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Activated osteoclasts release large amounts of small extracel-
lular vesicles (sEVs) during bone remodeling. However, little
is known about whether osteoclast-derived sEVs affect sur-
rounding cells. In this study, osteoclasts were generated by
stimulating bone marrow macrophages (BMMs) with macro-
phage colony stimulating factor (M-CSF) and receptor acti-
vator of nuclear actor kB ligand (RANKL). We performed mi-
croarray analysis of sEV-microRNAs (miRNAs)s secreted from
osteoclast at different stages and identified four miRNAs that
were highly expressed in mature osteoclast-derived sEVs. One
of these miRNAs, miR-324, significantly induced osteogenic
differentiation and mineralization of primary mesenchymal
stem cells (MSCs) in vitro by targeting ARHGAP1, a negative
regulator of osteogenic differentiation. We next fabricated an
sEV-modified scaffold by coating decalcified bone matrix
(DBM) with osteoclast-derived sEVs, and the pro-osteogenic
regeneration activities of the sEV-modified scaffold were vali-
dated in a mouse calvarial defect model. Notably, miR-324-en-
riched sEV-modified scaffold showed the highest capacity on
bone regeneration, whereas inhibition of miR-324 in sEVs
abrogated these effects. Taken together, our findings suggest
that miR-324-contained sEVs released from mature osteoclast
play an essential role in the regulation of osteogenic differenti-
ation and potentially bridge the coupling between osteoclasts
and MSCs.
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INTRODUCTION
Bone is a dynamic organ that undergoes constant turnover
throughout the human lifespan. Bone remodeling involves the
removal of old bone tissue by osteoclast bone resorption, followed
by the formation of bone matrix via osteogenic differentiation that
subsequently becomes mineralized.1 Bone remodeling is accom-
plished by basic multicellular units (BMUs), the discrete temporary
anatomic structures assembled by osteoblasts and osteoclasts.2 The
bone-resorbing osteoclasts play essential roles in physiological bone
remodeling. Abnormal osteoclast functions lead to pathological
bone disorders such as rheumatoid arthritis, postmenopausal osteo-
porosis, and cancer-induced osteolysis.3–5 Two essential factors,
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RANKL (receptor activator of nuclear actor kB ligand) and M-CSF
(macrophage colony stimulating factor), are responsible for osteoclast
differentiation.6–8 The intercellular communication between osteo-
clasts and osteoblasts is termed “coupling.”9 The coupling signals
transmitted from osteoclasts to osteoblasts promote the transition
from bone resorption to bone formation.10,11 Earlier studies reported
that osteoblasts can regulate osteoclast differentiation through tight
interplay between RANKL and osteoprotegerin, which are secreted
from osteoblasts.12 Conversely, osteoclast-derived RANK also regu-
lates osteogenesis and couples bone resorption and bone
formation.13,14

MicroRNAs (miRNAs) are small non-coding RNAs that can sup-
press transcription activity of target mRNAs through binding to
their 30 UTR.15 In bone remodeling, miRNAs regulate the differen-
tiation of osteoblasts and osteoclasts, as well as the orchestration of
bone homeostasis.16 Recent studies demonstrated that miRNAs
exist in the extracellular space, which are protected from RNase
degradation mainly due to their encapsulation in extracellular ves-
icles (EVs).17,18 EVs are divided into small EVs (sEVs, <200 nm)
and large EVs (lEVs), with specific lipid bilayer membrane struc-
ture, and they contain proteins, lipids, and a variety of RNAs such
as messenger RNA (mRNAs) and miRNAs.19 Cargos of sEVs can
be transferred from parental cells to recipient cells by direct fusion
with the cell membrane or endocytosis to serve as essential medi-
ators of intercellular communication.20 sEV-mediated transfer of
miRNAs is widely considered to be involved in a variety of phys-
iological and pathological conditions such as tumor development,
apy: Nucleic Acids Vol. 23 March 2021 ª 2021 The Author(s). 1191
D license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.omtn.2021.01.031
mailto:lance.douce@gmail.com
mailto:dongshiwu@tmmu.edu.cn
mailto:mqy32473069@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.omtn.2021.01.031&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Figure 1. Characterization of osteoclast-derived

sEVs

(A) Representative images of TRAP staining of BMMs

stimulated with RANKL (100 ng/mL) and M-CSF (50 ng/

mL) for 96 h. Scale bar represents 200 mm. (B) Quantifi-

cation analysis of the proportion of TRAP-positive cells in

each well (96-well plate); n = 5. (C) A clustering heatmap

shows the expression profile of RANKL-dependent spe-

cific genes of osteoclastogenesis from 0 to 96 h. (D)

Transmission electron microscopy of osteoclast-derived

sEVs (OC-sEVs). Red dotted box shows the lipid bilayer

membrane structure of sEVs. Scale bar represents

50 nm. (E) Nanoparticle tracking analysis showed that

most OC-sEVs ranged from 70 to 140 nm in diameter with

a peak at 90 nm. (F) western blot analysis showed the

protein levels of Lamin A/C, histone 3, CD81, TSG101,

and b-actin in BMM cell lysate and extracted OC-sEVs.

Data in the figures represent the averages ± SD. **p <

0.01, for differences between the treatment and control

groups.
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immune response, and angiogenesis.21,22 In bone, sEVs are also
considered to be essential instruments for signal transduction be-
tween bone cells. Osteoclast-derived sEVs induce the differentia-
tion of pre-osteoblasts via RANKL reverse signaling, whereas
sEVs from osteoblasts are also shown to play regulatory roles in
osteogenesis.23,24

In this study, we reveal an interaction pattern between osteoclasts and
mesenchymal stem cells (MSCs). Osteoclast-derived miR-324 can be
transferred to MSCs and thereby promotes osteogenic differentiation
through targeting ARHGAP1, a negative regulator of osteogenic dif-
ferentiation and mineralization. This interplay between osteoclasts
and MSCs was further confirmed in vivo.

