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SUMMARY

Exosomes play a critical role in intracellular communication. The biogenesis and function of exosomes are regulated by multiple
biochemical factors. In the present study, we find that mechanical force promotes the biogenesis of exosomes derived from periodontal
ligament stem cells (PDLSCs) and alters the exosomal proteome profile to induce osteoclastic differentiation. Mechanistically, mechan-
ical force increases the level of exosomal proteins, especially annexin A3 (ANXA3), which facilitates exosome internalization to activate
extracellular signal-regulated kinase (ERK), thus inducing osteoclast differentiation. Moreover, the infusion of exosomes derived from
PDLSCs into mice promotes mechanical force-induced tooth movement and increases osteoclasts in the periodontal ligament. Collec-
tively, this study demonstrates that mechanical force treatment promotes the biogenesis of exosomes from PDLSCs and increases exo-
somal protein ANXAS3 to facilitate exosome internalization, which activates ERK phosphorylation, thus inducing osteoclast differentia-
tion. Our findings shed light on new mechanisms for how mechanical force regulates the biology of exosomes and bone metabolism.

INTRODUCTION

Mechanical forces, including tension, compressive force,
hydrostatic compressive force, and fluid shear stress, are
usually applied throughout the development of multiple
tissues (Moraes et al., 2011). The application of compres-
sive force to normal bronchial epithelial cells that were
grown at the air-liquid interface shrinks the lateral intercel-
lular space surrounding the cells and triggers cellular
signaling via autocrine binding (Tschumperlin et al.,
2004). Furthermore, the adaptation of bone mass and ar-
chitecture is driven by mechanical force (Teichtahl et al.,
2015). When physiological magnitude mechanical loading
is lost, reduced bone mineralization will lead to bone
resorption and osteoporosis (Tamma et al., 2009). Notably,
experiments in vivo have shown that mechanical force af-
fects the function of mesenchymal stem cells (MSCs) in
the process of force-induced bone reconstruction or cardiac
injury remodeling (Liaw and Zimmermann, 2016; Papach-
roni et al., 2009). Mechanical forces in vitro also modulate
the proliferation, differentiation, and paracrine activity of
MSCs (Diaz et al., 2017; Le et al., 2016).

Exosomes are nanovesicles 30-150 nm in diameter that
are secreted by various types of cells (Johnstone, 1992).
They play a critical role in intercellular communication
by transferring bioactive molecules between cells, such as
lipids, proteins, and genetic information (Tkach and Thery,
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2016). The regulation of exosome biogenesis is critical for
intercellular communication (Zhang et al., 2015). A variety
of microenvironmental factors, including hypoxia, inflam-
matory cytokines, and infectious agents, can promote exo-
some biogenesis (Colombo et al.,, 2014). Recently, cyclic
stretch force has been found to induce cells to secrete exo-
somes, which inhibited IL-1B production in lipopolysac-
charide-stimulated macrophages (Wang et al., 2019). How-
ever, the mechanism by which mechanical force modulates
the biogenesis and function of exosomes from MSCs is still
poorly understood.

Orthodontic tooth movement (OTM) is induced by me-
chanical forces and is promoted by the remodeling of peri-
odontal ligament (PDL) and alveolar bone. The PDL is a
dense fibrous connective tissue between the dental root
and the alveolar bone that contributes to bone homeostasis
and bone remodeling under mechanical stimulation. The
PDL is exposed to endogenous mechanical stimulus
derived from mastication and also suffers from exogenous
mechanical loading, such as occlusal interference and or-
thodontic appliances. The force could be tension, fluid
shear, compression, and hydrostatic force. During the pro-
cess, the PDL produces a variety of components to regulate
osteogenic- and osteoclastic-related signaling for the re-
modeling of periodontal tissue (Li et al., 2018a). PDL
stem cells (PDLSCs) have been isolated and identified as
the main MSCs in the PDL (Huang et al., 2018; Seo et al.,
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Figure 1. Compressive force promotes the biogenesis of exosomes derived from PDLSCs via RAB27B
(A and B) Immunofluorescent staining showed the expression of CD63 (red) and CD81 (green) in control or compressive force-primed

PDLSCs (n = 6). Scale bars, 10 nm.

(legend continued on next page)
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2004). Having immunomodulatory function and potential
for the generation of cementum/PDL-like complex (Seo
et al., 2004; Wada et al., 2009), PDLSCs are likely sensitive
to mechanical loading and play critical roles in alveolar
bone remodeling during OTM. During the response to me-
chanical force, PDLSCs produce a variety of inflammatory
cytokines and chemokines to regulate osteogenic- and oste-
oclastic-related signaling for the remodeling of alveolar
bone (Liu et al.,, 2017; Zhang et al.,, 2016). However,
whether mechanical force induces PDLSCs to secrete exo-
somes to contribute to alveolar bone remodeling remains
to be uncovered.

Herein, we demonstrate that mechanical force promotes
the biogenesis of exosomes from PDLSCs through RAB27B.
The exosomes primed by mechanical force showed supe-
rior capacity to induce osteoclast differentiation by upregu-
lating the exosomal ANXA3 level, which facilitated
exosome internalization to activate extracellular signal-
regulated kinase (ERK) phosphorylation.

