femurs of mice in each indicated group. Scale bar, 100 um. h Statistical analysis of the histological parameter
bone area/total area (B.Ar/T.Ar) in the proximal region of different groups via H&E staining (N =5). i Representative images of new bone formation
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*P < 0.05, **P <0.01 vs. the control or negative control.
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**P <0.01 vs. the control or negative control.

Fig. 7 Enforced IncRNA ODSM expression attenuated the adverse effects on bone architecture and mechanical properties in HU mice. a
Representative images acquired by microCT examination of the trabecular architecture of the distal femurs of mice in each group. b, ¢ microCT
analysis of the ROl in the distal femurs of mice in each group. The three-dimensional indexes were bone mineral density (BMD), relative bone volume
(BV/TV), trabecular bone thickness (Th.Th), trabecular bone number (Th.N), bone surface to bone volume ratio (BS/BV), trabecular bone separation (Tb.
Sp), and trabecular bone pattern factor (TbPF; N=15). d Representative load-displacement curves of mouse femurs from each group. e The
biomechanical parameters (maximum load, stiffness, and modulus of elasticity) of femurs harvested from each group were analyzed (N = 5). *P < 0.05,

regulation pathway that activates the mitogen-activated
protein kinase cascade®®. It has been proven that ELK1
regulates various cell processes and is closely related to
osteogenic differentiation®~**, We also found that ELK1
could promote the osteoblast differentiation and inhibit
the osteoblast apoptosis, and was essential for the reg-
ulation of osteoblast differentiation and apoptosis by miR-
139-3p*’. Although ELK1 is a transcription factor, it is
also regulated by miRNAs or IncRNAs*>*, The IncRNA
TCONS_00026907 acts as a ceRNA to upregulate the
ELK1 expression through inhibiting miR-143-5p in HeLa
and SiHa cells®. It was observed in our study that the
IncRNA ODSM regulated the expression of ELK1, which
is the target gene of miR-139-3p. In addition, the reg-
ulatory effect of the IncRNA ODSM on osteoblast func-
tion depended partly on miR-139-3p under both normal
and MG unloading conditions.

To better deliver IncRNA ODSM to osteoblasts in vivo,
we used the (AspSerSer)s delivery system, which can
target bone formation surfaces. It has been proven that
(AspSerSer)s has an increased binding affinity to bone
formation surfaces, which could reduce its delivery to
nonskeletal organs31. Conjugation with (AspSerSer)s
promoted the binding of chalcone derivatives to targeted
osteoblasts, thereby promoting systemic bone formation
in BMP-2n/Smurfle subgroup mice**. Administration of
Plekhol siRNA encapsulated in the osteoblast-specific
delivery system reversed established osteoporosis during
aging in mice*. Additionally, in our own previous
experiments, it was confirmed that targeted replenish-
ment of miR-33-5p with the (AspSerSer)s delivery sys-
tem attenuated the development of osteopenia induced
by mechanical unloading in mice®>. To further investi-
gate the effects of IncRNAs on bone loss caused by
mechanical unloading, we used the (AspSerSer)e delivery
system to accomplish a targeted increase in the IncRNA
ODSM levels in bone formation surfaces. Although the
IncRNA ODSM did not fully restore the bone loss caused
by mechanical unloading in HU mice, overexpression of
the IncRNA ODSM markedly alleviated the loss of bone
mass and improved bone architecture and mechanical
properties.

In conclusion, this study revealed that the IncRNA
ODSM can inhibit osteoblast apoptosis and promote
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osteoblast mineralization in vitro. By interacting with
miR-139-3p, IncRNA ODSM can regulate the expression
of its target gene ELK1. Furthermore, the IncRNA ODSM
partially reduced the apoptosis and promoted the differ-
entiation of MC3T3-E1 cells in a MG unloading envir-
onment, and these effects were partly dependent on miR-
139-3p. Targeted overexpression of the IncRNA ODSM in
HU mice could regulate the number and function of
osteoblasts while partially reversing bone loss caused by
mechanical unloading. Our research revealed the function
of the IncRNA ODSM in osteoblasts and is the first to
indicate the promising value of the IncRNA ODSM in the
preventative treatment of bone loss caused by mechanical
unloading.