RESULTS
Characterization of osteoclast-derived sEVs

To investigate the sEVs derived from mature osteoclasts, bone
marrow macrophages (BMMs) were isolated from 11-week-old
male C57BL/6 mouse hindlimbs. BMMs were stimulated with M-
CSF and RANKL for 96 h to generate mature osteoclasts. Tartrate-
resistant acid phosphatase (TRAP) stain was performed, and the
number of TRAP+ multinucleated cells was quantified to validate
the maturation of osteoclasts (Figures 1A and 1B). The gene array
analysis further revealed that the expression of osteoclast-specific
genes was significantly upregulated with the increasing induction
time (Figure 1C). Osteoclast-derived sEVs (OC-sEVs) were isolated
through a series of microfiltration and ultracentrifugation steps.
Transmission electron microscopy (TEM) revealed the presence of
round-shaped vesicles surrounded by lipid bilayer membranes, the
typical characteristic of sEVs (Figure 1D). Nanoparticle tracking anal-
ysis showed that most vesicles ranged from 70 to 140 nm in diameter
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with a peak at 90 nm (Figure 1E). sEVs were en-
riched with the pan-EV markers such as CD81
and TSG101 and the absence of nuclear proteins such as Lamin A/
C and histone 3 (Figure 1F).

Osteoclast-derived sEVs promote osteogenic differentiation

and mineralization

To explore the effect of OC-sEVs on osteogenic differentiation, we
first investigated the engulfment of OC-sEVs by recipient cells.
Primary MSCs labeled with CellTracker CM-Dil dye were cultured
with PKH67-labeled OC-sEVs. Confocal microscopy was used to
analyze the co-incubation of sEVs and recipient MSCs, and the re-
sults showed that the sEVs can be engulfed by the recipient MSCs
over time (Figure 2A). After MSCs were cultured with sEVs for
7 days, qPCR was performed to detect the expression of osteogenic
markers. The results revealed a significant upregulation of osteo-
genic regulators Runt-related transcription factor 2 (Runx2) and
Osterix (OSX, also known as Sp7), as well as osteogenic markers
type I collagen (Col1a1) and Alpl in OC-sEV-cultured MSCs (Fig-
ure 2B). On the protein level, western blot analysis also showed
that OC-sEV culturing significantly upregulated the expression
of ALP, COL1A1, and RUNX2 in MSCs (Figure 2C). GW4869 is
a potent neutral sphingomyelinases inhibitor, which prevents the
formation of intraluminal vesicles to further block sEV production
and release in numerous cell types.25 Osteoclastic conditioned me-
dium (OC-CM) with or without GW4869 pretreatment of cells
was used to culture MSCs, subsequently followed by detection of
their osteogenic potency. An ELISA assay was performed to detect
the interleukin (IL)-6, transforming growth factor (TGF)-b1, and
BMP2 concentrations of supernatants from osteoclasts with or
without GW4869 pretreatment. We discovered that the concentra-
tion of IL-6, TGF-b1, and BMP2 did not significantly change after
GW4869 treatment (Figure S1). Intriguingly, OC-CM significantly



Figure 2. Osteoclast-derived sEVs promote osteogenic differentiation and mineralization

(A) Representative confocal microscopy images showMSCs labeled with CellTracker CM-Dil dye that were cultured with PKH67-labeled sEVs for 24 h. Scale bar represents

10 mm. (B) Relative mRNA expression levels of Col1a1, Alpl, Sp7, and Runx2 in MSCs cultured with OC-sEVs or osteoclast conditioned medium (OC-CM), with or without

GW4869 pretreatment; n = 3. (C) Western blot analysis of COL1A1, RUNX2, ALP, and b-actin in indicated groups. (D) Representative images of alizarin red staining of MSCs

cultured with OC-sEVs or OC-CM. Scale bar represents 100 mm. (E) Quantification analysis of calcium deposit of MSCs in indicated groups; n = 5. The data in the figures

represent the averages ± SD. **p < 0.01, for differences between the treatment and control groups.
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induced osteogenic differentiation characterized by upregulation of
osteogenic markers. However, pretreatment with GW4869 abol-
ished the facilitating effect of OC-CM on osteogenic differentia-
tion, suggesting that OC-sEVs in OC-CM play a dominant role
in this process (Figures 2B and 2C). To examine the effect of
OC-sEVs on osteogenic mineralization, alizarin red staining was
performed after culturing MSCs for 21 days with OC-sEVs (Fig-
ure 2D). The results showed that both OC-sEVs and OC-CM
treatment significantly promoted the mineralization of MSCs,
while GW4869 pretreatment abolished the effect of OC-CM on
inducing mineralization (Figures 2D and 2E). Taken together,
these results suggested that OC-sEVs promote the expression of
osteogenic markers and facilitate mineralization.