RESULTS

Mechanical force promotes the biogenesis of exosomes
derived from PDLSCs via RAB27B

The effects of compressive force on the biogenesis of exo-
somes from PDLSCs were investigated. We applied 1.5
g/cm? static compressive force to PDLSCs for 24 h. Then,
we did immunofluorescence staining using the exosome
markers CD81 and CD63, and the results showed that
the expression levels of CD81 and CD63 increased in
force-primed PDLSCs compared with the control group
(Figures 1A, 1B, and S1A), and more microvesicles were
observed in the force-stimulated PDLSCs as analyzed by
transmission electron microscopy (TEM; Figure 1C). The
exosomes from the culture supernatant of PDLSCs were
isolated, and their morphology and size were analyzed us-
ing TEM and nanoparticle tracking analysis (NTA). The re-
sults showed that PDLSC exosomes were round and
ranged in size from 30 to 150 nm (Figures 1D and 1E).

The number of exosomes induced by compressive force
was nearly four times that of the control group, whereas
the size of exosomes was not altered after force treatment
(Figure 1E). In addition, compressive force treatment
increased CD81 and CD63 expression in PDLSC exosomes
(Figure 1F). RAB27 plays a crucial role in exosome biogen-
esis and secretion (Hessvik and Llorente, 2018; Kowal
et al.,, 2014). We found that the expression of RAB27B,
but not RAB27A, in the compressive force-stimulated
PDLSCs was remarkably increased compared with the con-
trol group (Figures 1G and 1H). Western blot results
confirmed that RAB27B expression was remarkably upre-
gulated after force stimulation (Figure 1I). The increased
number of exosomes and the upregulated expression of
CD81 and CD63 in PDLSC exosomes induced by force
were attenuated after RAB27B small interfering RNA
(siRNA) treatment (Figures 1J-1M). These results indicate
that compressive force increases the biogenesis of PDLSC
exosomes through RAB27B.

Mechanical force promotes PDLSC exosomes to

induce osteoclast differentiation

Exosomes derived from control or force-stimulated PDLSCs
were applied to RAW264.7 macrophages with the soluble
receptor activator of NF-«xB ligand (RANKL), which is used
to stimulate osteoclast differentiation, to figure out the ef-
fect of PDLSC exosomes on osteoclast differentiation. The
results showed that exosome treatment promoted osteo-
clast differentiation substantially (Figures 2A and 2B),
which was accompanied by increased expression levels of
the osteoclast markers dendritic cell-specific transmem-
brane protein (Dc-stamp) and matrix metalloprotease 9
(Mmp9), as assessed by qPCR (Figures 2C and 2D). More-
over, exosomes from force-primed PDLSCs showed supe-
rior capability to promote osteoclast differentiation
(Figures 2E-2H). However, exosomes failed to alter the oste-
ogenic differentiation capacity of PDLSCs (Figure S1B). The
results indicate that exosomes are able to induce and pro-
mote osteoclast differentiation.

(C) Transmission electron microscopy (TEM) images showing the microvesicles in control or compressive force-primed PDLSCs. Blue arrows

indicate microvesicles. Scale bars, 200 nm.

(D) TEM images of exosomes purified from the culture supernatant of control or compressive force-primed PDLSCs. Scale bars, 50 nm.
(E) Nanoparticle tracking analysis (NTA) of exosomes derived from control or compressive force-primed PDLSCs.

(F) Western blot showing the expression of CD81 and (D63 in exosomes derived from control or compressive force-primed PDLSCs.

(G and H) PCR analysis showing the expression of RAB27B (G) and RAB27A (H) in control or compressive force-primed PDLSCs.

(I) Western blot showing the expression of RAB27B in control or compressive force-primed PDLSCs.

(J and K) PCR (J) and western blot (K) results showing the knockdown efficacy of RAB27B siRNA in PDLSCs (n = 3).

(L) NTA of exosomes derived from control PDLSCs, compressive force-primed PDLSCs, and PDLSCs treated with force and RAB27B siRNA.
(M) Western blot showing the expression of CD81 and CD63 in control PDLSCs, force-primed PDLSCs, and PDLSCs treated with force and
RAB278B siRNA. Exosomes from equal quantities of PDLSCs for each group were used to load for western blot. The results are representative
of data generated in three independent experiments.

Data are presented as the mean + SD (*p < 0.05, **p < 0.01, ***p < 0.001). See also Figure S1.
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Exosomes are internalized by macrophages to induce
osteoclast differentiation

Exosomes can be transferred from originating cells to
recipient cells (Yi et al., 2020). We first tried to find out
whether exosomes from PDLSCs can be internalized by
RAW264.7 macrophages to explore the underlying mech-
anism by which exosomes induce osteoclast differentia-
tion. PKH26-labeled exosomes were detected in the cyto-
plasm of macrophages after 1 h of treatment, and the
intensity of red fluorescence increased after 3 h of treat-
ment (Figures 3A and 3B). This finding indicates that exo-
somes were incorporated into the RAW264.7 macro-
phages in a time-dependent manner. The ERK pathway
plays a pivotal role in osteoclast differentiation (Chi-
netti-Gbaguidi et al.,, 2017; Hotokezaka et al., 2002).
PDLSC exosomes considerably upregulated ERK phos-
phorylation in macrophages compared with the control
(Figures 3C and 3D). RAW264.7 cells were cultured with
5 pmol/L U0126 (ERK inhibitor) after exposure to exo-
somes to further explore the role of ERK signaling in oste-
oclast differentiation. The results showed that the
osteoclast differentiation induced by exosomes was atten-
uated after U0126 treatment, accompanied by the
decreased expression of Dc-stamp and Mmp9 (Figure S2A;
Figures 3E-3I). The proliferation of RAW264.7 macro-
phages was not affected by exosomes (Figure S2B). These
results indicate that exosomes were internalized by mac-
rophages and activated the phosphorylation of ERK to
induce osteoclast differentiation.