Materials and methods
Cell culture

The mouse preosteoblast MC3T3-E1 cell line was pur-
chased from the Cell Bank of the Chinese Academy of
Sciences (Shanghai, China). Under standard cell culture
conditions of 5% CO,, 95% humidity, and 37 °C, 10% fetal
bovine serum (HyClone, USA) and 1% penicillin/strepto-
mycin (HyClone, USA) were added to a-MEM (Gibco,
USA). Eight to 12 generations of cells were used in the
experiments, and cells used in experiments were in good
condition without mycoplasma contamination. To study
the function of osteogenic differentiation, MC3T3-E1 cells
were induced with osteogenic medium supplemented with
100nM  dexamethasone, 10mM pB-glycerophosphate
(Sigma, USA), and 50 uM ascorbic acid. All cell experi-
ments were repeated three times with cells that were not
resuscitated at the same time, and experimenter were
aware of the grouping situation.

Cell transfection

The sequences of the siRNAs and negative controls for
the IncRNA ODSM are shown in Supplementary Table 1.
The IncRNA ODSM (pEX-ODSM) vectors and negative
controls were purchased from GenePharma (Shanghai,
China). The concentration of transfected siRNA was
80 nM, and the plasmid concentration was 200 ng/ul. The
concentration of miR-139-3p mimic and its negative
control (RiboBio, China) used for transfection was 50 nM,
and the concentration of the inhibitor and its negative
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control (RiboBio, China) used for transfection was
100 nM. The siRNAs, plasmids, and miRNA modulator
oligomers were transfected into MC3T3-E1 cells using
Lipofectamine 3000 (Invitrogen, USA).

Flow cytometry

MC3T3-E1 cells were digested with 0.125% trypsin
solution. After cells were washed with phosphate-buffered
saline (PBS) and centrifuged for 5 min at 1000 rpm, they
were resuspended in PBS and stained using an Annexin
V-FITC Apoptosis Detection Kit (BioVision, USA).
Apoptosis rates were analyzed by flow cytometry (BD
Bioscience, USA).

Western blotting analysis

MC3T3-E1 cells were collected into RIPA buffer
(Thermo Scientific, USA). The same amount of protein
samples was loaded onto NuPage Bis-Tris polyacrylamide
gels (Invitrogen, USA), and proteins were then transferred
to polyvinylidene difluoride membranes. Membranes
were then blocked for 4 h with 5% milk at room tem-
perature and cultured overnight at 4°C with primary
antibodies against the following specific proteins: Bax
(1:1000; Cell Signaling Technology #2772, USA), Bcl-2
(1:1000; Cell Signaling Technology #3498, USA), caspase-
3 (1:1000; Cell Signaling Technology #9662, USA), Runx2
(1:1000; Cell Signaling Technology #12556 S, USA), Bglap
(1:500; Abcam ab93876, USA), Collal (1:1000; Abcam
ab34710, USA), ELK1 (1:500; Abcam ab131465, USA),
and GAPDH (1:5000; Proteintech 60004-1-Ig, USA).
Next, membranes were incubated with peroxidase-
conjugated secondary antibody (1:5000; Jackson, USA),
and signals were visualized by Super Signal West sub-
strate (Thermo Fisher Scientific,c USA). Band densities
were measured and analyzed by Image] software.

Hoechst staining

A Hoechst staining kit (Beyotime Biotechnology, China)
was used to detect apoptosis in MC3T3-E1 cells according
to the manufacturer’s instructions. Briefly, cells were
stained with Hoechst 33258 staining solution after fixa-
tion in 4% paraformaldehyde. Then, the fluorescence
intensity of the stained cells was measured by an Olympus
fluorescence microscope (Olympus Corporation, Japan).

Alizarin red staining

MC3T3-E1 cells were seeded into 12-well plates and cul-
tured in osteogenic medium for 21 days. Cells were fixed in
70% cold ethanol for 1 h and rinsed gently with ddH,O.
Then, osteoblasts were stained using 40 mM Alizarin
red S (Sigma-Aldrich, Missouri, USA) at a pH of 4.2 for
15 min and rinsed again gently with ddH,O three times.
After rinsing with Dulbecco's PBS for 15 min, repre-
sentative images were acquired using a digital camera.
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RNA-FISH

RNA-FISH was used to detect the localization of
IncRNA ODSM and miR-139-3p in MC3T3-E1 cells.
After immobilization with 4% paraformaldehyde for
20 min at room temperature, the cells were prehybridized
with a hybridization solution. Then, IncRNA ODSM and
miR-139-3p were labeled with CY3 fluorophore and FAM
fluorophore, respectively. Finally, 4',6-diamidino-2-phe-
nylindole (DAPI) was used to stain the nuclei, and
fluorescence images were taken using an FV1000 confocal
microscope (Olympus, Japan).