sEV-miR-324 derived from osteoclasts can be delivered into

MSCs and induce osteogenic differentiation

Since miRNAs released from sEVs are demonstrated to play an
important role in intercellular communications, we speculated
that miRNAs contained in OC-sEVs may play a role in affecting
osteogenic differentiation. To explore this idea further, we first
examined the expression profile of miRNAs in sEVs secreted during
osteoclastogenesis. Total RNAs, including miRNAs, were extracted
from isolated sEVs and subjected to miRNA microarray analysis.
The comprehensive microarray analysis revealed that miR-1187,
miR-128-3p, miR-324, and miR-130b-3p were highly expressed in
OC-sEVs (Figure 3A). To examine the effect of miRNAs on osteo-
genic differentiation, each miRNA mimic was subsequently trans-
fected into MSCs, and cells were cultured using osteogenic medium.
An alkaline phosphatase (ALP) assay was performed after 14-day
osteogenic induction, and results revealed that overexpression of
miR-324 significantly induced the osteogenic differentiation charac-
terized by increasing ALP activity, whereas overexpression of miR-
130b-3p adversely reduced ALP activity (Figure 3B). To further
confirm the effect of miR-324 of sEVs on osteogenic differentiation,
miR-324 was knocked down or overexpressed in BMMs and
RAW264.7 cells by transfection. Transfection efficiency was
confirmed by qPCR (Figure S2A). Knockdown or overexpression
of miR-324 in parental cells resulted in a significant reduction or
upregulation of miR-324 in respective sEVs (Figure S2B). Addition-
ally, qPCR analysis showed that miR-324 in lipid-bilayer sEVs was
protected from RNase degradation (Figure S2C). Next, sEVs from
miR-324 knockdown (anti-miR-324-sEVs) or overexpression
(miR-324-sEVs) osteoclasts were added into the osteogenic medium
of MSCs. Notably, miR-324, but not primary miR-324 (pri-miR-
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Figure 3. sEV-miR-324 derived from osteoclasts can be delivered into MSCs and induce osteogenic differentiation

(A) The expression profile of miRNAs in sEVs secreted during osteoclast differentiation. sEVs from BMMs were used as a normalization control. Red color represents higher

expression, and blue color represents lower expression relative to the control. (B) ALP activity assay shows that overexpression of miR-324 promoted osteogenic differ-

entiation; n = 3. (C and D) Relative expression levels of (C) miR-324 and (D) pri-miR-324 in MSCs cultured with sEVs from miR-324 overexpression (miR-324-sEVs) or

knockdown (anti-miR-324-sEVs) osteoclasts; n = 3. (E) Cell viability evaluation of MSCs cultured with miR-324-sEVs or anti-miR-324-sEVs using a CCK-8 test at 1, 3, 5, and

7 days; n = 5. (F) Relative mRNA expression levels of Col1a1, Alpl, Sp7, and Runx2 in MSCs cultured with miR-324-sEVs or anti-miR-324-sEVs; n = 3. (G) Western blot

analysis of COL1A1, RUNX2, ALP, and b-actin in MSCs cultured with miR-324-sEVs or anti-miR-324-sEVs. (H) Representative images of alizarin red staining of MSCs

cultured with miR-324-sEVs or anti-miR-324-sEVs. Scale bar represents 100 mm. (I) Quantification analysis of calcium deposit of MSCs in indicated groups; n = 5. Data in the

figures represent the averages ± SD. *p < 0.05, **p < 0.01, for differences between the treatment and control groups.
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324), was markedly upregulated in MSCs cultured with miR-324-
sEVs (Figures 3C and 3C). The effect of miR-324 in sEVs on the
recipient MSC cell viability was also detected by a Cell Counting
Kit-8 (CCK-8) assay. Results showed that miR-324-sEVs signifi-
cantly increased cell viability, whereas treatment with anti-miR-
324-sEVs decreased cell viability (Figure 3E). For evaluation of oste-
ogenic markers, qPCR analysis showed that miR-324-sEVs signifi-
cantly upregulated the expression of osteogenic markers, while
treatment with anti-miR-324-sEVs had adverse effects (Figure 3F).
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On the protein level, western blot analysis confirmed the upregula-
tion of osteogenic markers by miR-324-sEV treatment in MSCs
(Figure 3G). Similarly, alizarin red staining revealed that miR-
324-sEVs significantly increased osteogenic mineralization
compared with mimic-negative control (NC)-sEVs, whereas anti-
miR-324-sEVs decreased osteogenic mineralization compared with
anti-NC-sEV treatment (Figures 3H and 3I). These data suggested
that osteoclast-derived sEV-miR-324 promotes osteogenic differen-
tiation of MSCs.



Figure 4. miR-324 directly binds to ARHGAP1 and induces osteogenic differentiation

(A) Relative mRNA expression levels of ARHGAP1 in MSC knockdown or overexpressed ARHGAP1; n = 3. CT represents empty control group without any treatment, and si-

CT represents the random non-specific siRNA used for negative control. (B) Relative ALP activity of MSC knockdown or overexpressed ARHGAP1 after osteogenic induction

for 14 days; n = 3. (C) Relative mRNA expression levels ofCol1a1, Alpl, Sp7, and Runx2 in MSC knockdown or overexpressed ARHGAP1; n = 3. (D) Relative expression levels

of miR-324 in MSC knockdown or overexpressed miR-324; n = 3. (E) Relative expression levels of ARHGAP1 in MSC knockdown or overexpressed miR-324; n = 3. Data in

the figures represent the averages ± SD. **p < 0.01, for differences between the treatment and control groups.
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miR-324 directly binds to ARHGAP1 and induces osteogenic