Mechanical force enhances the enrichment of
endocytic proteins in exosomes

The therapeutic effects of exosomes are mainly achieved
by transferring various proteins or microRNAs (miRNAs)
into recipient cells. Exosomes induced osteoclast differen-
tiation by activating ERK phosphorylation, and exosomes
showed superior capability to induce osteoclast differenti-
ation. We performed mass spectrometry to determine
whether exosome proteins play a role in osteoclast differ-
entiation. We identified 194 proteins in exosomes (see

Table S1 for complete list). Among them, 74 were shared
by exosomes from control and compressive force-primed
PDLSCs. We classified the upregulated proteins using
gene ontology (GO) components, namely, biological pro-
cesses, molecular processes, and cellular functions. The re-
sults showed that upregulated proteins were involved in
phagocytic vesicles and endocytic vesicles (Figures 4A
and 4B). Compared with the control exosomes, the upre-
gulated proteins (fold change >2, p < 0.01; Figure S2C) in
the force-primed PDLSC exosomes included the calcium
ion-binding proteins annexin A3 (ANXA3) and annexin
A6 (ANXAG6), which are able to modulate ERK phosphory-
lation (Guo et al., 2021; Sun et al., 2020). Western blot re-
sults validated that the force pretreatment of PDLSCs
increased the levels of ANXA3 and ANXA6 in exosomes
(Figure 4C), but not in PDLSCs (Figure 4D). The results
suggest that mechanical stimulation increases ANXA3
and ANXAG6 aggregation in exosomes.

ANXA3 in exosomes activates ERK phosphorylation to
promote osteoclast differentiation
ANXA3 and ANXAG6 siRNAs were used to pretreat PDLSCs,
and then exosomes were isolated to verify the effects of
ANXA3 and ANXAG6 on osteoclast differentiation. The exo-
somes with low levels of ANXA3 or ANXA6 were used to
treat RAW264.7 macrophages (Figure S2D; Figure 5A).
The results showed that the efficacy of exosomes at
inducing osteoclast differentiation was decreased by
ANXA3 siRNA but not by ANXA6 siRNA pretreatment
(Figures 5B-5D). The level of ERK phosphorylation in
RAW264.7 macrophages promoted by exosomes was
downregulated by ANXA3 siRNA pretreatment (Figure SE).
ANX can bind to Ca*" ions and phospholipid mem-
branes to form the surface of the cell membrane; therefore,
it affects the endocytosis mediated by calcium ions (Bouter
et al., 2015). We found that ANXA3 siRNA pretreatment
decreased the number of exosomes internalized by macro-
phages, assessed by immunofluorescence staining (Fig-
ure 5F), which suggests that ANXA3 is essential for the exo-
some internalization process.

Figure 2. Mechanical force promotes PDLSC exosome induction of osteoclast differentiation

(A) Tartrate-resistant acid phosphatase (TRAP) staining images of RAW264.7 macrophages treated with or without PDLSC exosomes for 1
and 7 days during osteoclast differentiation induced by soluble RANKL (n = 4). Scale bars, 200 pum.

(B) The number of TRAP-positive (TRAP+) osteoclast cells was increased in exosome group.

(Cand D) Expression of Dc-stamp and Mmp9 mRNA in RAW264.7 macrophages assessed by PCR after PDLSC exosome treatment for 1 day (n=3).
(E) TRAP staining images of RAW264.7 macrophages treated with exosomes from control or force-primed PDLSCs for 1 day in the absence of
soluble RANKL (n = 6). Red arrows indicate osteoclasts. Scale bars, 200 um.

(F) The number of TRAP-positive (TRAP+) osteoclast cells was more in the F-Exo. group than that in the Exo. group. Exo., exosome; F-Exo.,

exosome derived from force-primed PDLSCs.

(G and H) Expression of Dc-stamp and Mmp9 mRNA in RAW264.7 macrophages assessed by PCR after treatment with exosomes from control
or force-primed PDLSCs for 1 day (n = 3). The results are representative of data generated from three independent experiments.
Data are presented as the mean + SD (*p < 0.05, **p < 0.01, ***p < 0.001). See also Figure S1.
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Figure 4. Mechanical force enhances the enrichment of endocytic related proteins in exosomes

(A) Exosomes derived from control or force-primed PDLSCs were collected and subjected to liquid chromatography-mass spectrometry (LC-
MS) analysis. The identified differential proteins were used to perform heatmap analyses. The colors represent the protein concentration of
each sample calculated by peak area normalization.

(B) Gene ontology (GO) analysis of the upregulated proteins. BP, biological process; CC, cellular function; MF, molecular process.

(C) Western blot showing the expression of ANXA3 and ANXAG6 in exosomes derived from control and force-primed PDLSCs.

(D) Western blot showing the expression of ANXA3 and ANXAG6 in control and force-primed PDLSCs. The same amount of exosomes from each
group was used for the western blot. The results are representative of data generated from three independent experiments.

Data are presented as the mean + SD (**p < 0.01). See also Figure S2 and Table S1.

To further verify the effects of ANXA3 on osteoclast dif-  protein could induce osteoclast differentiation and upregu-
ferentiation, we used recombinant ANXA3 protein to treat late the ERK phosphorylation in RAW264.7 macrophages
RAW264.7 macrophages. The results showed that ANXA3  (Figures 5G-5]). These results indicate that force

Figure 3. Exosomes are internalized by macrophages and activate ERK phosphorylation

(A) Immunofluorescence staining showing PKH26-labeled exosomes (red) in RAW264.7 macrophages after 1 and 3 h of treatment. Cells
were stained with ACTIN (green) and DAPI (blue). Scale bars, 20 pm.

