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Exosomes derived from osteoclasts under compression stress inhibit

osteoblast differentiation
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Abstract: Orthodontic tooth movement is triggered by orthodontic force loading on the periodontal ligament and is
achieved by alveolar bone remodeling, which is regulated by intimate crosstalk between osteoclastogenesis and
osteoblast differentiation. Whether the communication between osteoclasts and osteoblasts is influenced by
orthodontic compression stress requires further clarification. In this study, osteoclasts were differentiated for 10 days.
On day 4 of differentiation, the number of pre-osteoclasts peaked, as determined by the increased expression of
RANK and the number of multinucleated cells. After 24 h of compression stress loading, on day 4, the number of
osteoclasts increased, and the optimal magnitude of stress to promote osteoclastogenesis was determined as 1 g/cm’.
Moreover, the results of RNA-sequencing analysis showed that the miRNA expression profile changed markedly after
compression loading and that many of the altered miRNAs were associated with cell communication functions. A
series of indirect co-culture experiments showed an inhibitory effect of osteoclasts on osteoblast differentiation,
especially after compression. Next, we added osteoclast-derived exosomes to hPDLSCs during osteoblast
differentiation. Exosomes derived from osteoclasts under compression (cEXO) showed a greater inhibitory effect on
osteoblast differentiation, compared to exosomes from osteoclasts without compression (EXO). Therefore, we
analyzed differentially expressed miRNAs associated with bone development functions in exosomes: miR-223-5p and

miR-181a-5p were downregulated, whereas miR-133a-3p, miR-203a-3p, miR-106a-5p, and miR-331-3p were

upregulated; these altered expressions may explain the enhanced inhibitory effect of compression stress.

Introduction

Bone remodeling, which depends on the balance between bone
formation and resorption, is based on close relationships
among osteocytes, osteoblasts, and osteoclasts (Hughes et al,
2020; Rendina and Clifford, 2020; Yuan et al, 2016). As a
class of resident cells, osteocytes are the primary
mechanosensory cells and orchestrate the different responses
of bone to different mechanical environments (Hughes et al,
2020). Interactions between osteoclasts and osteoblasts lead to
different degrees of bone remodeling, which is important for
fracture healing, bone disease treatment, and orthodontic
tooth movement (Wang et al,, 2018; Zhu et al., 2018). These
interactions are regulated by multiple genes and proteins (Li
et al, 2017; Mikihito et al, 2019; Yu et al, 2019), as
well as by the dynamic extracellular microenvironments
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(e.g., external mechanical forces). Furthermore, a series of
bone signals (Wang ef al, 2018) have been identified as
responses to stress stimuli (Berger et al., 2019).

Mechanical forces such as cyclic mechanical stretch, fluid
shear, and compression have all been shown to alter the
process of bone remodeling (Wang et al, 2018). In
particular, the alveolar bone is primarily under tension in
the direction of tooth movement, while the periodontal
ligament (PDL) is under compression (Jiang et al, 2015).
This finding indicated compression stress of PDL plays a
role in tooth movement in orthodontics at an early stage.
Compression stress has been shown to promote osteoclast
differentiation and inhibit osteoblast differentiation in
human periodontal ligament stem cells (hPDLSCs), both in
vitro and in vivo (Chen et al., 2015; Hayakawa et al., 2015;
Iwawaki et al., 2015). This process is regulated a number of
molecules, including ephrin B2, ephrin type-B receptor 4
(EphB4), nuclear factor (NF)-kB, and osteoprotegerin (Dou
et al, 2016; Hou et al., 2014; Li et al., 2017; Li et al., 2016).
Recent studies have explored the role of exosomes in bone
remodeling; they have shown that exosomes are important
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for communication among bone marrow stromal cells
(BMSCs), C2Cl12 myoblasts, osteoclasts, and osteocytes
(Huynh et al, 2016; Liu et al., 2018; Xu et al, 2018).
Specifically, BMSC-derived exosomes were shown to
promote regeneration of periodontal tissue by osteoblasts,
while osteocytic exosomes were shown to inhibit osteoblast
differentiation; those results indicated that osteoblasts are
regulated by exosomes derived from other bone cells (Qin et
al., 2017; Qin et al., 2016). Exosomes are extracellular vesicles
with a diameter of 30-100 nm, which participate in
intercellular communication and mediate various metabolic
processes through the proteins, lipids, mRNAs, and miRNAs
that they carry (Thayanithy et al, 2017). The miRNAs
contained in exosomes play a variety of essential roles; the
effects of miRNAs in bone remodeling, especially changes
induced by mechanical forces, have been studied extensively
(Wang et al, 2018). For example, miR-494-3 induced by
compressive force has been shown to inhibit osteogenesis,
while miR-103 expression was shown to be altered by
compression stress in hPDLCs (Chen et al., 2015; Iwawaki ef
al., 2015; Zuo et al., 2015). However, few studies have focused
on whether and how compression stress regulates the
interaction between osteoclasts and osteoblasts or the roles of
exosomes and miRNAs (Yuan et al, 2018). As an essential
step in orthodontic tooth movement, osteoclasts appear
following the recruitment of pre-osteoclasts to the PDL
compressive side (Rody et al., 2001). Therefore, the reaction
of pre-osteoclasts to compression stress is considered a
critical component of the orthodontic tooth movement.