differentiation

To explore the target genes of miR-324 to regulate osteogenic differ-
entiation, four mRNA target-predicting algorithms (miRanda,
miRDB, miRWalk, and TargetScan) were utilized to identify the po-
tential downstream targets of miR-324. Among the potential targets,
ARHGAP1 was overlapped among all databases. It has been reported
that ARHGAP1 served as a non-canonical negative regulator for oste-
ogenic differentiation of human MSCs and was regulated by prostate
cancer-derived miR-940.26 In this study, the expression of ARHGAP1
was also knocked down or overexpressed in MSCs (Figure 4A). After
14-day osteogenic induction, the knockdown of ARHGAP1 increased
ALP activity of MSCs whereas overexpression of ARHGAP1 had an
adverse effect (Figure 4B). Additionally, qPCR analysis showed that
knockdown of ARHGAP1 increased, whereas overexpression of
ARHGAP1 decreased, expression of osteogenic markers in MSCs
(Figure 4C). These results suggested that ARHGAP1 is a negative
regulator for osteogenic differentiation of MSCs. In addition, miR-
324 was also knocked down or overexpressed inMSCs by transfection
with mimics and inhibitor, respectively (Figure 4D). qPCR analysis
showed that overexpression of miR-324 significantly upregulated,
whereas knockdown of miR-324 (anti-miR-324) downregulated, the
expression osteogenic markers (Figure S3A). To establish whether
ARHGAP1 was a target of miR-324, luciferase reporter plasmid con-
taining the wild-type 30 UTR of ARHGAP1 was generated and co-
transfected with miR-324 mimics, while Renilla luciferase plasmid
was used for normalization (Figure S3B). Notably, the luciferase activ-
ities of the 30 UTR of ARHGAP1 were suppressed by miR-324 (Fig-
ure S3C). Moreover, overexpression of miR-324 in MSCs suppressed
the expression of ARHGAP1, whereas knockdown of miR-324 re-
sulted in upregulation of ARHGAP1 (Figure 4E). These results indi-
cate that miR-324 regulates osteogenic differentiation through
silencing ARHGAP1 in MSCs.

Osteoclast-secreted miR-324 silences ARHGAP1 during

osteogenic differentiation

We then examined the luciferase activities of the ARHGAP1 30

UTR in MSCs cultured with miR-324-sEVs. Notably, the luciferase
activities of the ARHGAP1 30 UTR were markedly decreased by
miR-324-sEVs compared with mimic-NC-sEVs, whereas applica-
tion of miR-324 inhibitor abrogated these effects (Figure 5A).
These results suggested that ARHGAP1 expression in MSCs can
be suppressed by miR-324 of sEVs released from osteoclasts. Addi-
tionally, miR-324-sEVs dramatically decreased ARHGAP1
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1195
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Figure 5. Osteoclast-secreted miR-324 silences ARHGAP1 during osteogenic differentiation

(A) Relative luciferase activity of reporter containing the 30 UTR ofARHGAP1 in MSCs upon culturing with OC-sEVs, miR-NC-sEVs,miR-324-sEVs, andmiR-324-sEVs +miR-

324 inhibitor; n = 5. (B) Relative mRNA expression levels of Col1a1, Alpl, Sp7, and Runx2 in MSCs cultured with OC-sEVs, miR-NC-sEVs, miR-324-sEVs, miR-324-sEVs +

annexin V, miR-324-sEVs +miR-324 inhibitor, and miR-324-sEVs + ARHGAP1; n = 3. (C) Relative expression levels of ARHGAP1 in indicated groups; n = 3. (D) Western blot

analysis of ARHGAP1, RhoA, ROCK, p-MYPT1, and b-actin expression in MSCs cultured with OC-sEVs, miR-NC-sEVs, miR-324-sEVs, miR-324-sEVs + annexin V, miR-

324-sEVs +miR-324 inhibitor, andmiR-324-sEVs + ARHGAP1; n = 3. (E) Cell viability evaluation of MSCs in indicated groups at 0, 1, 3, 5 and 7 days; n = 3. (F) Representative

images of alizarin red staining of MSCs cultured with OC-sEVs, miR-NC-sEVs, miR-324-sEVs, miR-324-sEVs + annexin V, miR-324-sEVs +miR-324 inhibitor, andmiR-324-

sEVs + ARHGAP1. Scale bar represents 100 mm. (G) Quantification analysis of calcium deposit of MSCs in indicated groups; n = 5. The data in the figures represent the

averages ± SD. *p < 0.05, **p < 0.01, for differences between the treatment and control groups.
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expression and increased the expression levels of osteogenic
markers (Figures 5B and 5C). It has been suggested that ARH-
GAP1 negatively regulates the downstream RhoA/ROCK signaling
to inhibit cytoskeletal tension and reorganization during osteoblast
differentiation, which determines the osteogenic commitment of
stem cell lineage.27 Notably, western blot analysis revealed that
miR-324-sEVs markedly decreased the expression of ARHGAP1,
while they increased the expression levels of downstream RhoA,
ROCK, and the MYPT1 phosphorylation by ROCK kinase (Fig-
ure 5D). It has been reported that annexin V is an inhibitor of
EV internalization.28 Treatment with annexin V or miR-324 inhib-
itor in miR-324-sEVs abolished their pro-osteogenic effects and
suppression of ARHGAP1 (Figures 5B and 5C). Adenovirus over-
expressed ARHGAP1 was designed and used to transfect MSCs,
while these ARHGAP1-overexpresssing MSCs did not show a
strong mineralization after culturing with miR-324-sEVs, suggest-
ing that the positive effect of miR-324-sEVs on osteogenesis was
abrogated by the restoration of ARHGAP1 (Figures 5B and 5C).
Additionally, application of annexin V, miR-324-inhibitor, or
restoration of the ARHGAP1 expression suppressed the positive
regulation of miR-324-sEVs in the RhoA/ROCK pathway (Fig-
ure 5D). A CCK-8 assay was performed, and results showed that
either treatment with annexin V or miR-324 inhibitor, or restora-
tion of the expression of ARHGAP1, significantly reduced the
recipient MSC viability (Figure 5E). Alizarin red staining and
quantification analysis showed that transfection of miR-324-sEVs
with miR-324 inhibitor or pretreatment of miR-324-sEVs with an-
nexin V alleviated their function in facilitating osteogenic mineral-
ization. Additionally, ARHGAP1 restoration in recipient MSCs
suppressed these effects (Figures 5F and 5G). Taken together,
the findings demonstrate that miR-324 of sEVs released from os-
teoclasts is sufficient to promote osteogenic differentiation by tar-
geting ARHGAP1.