(B) The number of PKH26-labeled exosomes increased after 3 h of treatment. Exo., exosome.

(C and D) Western blots showing ERK phosphorylation in RAW264.7 macrophages after being treated with exosomes for 1 and 7 days.
(E) Western blot showing the phosphorylation of ERK in RAW264.7 macrophages after being treated with exosomes for 1 day with ERK
inhibition (U0126) or not.

(Fand G) PCR analysis showing that U0126 downregulated the expression of Dc-stamp and Mmp9 that was increased by exosome treatment
for 1 day.

(H) TRAP staining showing that the increased number of TRAP-positive (TRAP+) osteoclasts induced by PDLSC exosomes for 1 day was
decreased after using U0126 (n = 4). Scale bars, 200 pm. Red arrows indicate osteoclasts.

(I) The increased number of TRAP-positive (TRAP+) osteoclast cells was attenuated after U0126 treatment. The results are representative
of data generated from three independent experiments.

Data are presented as the mean + SD (*p < 0.05, **p < 0.01, ***p < 0.001). See also Figure S2.
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Figure 5. Exosomal ANXA3 activates ERK phosphorylation to promote osteoclast differentiation
(A) Western blot showing the expression of ANXA3 and ANXAG6 in exosomes derived from PDLSCs treated with control siRNA, ANXA3 siRNA,

or ANXA6 siRNA.

(B) TRAP staining images of RAW264.7 macrophages treated with PDLSC exosomes pretreated with control siRNA, ANXA3 siRNA, or ANXA6

siRNA (n = 5). Scale bars, 200 um.

(Cand D) Expression of Dc-stamp and Mmp9 mRNA in RAW264.7 macrophages treated with PDLSC exosomes pretreated with control siRNA,

ANXA3 siRNA, or ANXA6 siRNA, assessed by PCR.
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pretreatment increases ANXA3 level in exosomes, which
activates ERK phosphorylation in RAW264.7 macrophages
and promotes osteoclast differentiation.

PDLSC exosomes enhance mechanical force-induced
tooth movement

Exosomes play a crucial role in variety of physical and
pathological processes (Kukita et al., 2004). We estab-
lished an animal model of mechanical force-induced
tooth movement and found that the expression of exo-
some marker CD63 in periodontal tissue was elevated af-
ter force treatment, which suggests that compressive force
increases exosome biogenesis in vivo (Figures 6A and 6B).
We injected PDLSC exosomes into mice intravenously on
day O during tooth movement to further examine the ef-
fects of PDLSC exosomes on osteoclast differentiation.
The results showed that, compared with the control
group, PDLSC exosomes increased the distance of tooth
movement (Figures 6C-6G). Tartrate-resistant acid phos-
phatase (TRAP) staining results showed that the injection
of PDLSC exosomes increased the number of force-
enhanced TRAP-positive osteoclasts on the compressive
side of PDL and alveolar bone (Figures 61 and 6J), while
the number of osteocalcin-positive osteoblasts slightly
increased on the tension side of the PDLSC exosome infu-
sion group (Figure S3A). In addition, the length of the
distal buccal root of the first molar showed no remarkable
change after exosome infusion compared with the control
group (Figure S3B). The results indicate that exosome
infusion could promote force induced osteoclast differen-
tiation and bone remodeling.

Inhibition of ERK signaling blocks tooth movement
induced by exosome infusion

U0126 was injected into mice on day 0 during tooth move-
ment to verify the role of ERK signaling in exosome-
induced osteoclast differentiation (Figure 7A). The results
showed that the increased distance of tooth movement
induced by PDLSC exosomes was attenuated after U0126
treatment in mice (Figures 7B-7F). The number of TRAP-
positive osteoclasts on the compressive side, which was up-

regulated by exosomes, was decreased after U0126 treat-
ment (Figures 7G and 7H). These results confirm that
PDLSC exosomes promote osteoclast differentiation and
tooth movement via the ERK signaling pathway.

DISCUSSION

Exosomes have become a potential cell-free therapeutic
tool for various diseases (Mendt et al., 2019). As the thera-
peutic effect of exosomes is dose dependent, increasing the
number and properties of exosomes is an urgent medical
need. Several researchers have investigated the use of
different biomedical molecules, such as cytokines; hypox-
ia; and gene modification to improve the production and
function of exosomes. The amount of tissue factor in bron-
choalveolar lavage fluid from patients with asthma was five
times greater than that of healthy controls. Airway epithe-
lium that suffers from pressure, such as compressive stress,
during bronchoconstriction in asthma produces more exo-
somes (Park et al.,, 2012). Mechanical stress induces the
release of exosomes containing the angiotensin 2 type 1 re-
ceptor in vitro under hypotonic conditions and in vivo with
pressure overload (Pironti et al., 2015). In another study,
the extracellular vesicles derived from 24 h mechanical
stress-treated cardiomyocytes were present at increased
numbers and were of larger size (Yuan et al., 2018). Our re-
sults showed that the number of exosomes from PDLSCs
induced by compressive force was nearly four times that
of the control group. The size of the exosomes was not
altered after compressive force treatment. In addition, our
results showed that exosomes derived from compressive
force-primed PDLSCs showed higher efficacy at inducing
osteoclast differentiation compared with the control exo-
somes. These data indicate that force may be an alternative
to enhance the therapeutic effect of exosomes. Further
investigation is needed to explore a more efficient strategy
to promote the properties of exosomes.