In this study, a suitable model of compression stress was
applied during osteoclast differentiation to mimic the
mechanical compression loading used in orthodontic
treatment. Following determination of the optimal force
magnitude and loading time, pre-osteoclasts and osteoclasts
were placed under compression of 1 g/cm” for 24 h on day
4 of osteoclastogenesis. The culture supernatants of pre-
osteoclasts and osteoclasts were collected on day 5 of
differentiation. Exosomes in the supernatants of cells with and
without compression loading (cEXO and EXO, respectively)
were extracted after gradient centrifugation. The inhibitory
effects of the cEXO and EXO exosomes on osteoblast
differentiation of hPDLSCs were assessed by sequencing the
changes in the miRNA profiles in the osteoclasts. Expression
levels of miR-223-5p, miR-181a-5p, miR-133a-3p, miR-203a-
3p, miR-106a-5p, and miR-331-3p, which have been linked to
bone remodeling, were altered in both osteoclasts and
exosomes; these findings suggested possible novel targets for
regulation of orthodontic tooth movement.

Materials and Methods

Cell culture and differentiation

The human monocytic cell line THP-1 was maintained in
RPMI 1640 media (HyClone, Auckland, New Zealand) with
15% fetal bovine serum (FBS; Gibco, Auckland, New
Zealand) supplemented with 100 pg/mL penicillin and
streptomycin (Gibco). hPDLSCs were isolated and cultured,
as described previously (Zheng et al., 2017). PDL tissues were
isolated from premolars at Peking University Stomatology
Hospital. Patients provided informed consent for the
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provision of teeth. Experimental protocols were approved by
the Ethics Committee of Peking University (PKUSSIRB-
2011007). Tissues were scraped from the middle of the tooth
roots and cultured in a-MEM (HyClone) supplemented with
15% FBS, penicillin, and streptomycin. Cells were incubated
at 37°C in 5% CO2 in humidified air. The hPDLSCs were
characterized by the determination of CD73, CDI105, and
CD90 expression as described previously (Zheng et al., 2017).

For osteoclast differentiation, THP-1 cells were
differentiated using 100 ng/mL phorbol 12-myristate 13-
acetate (PMA; Sigma-Aldrich, St. Louis, MO, USA) for 24 h.
Following  removal of PMA-containing medium,
differentiation was induced by incubation with osteoclast
medium containing 50 ng/mL macrophage colony-
stimulating factor (M-CSF) (Novoprotein, Summit, NJ,
USA) and 50 ng/mL receptor activator of NF-«xB ligand
(RANKL; Novoprotein) for 2, 4, 6, 8, or 10 days.

For osteogenic differentiation, hPDLSCs were induced in
an osteogenic medium with osteogenesis factors (OGFs),
including 100 nM dexamethasone, 200 uM L-ascorbic acid,
and 10 mM B-glycerophosphate.

Immunofluorescence analysis

THP-1 cells were incubated in 12-well plates with a
conditioning medium. Procedures were performed as
described previously. Briefly, cells were fixed with 4%
paraformaldehyde. Primary antibodies against RANK (Santa
Cruz Biotechnology, Santa Cruz, CA, USA) and FAK
(Proteintech, Hubei, China) were diluted to 1:500 in 5%
bovine serum albumin (5% BSA, Solarbio), and cells were
incubated with primary antibodies overnight at 4°C.
Secondary antibody (Alexa Fluor 488 goat anti-mouse IgG
[H + L]; Invitrogen, Carlsbad, CA, USA) was diluted to
1:1000 and added to cells for 1 h at room temperature.
Nuclei were stained with DAPI; cells were imaged using
fluorescence microscopy (Nikon Eclipse TS100).