miR-324 of sEVs released from osteoclasts facilitates bone

defect healing in vivo

To explore the pro-osteogenic effects of miR-324 of sEVs in vivo, we
fabricated a novel sEV-modified scaffold by coating decalcified bone
matrix (DBM) with isolated sEVs, and the pro-osteogenic potential of
sEV-modified scaffolds was evaluated using a mouse calvarial defect
model generated by cranial drilling (Figure 6A). This mouse model
is useful to evaluate the impacts of cell- or EV-modified scaffolds
on osteogenesis.29,30 sEV-modified DBM was implanted in the defect
area, followed by normal keeping for 4 weeks before euthanasia. To
assess the bone regeneration after implantation of sEV-modified
DBM, mouse calvarias in all groups were harvested and scanned by
micro-computed tomography (micro-CT). The results revealed that
DBM modified with miR-324-sEVs significantly increased bone
regeneration, bone volume density (bone volume [BV]/total volume
[TV]), and bone mineral density (BMD) compared with OC-sEV-
modified DBM, whereas transfection of miR-324 inhibitor in miR-
324-sEVs not only diminished the effect of miR-324-sEVs, but even
reduced osteogenic activity of sEVs to a lower level compared with
OC-sEVs (Figures 6B and 6C). qPCR analysis also revealed that
compared with OC-sEVs, the miR-324 level in miR-324-sEVs was
markedly reduced after transfection (Figure S4). We then performed
histological analysis of the calvarial section. H&E staining displayed
an overview of the defect repair area, while Masson staining revealed
a significant increase of bone formation rate in mice grafted with
DBMmodified withmiR-324-sEVs (Figures 6B and 6D).We also per-
formed TRAP staining and immunohistochemistry (IHC) of osteo-
blast-specific marker osteocalcin (OCN) of the calvarial section.
The results showed that mice grafted with miR-324-sEV-modified
DBM showed a higher OCN-positive cell percentage, as well as the
number of osteoblasts and osteoclasts, suggesting that miR-324-
sEVs enhanced the bone remodeling of the cranial defect area (Fig-
ures 6B, 6F, and 6G). However, transfection of miR-324 inhibitor
abrogated these effects characterized by decreased bone formation
rate, IHC score of OCN, and the number of osteoblasts and osteo-
clasts (Figures 6B–6G). These data suggested the facilitating effects
of miR-324 in sEVs on osteogenic differentiation and calvarial defect
healing. To further confirm the mechanism of sEVs facilitating bone
defect healing in vivo, we also detected the expression level of ARH-
GAP1 and the downstream RhoA/ROCK pathway in decalcified bone
sections. Notably, mice grafted with miR-324-sEV-modified DBM
showed a significantly lower expression of ARHGAP1 compared
with OC-sEV-modified DBM, whereas transfection of miR-324 in-
hibitor rescued ARHGAP1 expression marked by the highest ARH-
GAP1 score (Figures 7A and 7B). Additionally, modification with
miR-324-sEVs significantly decreased the expression levels of down-
stream RhoA, ROCK, and phosphorylated MYPT1 (p-MYPT1),
while transfection of miR-324 inhibitor reversed these effects (Figures
7A and 7C–7E). Taken together, these data indicated that miR-324 of
sEVs released from osteoclasts facilitated osteogenic differentiation in
calvarial defect mice through regulating ARHGAP1/RhoA/ROCK
signaling.

DISCUSSION
Bone remodeling is a programmed process that is precisely regulated
by physiological coupling of osteoclasts and osteoblasts, so as to
regenerate new bone to replace old bone at the relevant area of
bone injury.31 Physiological bone turnover generally consists of three
stages: (1) an osteoclast-mediated bone resorption phase for approx-
imately 3 weeks; (2) an osteoblast-mediated bone formation phase for
about 3–4 months; and (3) a 5-week reversal phase of transition from
bone resorption to bone formation, which is almost unclear.32,33 The
coupling between osteoclasts and osteoblasts may play a dominant
role in this transition phase between bone resorption and forma-
tion.23 In addition to the in-depth studies of osteoblast-derived mol-
ecules regulating osteoclast differentiation and activity, growing
numbers of reports have shown that osteoblast progenitors are also
capable of sensing osteoclast-derived signals either secreted from os-
teoclasts or expressed on the cell membrane to promote osteogenic
differentiation.34 However, it is still unclear whether and how osteo-
clast-derived sEVs play a role in the transition from bone resorption
to bone formation in whole-bone turnover. Our study filled this gap
by demonstrating the significant osteogenic ability of osteoclast-
derived sEVs.
Molecular Therapy: Nucleic Acids Vol. 23 March 2021 1197
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Figure 6. miR-324 of sEVs released from osteoclast facilitates bone defect healing in vivo

(A) Schematic diagram shows the fabrication of sEV-modified scaffold and grafting of calvarial defect mice. (B) Representative general and coronal micro-CT images, H&E,

Masson, and TRAP staining, and IHC of OCN in decalcified bone sections from mice treated with OC-sEVs, miR-NC-sEVs, miR-324-sEVs, and miR-324-sEVs + miR-324

inhibitor. Scale bars represents 2 mm in H&E staining, 50 mm in Masson, TRAP, and IHC staining. (C) Quantitative micro-CT analysis shows the bone volume density (BV/TV)

and bone mineral density (BMD) of total defect repair area in indicated groups; n = 8. (D) Quantification analysis of bone formation ratio in indicated groups; n = 8. (E)