Exosome secretion is a multi-step process regulated by a
series of molecules. Studies showed that Rab GTPases and
SNARE proteins (SNAP-23 and VAMP7) are involved in

(E) Western blot showing ERK phosphorylation in RAW264.7 macrophages after being treated with PDLSC exosomes pretreated with control

siRNA or ANXA3 siRNA.

(F) Immunofluorescence staining showing PKH26-labeled exosomes (red) derived from PDLSCs treated with control siRNA or ANXA3 siRNA
in RAW264.7 macrophages after 3 h of treatment. Cells were stained with ACTIN (green) and DAPI (blue). Scale bars, 20 um.
(G) TRAP staining images of RAW264.7 macrophages treated with ANXA3 protein for 1 day in the absence of soluble RANKL. Scale bars,

200 pm.

(H and I) Expression of Dc-stamp and Mmp9 mRNA in RAW264.7 macrophages assessed by PCR after treatment with ANXA3 protein.

(J) Western blot showing ERK phosphorylation in RAW264.7 macrophages after being treated with ANXA3 protein or not. Exo., exosome;
siANXA3-Exo. and siANXA6-Exo., exosomes derived from PDLSCs treated with ANXA3 siRNA or ANXA6 siRNA. The same amount of exosomes
from each group was used for western blots. The results are representative of data generated from three independent experiments.
Data are presented as the mean + SD (*p < 0.05, **p < 0.01, ***p < 0.001). See also Figure S2.
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Figure 6. PDLSC exosomes enhance mechanical force-induced tooth movement

(A) Schema of the tooth movement. Mechanical force was applied to mice in each group for 7 days.

(B) Immunohistochemical staining showing that CD63 expression on the compression side of periodontal tissue was elevated after force
(n=4).

(legend continued on next page)
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exosome secretion (Hsu et al., 2010; Wei et al., 2017). Rab
GTPases influence docking as well as fusion processes and
play a critical role in the regulation of extracellular micro-
vesicle (MVB) transmission (Li et al., 2018b). RAB27A and
RAB27B have common functions in the docking of MVBs
on plasma membrane, but the two RAB27 isoforms have
different roles in the exosomal pathway (Ostrowski et al.,
2010). In our study, we found that the expression of
RAB27B, but not RAB27A, was upregulated after force stim-
ulation, which suggests that RAB27B may be more sensitive
to mechanical forces than RAB27A. Further research on the
function of RAB27B after mechanical force treatment is
needed to elucidate the molecular mechanisms of mechan-
ical force-induced exosome secretion.

Bone remodeling gives rise to a dynamic bone struc-
ture through a balance between bone formation by osteo-
blasts and resorption by osteoclasts, which allows the ac-
commodation of bones to dynamic mechanical forces.
Mechanical forces are indispensable for bone homeostasis;
bone formation, resorption, and adaptation are dependent
on mechanical signals (Wang et al., 2022). Prolonged pe-
riods of disuse that occur with therapeutic bed rest, paraly-
sis, and limb amputation can substantially reduce the me-
chanical stress placed on the bone, thus resulting in disuse
osteoporosis. During spaceflight, an extreme form of
disuse, bone loss is accelerated due to increased bone
resorption and decreased bone formation (Alexandre and
Vico, 2011; LeBlanc et al.,, 2007). In addition, studies
have suggested that abnormal mechanical loading acti-
vates osteoclast activity and increased bone resorption in
subchondral bone, which is associated with the pathogen-
esis of osteoarthritis (Karsdal et al., 2014). Our results
showed that mechanical force regulates bone remodeling
through exosome release, suggesting that exosome release
could be a new mechanism by which the body senses
and transduces mechanical forces to regulate bone
remodeling.

Annexins are a key subgroup of calcium-ion-binding pro-
teins, involved in the regulation of membrane trafficking,
cell adhesion, and immune responses. ANXAs are involved
in homeostasis in bone cells (Balcerzak et al., 2003), and
ANXAZ2 has been suggested to stimulate osteoclast forma-
tion (Menaa et al., 1999). Our results showed that ANXA3

activates the ERK signaling pathways to induce osteoclast
differentiation; however, ANXAG6 failed to alter osteoclast
differentiation (Guo et al.,, 2021; Sun et al.,, 2020). The
levels of both ANXA3 and ANXA6 in exosomes were
decreased after ANXA3 siRNA treatment. These results indi-
cate that different proteins in the ANXA family may play
different roles. As far as we know, this study is the first to
illustrate that compressive force promotes exosomes to
induce osteoclast differentiation, which is mediated by
ANXA3 in exosomes. The composition of exosomes differs
depending on the source and the cell status (Ferguson and
Nguyen, 2016). For example, active hematopoiesis
increased the exosomal release of PRDX2 from erythro-
blastic cells, which induced osteoclast formation (Sadva-
kassova et al., 2021). Moreover, the exosomal release of
L-plastin was important for breast cancer-induced osteo-
clast formation, as inhibition of exosomal release reduced
the osteoclastogenic potential of breast cancer cells (Tiede-
mann et al,, 2019). Whether other proteins or miRNAs
were altered in exosomes derived from different primed
MSCs and the underlying mechanism needs to be further
studied.