Immunofluorescence

MC3T3-E1 cells were rinsed gently with PBS and fixed
with 4% paraformaldehyde for 15 min. Then, cells were
permeabilized with 0.025% Triton X-100 for 10 min. Cells
were incubated with 1% normal goat serum for 1h and
incubated overnight at 4°C with anti-ELK1 primary
antibody (1:100; Abcam ab131465, USA). Next, cells were
rinsed three times and incubated with a fluorescein iso-
thiocyanate (FITC)-conjugated secondary antibody
(Abcam, USA) for 1h. Finally, cells were stained with
DAPI for 10 min at room temperature. Representative
images were acquired using an FV1000 confocal micro-
scope (Olympus, Japan).

Cell culture under MG unloading conditions

2D clinorotation (developed by the China Astronaut
Research and Training Center, Beijing) can provide an
unloading condition for cells cultured in a simulate MG
environment. Experiments were carried out according to
the previous description®. MC3T3-E1 cells were seeded
on coverslips. MC3T3-E1 cells were plated on the cover
glasses in a six-well plate at a density of 1 x 10° cells per
well. After ~8h, cells adhered to the walls, and the
cover glasses were inserted into a chamber filled with
culture medium. The distance between the cover glas-
ses and the rotating axis of the chamber was 12.5 mm.
Then, the caps of the chamber were tightened after all
bubbles were gently removed. Finally, the chambers
were placed into a clinostat and rotated around a hor-
izontal axis at 24 rpm. The vertical rotation group
served as the control group. The whole process of cell
culture in the MG unloading environment was carried
out at 37 °C.

qRT-PCR analysis

Total RNA was extracted from cells or bone tissues
using RNAiso Plus (TaKaRa, Japan), and cDNA was
synthesized by using a PrimeScript RT Master Mix
reagent kit (TaKaRa, Japan). Subsequent real-time PCR
was performed using SYBR® Premix Ex Taq™ II
(TaKaRa, Japan) and a CFX96 real-time PCR detection
system (BIO-RAD, USA). GAPDH was used as the
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reference gene, and U6 was used as the endogenous
control for normalization. The primers used for real-time
PCR are listed in Supplementary Table 1.

ALP activity assay

MC3T3-E1 cells were harvested in mammalian protein
extraction reagent (Pierce, USA), and supernatants were
collected after centrifugation at 12,000 x g for 15 min. We
used an ALP assay kit (Nanjing Jiancheng Technological
Inc., China) to measure ALP activity and a BCA protein
assay kit (Thermo Fisher Scientific, USA) to quantify the
cellular protein concentration. ALP activity (IU/L) was
determined as the production of 1 nmol of p-nitrophenol
from 1 pg of total cellular protein in 1 min.

ALP staining

After culture in osteogenic medium for 7 days, MC3T3-
El cells were stained using an NBT/BCIP staining kit
(Beyotime Biotechnology, China) according to the man-
ufacturer’s protocol. Staining for each group was repeated
at least three times, and representative images were
acquired using a digital camera.

Luciferase assay

The ELK1 3’-UTR with the wild-type miR-139-3p
binding site was generated as described previously, and
the sequences were inserted into the pmirGLO luciferase
vector (Promega, USA). The 293 T cells with low endo-
genous miRNA expression were selected, and luciferase
reporter plasmids were transfected into these cells. Then,
293 T cells were cotransfected with miR-139-3p (mimic-139
or its negative control) and IncRNA ODSM vector (pEX-
ODSM WT, pEX-ODSM MUT, or their negative control)
using Lipofectamine 3000 (Invitrogen, USA). Finally, the
firefly and Renilla luciferase activities were measured using a
dual luciferase assay system (Promega, USA).