Semiquantitative analysis of OCN in indicated groups; n = 8. (F and G) Quantitative analysis of the number of (F) osteoblasts (N.Ob) and (G) osteoclasts (N.Oc) on the cortical

bone surface (BS) using IHC staining of OCN and TRAP staining in indicated groups. The data in the figures represent the averages ± SD. *p < 0.05, **p < 0.01, for differences

between the treatment and control groups.
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It is well known that osteocytes and osteoblasts are the predominant
providers of RANKL and osteoprotegerin, and therefore are not only
critical for regulation of osteoclast formation, but they simultaneously
coordinate and maintain the balance between bone resorption and
bone formation.12,35 However, the regulatory role of osteoclasts in these
processes is still unclear. In this study, we performed a series of in vitro
and in vivo studies to determine that miR-324 of sEVs released from
osteoclasts could transfer to MSCs to promote osteogenic differentia-
tion, proposing a novel mode of miRNA-mediated osteoclast-osteo-
blast coupling. Osteoclasts release large amounts of miR-324-enriched
1198 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
sEVs, and these sEVs can be internalized intoMSCs to further promote
their activity. Therefore, we speculate that active osteoclasts release
large numbers of sEVs at the bone resorption phase, which in turn facil-
itate osteogenesis of MSCs to better stabilize and bridge the transition
between bone resorption and formation (Figure 8).

sEVs regulate a series of intracellular or intercellular signal transduc-
tions in a paracrine or autocrine manner. Increasing evidence indicates
that sEVs derived frombone cells contain important factors thatmay be
involved in bone remodeling.36 For instance, osteoblast-derived sEVs



Figure 7. miR-324 of sEVs released from osteoclast facilitates osteogenic through regulating ARHGAP1/RhoA/ROCK signaling

(A) Representative IHC staining images of ARHGAP1, RhoA, ROCK, and p-MYPT1 of mice in indicated groups. (B–E) Semiquantitative analysis of (B) ARHGAP1, (B) RhoA, (D)

ROCK, and (E) p-MYPT1 in indicated groups; n = 8. The data in the figures represent the averages ± SD. *p < 0.05, **p < 0.01, for differences between the treatment and

control groups.
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contain specific osteogenic factors, including BMP1–BMP7, ALP, and
non-collagenous matrix protein osteoprotegerin and OCN,37 whereas
sEVs derived from osteoclasts contain osteoclast-associated proteins
such as RANK andRANKL.38 Additionally, studies have also suggested
that sEVs derived from bone cells have regulatory effects on bone re-
modeling through targeting adjacent cells. For instance, both osteo-
clast-derived exosomal miR-214-3p and osteocyte-derived exosomal
miR-218 can regulate osteogenic differentiation.39,40 Furthermore,
sEVs from MSCs have been shown to have the capacity to upregulate
the expression of BMP9 and TGF-b1, both of which significantly pro-
mote osteogenic differentiation.41,42 Studies have shown that MSC-
derived sEVs protect cartilage and bone from degradation in osteoar-
thritis.43 A recent study suggested that bone marrow-derived MSC
(BMSC)-derived miR-151-5p targets adjacent BMSCs to rescue
damaged osteogenic differentiation and decrease adipogenic differenti-
ation.44 In bone remodeling, the delicate coupling of bone resorption
and bone formation determines bone homeostasis. Studies have
demonstrated that osteoclast bone resorption results in the release of
TGF-b from bone matrix, leading to the recruitment of BMSCs for
further osteogenesis.45 In our study, we demonstrated that osteoclast-
derived sEVs promote osteogenesis via delivering miR-324 to recipient
MSCs. Other than the well-studied osteoclast-osteoblast coupling, the
involvement of osteoclast-derived sEVs further bridged the transition
from bone resorption to formation in bone remodeling.

miRNAs also serve as essential intercellular communication tools, as
horizontal transfer of miRNAs mediated by sEVs affects biological
functions of recipient cells.46 A number of miRNAs have been iden-
tified in the regulation of osteoblast differentiation.47–49 These find-
ings raise the possibility that osteogenic differentiation during bone
remodeling can be regulated by miRNAs derived from bone cells.
In our study, we identified that miR-324 was highly expressed in oste-
oclast-derived sEVs using miRNAs microarray analysis. Both in vitro
and in vivo studies suggested that miR-324 significantly promoted
osteogenic differentiation. So far, several studies have reported that
miR-324 plays diverse roles in multiple pathological and physiolog-
ical conditions, including tumor development, vascular remodeling,
and neuropathic pain.50,51 However, the role of miR-324 in osteo-
genic differentiation and bone metabolism has not been reported.
Our study uncovers the osteogenic potency of miR-324 of sEVs
released from osteoclasts. In this study, ARHGAP1 was identified
as target of miR-324 to regulate osteogenic differentiation. ARH-
GAP1 is a founding member of the RhoGAP family containing
GTPase-activating proteins, which result in enhancement of intrinsic
GTPase activity and inactivation of G protein.52 It has been suggested
that ARHGAP1 regulates the epithelial-to-mesenchymal transition
by inhibiting RhoA/ROCK signaling.53 RhoA/ROCK signaling is
considered to be involved in the proliferation and differentiation of
distinctive cell types, including osteogenic commitment and differen-
tiation, since RhoA/ROCK pathway-mediated cytoskeletal tension
and reorganization are essential for osteogenic commitment.27 A
recent study has been reported that cancer-derived miR-940 induces
osteoblastic destruction via targeting ARHGAP1 in human MSCs.26

In the present study, we also found that knockdown of ARHGAP1
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Figure 8. Schematic diagram shows that

osteoclast-derived sEVs bridge the osteoclast-

osteoblast coupling

In the bone resorption phase, active osteoclasts release

large amounts of sEV-miR-324, which can be transferred

into MSCs, and subsequently promote osteogenic

commitment and differentiation via regulating the ARH-

GAP1/RhoA/ROCK axis.
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in MSCs increased the expression of osteogenic markers and pro-
moted osteogenic mineralization, which is consistent with previous
studies. One step farther, our study suggested that this reverse effect
that determined osteogenic commitment is also associated with acti-
vation of the RhoA/ROCK pathway.