Other than their role in intercellular signaling, exo-
somes have been known to function in cell-cell communi-
cations and as drug delivery vehicles. Exosomes regulate
intercellular communication by serving as vehicles to
transfer various cellular constituents through endocytosis.
The lipid and protein content of vesicles may affect the
endocytosis process and their tropism to specific organs
(Murphy et al., 2019). For example, the lipid composition
of extracellular vehicles (EVs) influences the cellular up-
take of EVs by macrophages (Matsumoto et al.,, 2017).
Similarly, EVs containing integrin alpha4 and Tspan8
were more preferentially taken up by pancreatic cells
(Rana et al., 2012). Here, we showed that ANXA3 expres-
sion in exosomes could promote exosome accumulation
in macrophages. The ANXA3 level in exosomes from
PDLSCs was enhanced by mechanical force treatment.
These results indicate that mechanical force may be one
alternative strategy to enhance the drug delivery efficacy
of EVs. However, the specific mechanisms for how
ANXA3 protein regulates the endocytosis process need
further investigation.

(C-G) Injection of PDLSC exosomes was performed on the first day of tooth movement (day 0). The occlusal view (C and D) and three-
dimensional reconstruction (E), as well as the sagittal view (F and G) by micro-computed tomography (micro-CT), of the first and second
molars show that PDLSC exosomes increased the OTM distance compared with the control group (n = 5).

(H) Hematoxylin and eosin (H&E) staining on the compressive side of the distal root of the maxillary first molar.

(I and J) TRAP staining on the compressive side of the distal root of the maxillary first molar. The number of TRAP-positive (TRAP+)
osteoclast cells was upregulated in the exosome group (n = 3). AB, alveolar bone; R, root; M1, first molar; M2, second molar. Blue arrows
indicate the OTM distance. White and black arrows indicate the direction of the mechanical force. Scale bars, 100 um (C, E, and F) and
200 um (B, H, and I). The results are representative of data generated from three independent experiments.

Data are presented as the mean + SD (*p < 0.05, **p < 0.01, ***p < 0.001). See also Figure S3.
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Avariety of signaling pathways, such as NF-kB, p38, c-Jun
N-terminal kinase, and Src, regulate osteoclast differentia-
tion (Boyle et al., 2003). In the present study, we found
that PDLSC exosomes activated the ERK pathway to pro-
mote osteoclast differentiation and tooth movement.
Whether other pathways are regulated by PDLSC exosomes
needs to be further studied.

In summary, our study showed that compressive force
promotes the biogenesis of exosomes from PDLSCs
through RAB27B. Compressive force-primed PDLSC exo-
somes have a superior capability to promote osteoclast dif-
ferentiation, which is mediated by increasing the expres-
sion of ANXA3. Mechanically, ANXA3 in exosomes
induces osteoclast differentiation by activating the phos-
phorylation of ERK (Figure 7I). Our research highlights a
new property of mechanical force in regulating exosome
biogenesis and function and reveals that exosomes may
be a promising alternative for targeting bone remodeling.

EXPERIMENTAL PROCEDURES

Ethics approval

This study was approved by the Animal Use and Care Committee
of Peking University (approval LA2019-92). All institutional and
national guidelines for the care and use of laboratory animals
were followed.

Cell culture and treatment

The protocols for obtaining human tissue have been previously
described (Liu et al., 2017) and were performed after obtaining
informed consent from participants and approval from the Peking
University Ethical Guide (PKUSSIRB-201311103). PDLSCs were
isolated from the healthy donors’ extracted premolars as previ-
ously described (Liu et al., 2017) and cultured at 37°C with 5%
CO; and the alpha modification of Fagle’s medium («-MEM) con-
taining 15% fetal bovine serum (FBS; Gibco, Carlsbad, CA). Static
compressive force application on PDLSCs was performed using a
layer of glass and metal weights placed on the top of the cell layer

at 80% confluence in plates. We applied 1.5 g/cm? compressive
force on PDLSCs for 24 h, which was indicated as an appropriate
force to induce a physiological response in PDLSCs (Liu et al.,
2017). PDLSCs were observed with a transmission electron micro-
scope (FEI Tecnai Spirit 120 kV).

Murine macrophage RAW264.7 cells were purchased from the
National Infrastructure of Cell Line Resource (Beijing, China)
and cultured with RPMI 1640 medium containing 15% FBS at
37°C with 5% CO,. For osteoclast differentiation, RAW264.7 cells
were seeded in six-well dishes at a density of 5 x 10° cells per well,
cultured overnight, and then treated with 50 ng/mL soluble
RANKL. At the same time, RAW264.7 cells were treated with
50 pg/mL PDLSC exosomes or control phosphate-buffered saline
(PBS) for 1 or 7 days. For the signaling inhibition assay, the
RAW264.7 cells were pretreated with inhibitors of ERK (U0126,
5 uM; Merck Millipore) or control vehicle (DMSO) for 2 h and
then treated with PDLSC exosomes for 1 day.

Isolation, analysis, and labeling of exosomes

Exosomes were isolated from PDLSCs cultured in o-MEM with
exosome-free serum (centrifuged at 120,000¢ for 70 min) for 48
h. The culture supernatant was collected and exosomes were
isolated using an exosome isolation kit (System Biosciences) or
ultracentrifugation according to previously described standard
methods (Jiang et al., 2017). Optima MAX-XP (Beckman Coulter,
USA) was used to perform ultracentrifugation experiments. The
final pellet was resuspended in PBS for further analyses. The pro-
tein amount in exosomes was quantified by bicinchoninic acid
assay. TEM (JEM-1400PLUS, Japan) was performed to observe exo-
somes. To quantify exosomes, NTA was performed at Shanghai
Biotechnology (Shanghai, China) with the ZetaView PMX 110
(Malvern Instruments, UK). PKH-26 (Sigma-Aldrich, USA) was
used for exosome labeling according to the instructions of the
manufacturer.