HU model

The hindlimb unloading model is one of the models of
bone loss caused by mechanical unloading. Six-month-old
male C57BL/6] mice were maintained under standard
conditions (12h light/12h dark cycle, 21°C controlled
temperature). Twenty mice were randomly divided into
four groups by random scale, as follows: (1) Con, (2) HU,
(3) HU + pEX, and (4) HU + pEX-ODSM (N =5). The
HU mice were hung from the top of the cage by the tail at
a 30° angle with only the forelimbs touching the floor,
which allowed them to move and access food and water
freely. Before hindlimb unloading, mice in the experi-
mental groups (HU + pEX and HU + pEX-ODSM) were
injected with 2 mg/kg plasmids every day for three con-
secutive days. The pEX-ODSM (or the negative control
pEX) vectors and the (AspSerSer)s-liposome delivery
systems were utilized as described previously®'. After
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3 weeks of tail suspension, all mice were in normal con-
dition without abnormal death. Mice were euthanized,
and the bilateral femurs and tibiae were harvested. In
animal experiments, the researchers who took samples
and tested the indicators did not know the grouping
situation. These study procedures were approved by the
Air Force Medical University Animal Ethics and Experi-
mental Safety Committee.

Histology

Harvested femurs were fixed in 4% paraformaldehyde,
decalcified in 10% ethylenediaminetetraacetic acid
(Beyotime Biotechnology, Shanghai, China), and embed-
ded in paraffin. For histological analysis, bone sections
were stained with H&E according to the manufacturer’s
protocol (Sigma, USA). For immunohistochemistry, the
slices were dewaxed in water and immersed in 5% goat
serum and were then incubated overnight at 4°C with
primary antibodies against the following specific proteins:
ELK1 (1:50; Abcam ab131465, USA) and Bglap (1:50;
Abcam ab93876, USA). Subsequently, diaminobenzidine
and hematoxylin were used to detect immunoreactivity.
To evaluate the dynamic indexes of bone formation, mice
were subcutaneously injected with calcein (Sigma, USA,
8 mg/kg) on the tenth and third days before euthanasia.
After embedding and sectioning of hard tissue, an FV1000
confocal microscope (Olympus, Japan) was used for
observation and recording. Bone dynamic histomorpho-
metric analysis of the MAR was performed to assess cal-
cium deposition.

TUNEL assay

After tibias were dissected and fixed in 4% paraf-
ormaldehyde, they were decalcified and embedded
according to the sample preparation protocol for high-
resolution 3D confocal imaging of mouse skeletal tissue®.
Then, slides were stained with the DeadEnd™ Fluoro-
metric TUNEL System (Promega, USA). Apoptotic cell
quantification was performed by counting the TUNEL-
positive nuclei in Olympus cellSens Standard software.

microCT analysis

Each mouse femur was fixed in 4% paraformaldehyde
for 24h and scanned by a microCT scanner (Siemens,
Germany) with energy of 80 kV and 500 mA. Femurs were
scanned over a total angle of 360° at incremental angles of
0.5 degrees. The scanning time was 800 ms/frame at a
resolution of 10.44 pm. The region of interest (ROI)
represents the microstructure of the femur, which was
1500 um above the proximal epiphyseal growth plate and
was selected as a 2.5 x 2.5 x 3 mm? cube. The parameters,
including BMD, BV/TV, Tb.Th, Tb.N, BS/BV, Tb.Sp, and
TbPF were analyzed by COBRA software for microCT.
These data were collected for blinded analyses.
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Three-point bending test

A three-point bending test was performed to measure
bone strength by using an electromechanical material
testing machine (Bose, Massachusetts, USA). Femoral
specimens from mice were evaluated under a microscope
to ensure that the cortex was intact, and femurs were kept
wet during the test. Femurs were placed on the bending
fixture with the short axis of the femur aligned with the
direction of the force. The span of the two fulcrums was
8 mm, the preload was 0.5N, and the loading speed was
0.02 mm/s. After the femurs were destroyed, the test was
terminated. The parameters of load-deflection curves—
maximum load at failure (N), stiffness (the slope of the
load-deflection curve, representing the elastic deforma-
tion, N/mm), and modulus of elasticity (Gpa)—were cal-
culated according to Turner et al.*’”.

Statistical analysis

All statistical analyses were performed using SPSS
22.0 software. All numerical data are shown as the means
+ SDs from at least three or five duplicate experiments.
Statistical significance was assessed by a two-tailed ¢-test
or one-way analysis of variance. A P-value of <0.05 was
considered to be significant.
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