In conclusion, our study suggested that miR-324 of sEVs released
from osteoclasts promotes the osteogenic differentiation of MSCs
in vitro and facilitates bone defect healing in vivo through ARH-
GAP1/RhoA/ROCK signaling. This study provides a novel mode of
sEV-mediated osteoclast-MSC coupling.

MATERIALS AND METHODS
Reagents

Primary cultured BMMs were used to study osteoclast differentiation.
Mouse bone marrow cells were isolated from 11-week-old male
C57BL/6 mouse hindlimbs (femur and tibia) and incubated with
M-CSF (50 ng/mL) for 96 h to obtain BMMs. The macrophage
RAW264.7 cell line and human embryonic kidney 293 (HEK293)
cell line were obtained from the American Type Culture Collection
(Rockville, MD, USA). Cells were cultured with a-minimal essential
medium (a-MEM; Gibco, Grand Island, NY, USA) containing 10%
fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and 1%
penicillin-streptomycin (HyClone, Thermo Scientific, MA, USA) in
a 37�C incubator containing 5% CO2-enriched atmosphere. Recom-
binant mouse RANKL and recombinant mouse M-CSF were pur-
chased from R&D Systems (Minneapolis, MN, USA). A TRAP stain
kit was obtained from Sigma-Aldrich (NY, USA). An alizarin red
stain kit was obtained from Solarbio Life Sciences (Beijing, China).
Antibodies against histone 3 (bs-17422R), CD81 (bs-2489R),
TSG101 (bs-1365R), Lamin A/C (bs-1839R), COL1A1 (bs-10423R),
RUNX2 (bs-20003R), ALP (bsm-52252R), and b-actin (bs-0061R)
were all purchased from Bioss Antibodies (Beijing, China).

Osteoclast differentiation

For osteoclast differentiation, 5 � 103 BMMs were incubated in 96-
well plates and cultured with osteoclast differentiation medium con-
sisting of a-MEM supplemented with 10% FBS, 1% penicillin-strep-
1200 Molecular Therapy: Nucleic Acids Vol. 23 March 2021
tomycin, 50 ng/mL M-CSF, and 100 ng/mL
RANKL for 96 h to generate osteoclasts. For
TRAP staining, cells were fixed in 4% parafor-
maldehyde for 20 min and then stained with
TRAP staining solution (0.1 mg/mL naphthol
phosphate disodium salt, 0.3 mg/mL fast red vi-
olet zinc chloride stain) according to the manufacturer’s instructions.
Relative TRAP activity was analyzed by colorimetry.

Isolation of osteoclast-derived sEVs

Osteoclast-derived sEVs were collected by differential centrifugations
as previously described with somemodifications.54 Briefly, osteoclasts
were cultured in sEV-free medium for 48 h before sEV isolation. The
supernatant was collected and centrifuged at 2,000 � g for 15 min to
remove dead cells and apoptotic bodies. Subsequently, the superna-
tant was centrifuged at 12,000 � g for 30 min to further remove mi-
crovesicles. sEVs were pelleted via ultracentrifugation at 100,000 � g
for 70 min. The pellet was washed with 50 mL of PBS and ultracen-
trifuged again at 100,000� g for 70 min. Finally, the sEVs were resus-
pended in PBS and set aside for further experiments. Ultracentrifuga-
tion operations were conducted using an Optima XE-90 (Beckman
Coulter) at 4�C. The sEV concentration was estimated using an exo-
some counting system (Sysmex). The supernatant from 5 � 106 cells
was collected and centrifuged, and the final number of sEVs separated
from the supernatant was about 1011.

TEM

Purified sEVs were processed at 21�C for TEM analysis. In brief, sEVs
were diluted with 1� PBS to 1:5 and then fixed in 2% paraformalde-
hyde. After fixation, the samples were applied to formvar copper grids
and stained with uranyl acetate (Electron Microscopy Sciences) for
10 min at room temperature. Samples were naturally dried and
observed in an FEI Tecnai 110-kV microscope at an accelerating
voltage of 80 kV, and digital images were obtained.

miRNA microarray analysis

To perform microarray analysis, total RNA from the isolated sEVs
during osteoclast differentiation was extracted using the miRNeasy
mini kit (QIAGEN). sEVs from each differentiation stage have three
different clones. An Agilent 2100 Bioanalyzer was used to examine
the purity of the extracted RNAs. Microarray analysis was then per-
formed using a mouse miRNA microarray kit (Agilent Technologies,
v3); in this study, we used a sample input of 100 ng of each total RNA.
Briefly, calf intestine phosphatase was used to dephosphorylate the
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samples. Then, T4 RNA ligase was used to label the 30 end of the de-
phosphorylated sample with cyanine 3-cytidine biphosphate. The
labeled miRNA was hybridized to microarray glass slides in a hybrid-
ization rotator with 20 rotations/min at 55�C for 20 h. After that, the
glass was washed. Then, the glass was scanned with an Agilent micro-
array scanner (Agilent Technologies) according to the manufacturer’s
instructions. Feature Extraction software v11.0.1.1 (Agilent Technol-
ogies) was used to extract the data. GeneSpring GX software (Agilent
Technologies) was used for normalizing and analysis. Finally, R v3.6.0
software was used to plot heatmaps for visualizations of data.