Transmission electron microscopy

Exosomes were fixed in 2% paraformaldehyde, washed, and loaded
onto Formvar-carbon-coated grids. After washing, exosomes were
postfixed in 2% glutaraldehyde for 2 min, washed, and contrasted
in 2% phosphotungstic acid for 5 min. Samples were washed,

Figure 7. Inhibition of ERK signaling blocked tooth movement induced by exosome infusion

(A) Schema of the injection of ERK inhibitor U0126. Mechanical force was applied to the mice in each group for 7 days. The injections of
PDLSC exosomes and U0126 were performed on the first day of tooth movement. i.v., intravenously.

(B-F) The occlusal view (B and C) and three-dimensional reconstruction (D), as well as the sagittal view (E and F) by micro-CT, of the first
and second molars from mice induced by PDLSC exosomes. The OTM distance was attenuated after U0126 was injected intravenously
(n=4).

(G and H) TRAP staining on the compressive side of the distal root of the maxillary first molar. The number of TRAP-positive (TRAP+)
osteoclast cells upregulated by exosomes was downregulated after U0126 treatment (n = 4). AB, alveolar bone; R, root; M1, first molar; M2,
second molar. Blue arrows indicate the OTM distance. White and black arrows indicate the direction of the mechanical force. Scale bars,
100 um (B, D, and E) and 200 um (G). The results are representative of data generated from three independent experiments. Data are
presented as the mean + SD (*p < 0.05, **p < 0.01).

(I) Schematic diagram. Compressive force promotes the biogenesis of exosomes from PDLSCs through RAB27B. Compressive force-primed
PDLSC exosomes have a superior ability to promote osteoclast differentiation, which is mediated by increasing the level of exosomal
ANXA3. Mechanically, exosomal ANXA3 facilitates the internalization of exosomes by macrophages to induce osteoclast differentiation
by activating ERK phosphorylation, thereby accelerating the process of tooth movement. MVBs, extracellular microvesicles.
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dried, and examined using an electron microscope (JEM-
1400PLUS, Japan).

For cells, control and force-stimulated PDLSCs were collected by
centrifugation and fixed with 2.5% glutaraldehyde overnight and
then fixed with 1% osmium tetraoxide for 2 h, dehydrated in a
graded series of ethanol concentrations, and embedded in
SPIPONS812 resin and polymerized. The block was sectioned by
microtome (Leica EM UC6). The ultrathin sections of approxi-
mately 70 nm were mounted on copper grids, uranyl acetate and
lead citrate were used to stain them, and they were examined
and photographed with an FEI Tecnai Spirit TEM (FEI Tecnai Spirit
120 kV).

Nanoparticle tracking analysis

NTA was performed with the ZetaView PMX 110 (Particle Met-
rix, Meerbusch, Germany). Purified exosomes were diluted
with PBS to measure the particle size and concentration. The
corresponding software, ZetaView 8.04.02, was used to analyze
the data. To convert the yield from concentration to an accurate
number of particles, dilution factors and resuspension volumes
were used.

Exosome proteome analysis by mass spectrometry

For proteomic analysis of exosomes, exosome samples were lysed
by sodium dodecyl sulfate. Five micrograms of exosome proteins
per group was isolated using SDS-PAGE followed by Coomassie
blue staining and destaining. The whole lane corresponding to
each sample was cut into 1 X 1 mm cubes using a clean scalpel.
Then the gels were destained, reduced with dithiothreitol solution
(5 mM dithiothreitol in 50 mM ammonium bicarbonate), and al-
kylated with iodoacetamide solution (11 mM iodoacetamide in
50 mM ammonium bicarbonate). Then trypsin solution was added
to the gels for digestion overnight at 37°C. The supernatant con-
taining the digested peptides was transferred into a clean tube
for liquid chromatography-tandem mass spectrometry (LC-MS/
MS) analysis. The raw data of mass spectrometry were searched
against the UniProt human proteome by using the Proteome
Discoverer software (version 1.4; Thermo Scientific). The parame-
ters for database searching were static modifications of carbamido-
methylation (+57.021 Da) on cysteine; dynamic modification of
oxidation (+15.995 Da) on methionine; no more than two missed
cleavages were allowed; the mass tolerances of precursors and
fragments were 20 ppm and 0.02 Da, respectively; only peptides
with false discovery rate below 1% were considered as high-confi-
dence hits; and only unique peptides were used for protein
quantification.

Western blot analysis

Cells and purified exosomes were lysed using a protein extraction
kit (RIPA cocktail; Thermo). The same amounts of whole-cell ly-
sates or exosomal proteins for each group were loaded for western
blot. For analyzing the amount of exosomes (CD63 and CD81), we
used exosomes from equal quantities of PDLSCs for each group to
load in the western blot. SDS-PAGE was applied to isolate the same
amount of proteins, and the proteins were transferred onto a poly-
vinylidene fluoride membrane. The membranes were blocked with
5% non-fat milk and 0.1% Tween 20 for 1 h and incubated with

CD63 (1:1,000, A5271; ABclonal Technology); CD81 (1:500, sc-
166029), annexin III (1:1,000, sc-390700), annexin VI (1:1,000,
sc-271859), and B-actin (1:10,000, sc-8432) (Santa Cruz Biotech-
nology); and ERK (1:1,000, 4695S) and p-ERK (1:1,000, 4370S)
(Cell Signaling Technology) primary antibodies at 4°C overnight.
The blots were delivered by a horseradish peroxidase (HRP)-conju-
gated secondary antibody and subjected to enhanced chemilumi-
nescence detection. Quantitative analysis was performed by
ImageLab software provided by the manufacturer (Bio-Rad).