Osteogenic differentiation

MSCs were generated from 11-week-old male C57BL/6 mice. Briefly,
mice were sacrificed by cervical dislocation, and 75% alcohol was used
for disinfection. Under sterilized conditions, the femora and tibia of
mice were separated. Bone marrow cells were isolated by washing
the marrow cavity with a-MEM until the cavity became white.
Bone marrow cells were collected and screened with a 200-mesh sieve.
Then, cells were centrifuged at 300� g for 5min. The cell pellets were
plated on culture dishes and MSCs were separated by plastic adher-
ence. For osteogenic differentiation, MSCs were incubated (1 � 104

per well) in 24-well plates. Osteogenic induction was performed
when cells reached 60% contact and stopped proliferating. Every
2� 107 sEVs were added into 1 mL of osteogenic induction medium,
and about 105 MSCs (per well of 24-well plates) were incubated with
0.5 mL of sEV medium containing 107 sEVs for 14 days (for ALP
assay) and 21 days (for alizarin red stain). Osteogenic medium con-
sisted of 2 mM b-glycerophosphate (Aladdin), 100 mM ascorbic
acid 2-phosphate (Aladdin), and 10 nM dexamethasone (Aladdin).
After 14 days for osteogenic induction, total RNA or protein was ex-
tracted from cultured cells and the expression of osteogenic markers
was assessed by qPCR and western blot analysis. For detection of ALP
activity, cells were fixed in 4% paraformaldehyde and then treated ac-
cording to the protocol by an ALP assay kit (Beyotime Biotechnology)
after 14 days of osteogenic induction. To assess the deposition of cal-
cium, cells were fixed in 4% paraformaldehyde and then stained with
1% alizarin red-S (Solarbio Life Sciences) after 14 days of osteogenic
induction.

Fabrication of sEV-modified DBM scaffolds

In our study, DBM was prepared from bovine limbs as previously re-
ported.55 The DBM was cut into 2.5-mm cubes to fit the calvarial
defect size. After being immersed in 75% ethanol for 2 h, the DBM
was washed three times with PBS and then coated with 10 mg/mL
fibronectin (Sigma) overnight at 37�C. As for incubation, 50 mg of iso-
lated sEVs was resuspended in 50 mL of control medium, which was
followed by the incubation of DBM with sEV-containing media for
6 h at 37�C. The DBM was then air-dried and stored at �80�C until
they were used in experiments.

Mice

The bone regeneration potential of decalcified bone matrix pre-incu-
bated with sEVs was evaluated using a critical size of cranial bone de-
fects. The C57BL/6 mice aged 6–8 weeks were used. After mice were
anesthetized, a sagittal median incision of 1.5 cm was made and a 2.5-
mm-sized defect was created on the right side of the calvarial bone us-
ing a dental micro-drill. Afterward, the DBM pre-incubated with
sEVs for 6 h was implanted into the bone defect area. After normal
feeding of 4 weeks, mice were euthanized and the calvarial bones
were removed and set aside for further detection. We maintained
all animals in the Animal Facility of the Third Military Medical Uni-
versity. All experimental protocols were reviewed and approved by
the Institutional Animal Care and Use Committee of the Third Mil-
itary Medical University.

Histology and IHC evaluation

Calvarial bone was obtained from mice at the time of sacrifice, and
bones were fixed in 10% neutral-buffered formalin, washed, and de-
calcified in a solution of 10% EDTA for 2 weeks, then embedded in
paraffin. Histological sections (5 mm) were prepared for subsequent
H&E staining. For immunohistochemical assessment, the expression
of OCN and ARHGAP1 was detected according to the following pro-
cedure. Sections were first incubated for 12 h at 4�C with primary
antibody for OCN (1:200) and ARHGAP1 (1:200). Then, biotinylated
secondary antibody was used with the EnVision+ system horseradish
peroxidase (HRP) kit (Dako, Sweden), and nuclei were counter-
stained with hematoxylin. Then, the IHC-stained cells were washed
and observed using light microscopy. In this study, we used a German
semiquantitative scoring system that considered the intensity and
area of staining as follows: 0 for not staining, 1 for weak staining, 2
for moderate staining, and 3 for strong staining. Additionally, the
staining percentage was given a score of 0 (<5%), 1 (5%–25%), 2
(25%–50%), 3 (51%–75%), or 4 (>75%). These two scores were multi-
plied as the final score.

Cell viability assay

We performed a CCK-8 assay to assess cell proliferation. Briefly,
MSCs were seeded (2� 103 per well) in 96-well plates overnight. Cells
were cultured with sEVs for 7 days. According to the manufacturer’s
instructions, cell viability was examined using a CCK-8 (Dojindo) at
1, 3, 5, and 7 days. Cell absorbance was measured by a 450-nm 96-
hole plate reader and cell viability was evaluated.

Luciferase reporter assay

Cells were seeded in quintuplicate into 24-well plates (1 � 105 cells
per well) and then cultured for 24 h. The constructed pGL3-basic
luciferase reporter plasmid (1.5 mg, Promega) or the control luciferase
plasmid (1.5 mg, Promega) was cotransfected into the cells with the
pRL-SV40 plasmid (0.15 mg, Promega) using Lipofectamine 2000 re-
agent (Invitrogen). After transient transfection with constructed
luciferase plasmids and miR-324 mimics for 48 h, luciferase and Re-
nilla activities were detected with a Dual-Luciferase reporter assay
system (Promega, USA) according to the manufacturer’s protocol.

Statistical analysis

All data are representative of at least three experiments of similar re-
sults performed in triplicate unless otherwise indicated. The data are
presented as means ± standard deviation. Comparisons between two
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groups were analyzed using independent unpaired two-tailed Stu-
dent’s t tests, and comparisons between more than two groups were
analyzed using one-way ANOVA followed by Student-Newman-
Keuls post hoc tests. The values were considered significant at p
<0.05. Statistically significant differences between the treatment and
control groups are indicated as *p < 0.05 or **p < 0.01.
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