Immunofluorescence staining

Immunofluorescence staining was used to show the expression of
CD81 and CD63 in PDLSCs and the PKH26 exosomes in
RAW264.7 macrophages. Cells were fixed in 4% paraformaldehyde
and washed with PBS. The PDLSCs were stained by primary
antibodies of anti-CD81 (1:200, Santa Cruz Biotechnology) and
CD63 (1:200, ABclonal Technology). RAW264.7 macrophages
with or without PKH26 exosomes were stained with fluorescently
labeled phalloidin (Oregon Green, Invitrogen, USA). Nuclei were
counterstained with 4’,6-diamidino-2-phenylindole. Confocal
microscopic images were processed with LSM 5 release 4.2 software
after acquisition by a laser-scanning microscope (LSM 510; Zeiss).

An experimental animal model of mechanical loading
Following the Animal Use and Care Committee of Peking Univer-
sity approval (LA2019-92), 8-week-old adult C57BL/6 mice (male,
20-25 g) were used in our study. Mechanical force was applied
following a previously described method (Liu et al., 2017). In short,
a nickel-titanium coil spring (diameter, 1 mm; wire size, 0.2 mm;
length, 1 mm) was bonded between the left first maxillary molar
and the incisors to deliver a constant force of nearly 30 g for
7 days. The contralateral first molar was used as a control. At the
same time, mice were administered intravenously with either puri-
fied PDLSC exosomes (100 pg) suspended in 200 pL PBS or control
PBS as reported before (Liu et al., 2017). To specifically identify the
role of ERK signaling in tooth movement induced by exosome
infusion, mice were randomly intraperitoneally or locally injected
with ERK inhibition (locally, 50 nM; Merck Millipore) or control
DMSO after PDLSC exosome infusion.

Micro-computed tomography analysis

The mice were sacrificed after force was applied for 7 days. The
entire maxillae were removed. The occlusal view of the maxillae
was recorded by a stereomicroscope (SWZ1000; Nikon, Japan).
The distance of tooth movement was measured as previously
described (He et al., 2015; Liu et al., 2017). Briefly, the distance
was measured between the tangent to the distal edge of the first
molar and the tangent to the mesial edge of the second molar.
Then, the maxillae of mice were scanned using a micro-computed
tomography (micro-CT) system (SkyScan, Bruker, Germany,
860 pnA, 55 kV, 12.5 pm pixel size). Radiographs were reconstructed
and analyzed with CTan and CTvox software (Bruker). For the fe-
mur, the region of interest (ROI) selected for analysis was 5% of
the femoral length from 0.1 mm below the growth plate to
determine trabecular bone volume per tissue volume (Tb. BV/TV)
and trabecular number (Tb. N). Tooth movement distance was
measured between the two closest points from the sagittal view
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with the smallest tooth distance. The length of the distal buccal
root of the first molar was measured from the amelocemental junc-
tion to the root tip. Two trained researchers blinded to the group
design independently measured tooth movement distance using
Image] v.1.37 software (Wayne Rasband).

Tartrate-resistant acid phosphatase staining

The same sections used for histological study were deparaffinized
and then used for TRAP staining. Cells were fixed in 4% parafor-
maldehyde and washed with PBS. The sections and cells were
treated with TRAP with a leukocyte acid phosphatase kit (387A-
1KT; Sigma, USA). According to the manufacturer’s instructions,
0.5 mL Fast Garnet GBC base solution and 0.5 mL sodium nitrite
solution were added to a tube, mixed by gentle inversion for 30
s, and allowed to stand for 2 min. The Diazotized Fast Garnet
GBC solution was added in 45 mL of 37°C deionized water. The
following solution was added to the deionized water: 0.5 mL Naph-
thol AS-Bl phosphate solution, 2.0 mL acetate solution, and 1.0 mL
tartrate solution. Solutions were transferred from beakers to an
appropriate Coplin jar. Solutions in jars were warmed to 37°C in
a water bath. Slides were added to the Coplin jars and incubated
for 1 h in a 37°C water bath protected from light. After 1 h, the
slides were rinsed thoroughly in deionized water and then counter-
stained for 2 min in hematoxylin solution, Gill no. 3. Slides were
rinsed for several minutes in alkaline tap water to reveal blue
nuclei. The slides were air dried and evaluated microscopically.
The TRAP-positive multinucleated (>3 nuclei) cells were counted
in the PDL area adjacent to the alveolar bone, or the average num-
ber of TRAP-positive cells/mm? in each well of RAW264.7 macro-
phages was used.

Real-time PCR

Total RNA of the treated cells was extracted by TRIZOL reagent (In-
vitrogen, USA) and synthesis of cDNA was performed using the
SuperScript RT-PCR system (Thermo Fisher Scientific, Rockford,
IL, USA) with Platinum Taq High Fidelity (Invitrogen, USA). Quan-
titative real-time PCR was performed on a Real-Time PCR System
(Applied Biosystems 7500, USA) using 2x SYBR Green (Invitrogen,
USA). The primers used are listed in Table S2. The amplification
specificity of the newly designed primers was confirmed by
melting curve. Efficiency was confirmed by sequencing conven-
tional PCR products.

Statistical analysis

Statistical analysis was performed by SPSS 22.0 software. Indepen-
dent unpaired two-tailed Student’s t tests were used to analyze the
comparisons between two groups. In addition, one-way ANOVA
with Tukey’s tests was used to analyze the comparisons among
more than two groups. A p < 0.05 was considered statistically
significant.

Data availability

The datasets generated and analyzed during the current study are
not publicly available due to the policy of the institution, but are
available from the corresponding author on reasonable request.
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