Application of compression stress

Before the application of compressive force, THP-1 cells were
induced on a glass sheet for 4 days. Collagen gel layers were
prepared on separate culture plates as described previously by
Hayakawa ef al. (2015). Subsequently, pre-osteoclasts and
osteoclasts on the sheet were reversed and placed on top of the
collagen gel layers. A matched container with different numbers
of beads was placed gently on the glass sheet after calculating
the weight. Based on our preliminary experiment results, we
applied a maximum magnitude of 1.2 g/cm” to avoid severe cell
deformation and gel breakage. Then we loaded a series of
gradient compression forces from 0 to 1.2 g/cm® onto the cell
layers. The cells under the glass sheet were subjected to uniform
and continuous compression force for 24 h.

In the subsequent indirect co-culture experiment and
miRNA sequencing analysis, to avoid the influence of
collagen gel, osteoclasts in control groups were seeded on a
glass sheet and placed directly on a gel layer without
reversal of the sheet.

Indirect co-culture of hPDLSCs and osteoclasts
hPDLSCs were seeded on Transwell membrane inserts with a
pore size of 0.4 pm; THP-1 cells were induced to form
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osteoclasts in the lower compartment. OGFs were added into
the insert 2 days after hPDLSCs seeding. The periods of co-
culture were 0, 5, 8, and 10 days; hPDLSCs cultured without
OGFs were used as controls. Alkaline phosphatase (ALP)
staining was used to detect osteogenesis.

To identify the temporal influence of osteoclast
differentiation on osteoblast differentiation, supernatants
from osteoclasts cultured for different periods were applied
to hPDLSCs. Supernatants from osteoclasts were added to
hPDLSCs at different time points, in accordance with the
experimental design. The culture media of osteoclasts and
osteoblasts were changed in the meantime at 2-3-day
intervals to ensure that supernatants remained fresh. To
determine the role of compression force in osteoblast
differentiation, hPDLSCs were cultured with fresh
supernatants from day-5 osteoclasts, with or without 24-h
compression. The supernatants of pre-osteoclasts and
osteoclasts were added to hPDLSCs after centrifugation at
275xg for 5 min to remove debris and dead cells. Equal
amounts of supernatants and osteogenic medium with
2xOGFs were added to hPDLSCs. After 10 days of
osteogenesis, ALP staining was performed, and the total
RNA of hPDLSCs was extracted for analysis.

Pre-osteoclasts and osteoclasts in the Transwell co-
culture system were also treated with GW4869 (MCE,
Beijing, China). GW4869 was first stored at —20°C as a 1.5
mM stock suspension in dimethylsulfoxide. This suspension
was solubilized by the addition of 0.25% methane sulfonic
acid (2.5 pL of 5% methane sulfonic acid in sterile distilled
H20, added to 47.5 puL of GW4869 stock solution) before
use. The suspension was mixed and heated at 37°C until
clear. GW4869 was added at a concentration of 10 pM to
treat osteoclasts in the lower compartment (Nakamura et al.,
2015). Osteogenic differentiation of hPDLSCs cultured in
the insert was observed by ALP staining.

Additionally, THP-1 cells were induced in osteoclast
medium with 10 pM GW4869. The culture supernatants
were then added to hPDLSCs with the equal amount of
fresh osteogenic medium containing 2xOGFs, in order to
avoid the potential effects of the small amount of remaining
GW4869 in the culture supernatants during the osteogenesis
process. Osteoclast supernatant with 0.25% methane
sulfonic acid in dimethylsulfoxide was used as a control.
ALP staining was performed to analyze the osteogenic
differentiation of hPDLSCs.

Isolation of exosomes

Two days before extraction of exosomes, osteoclasts were
cultured in osteoclast medium containing 10% exosome-
depleted FBS (Gibco, Auckland, New Zealand). A multistep
centrifugation procedure was used to isolate exosomes.
Culture supernatants of pre-osteoclasts and osteoclasts on
day 5 of differentiation and day 4 of differentiation,
followed by 24 h of compression, were collected and
purified by centrifugation at 300xg for 10 min at 4°C to
remove non-adherent cells; they were then centrifuged at
1000xg for 15 min and 10000xg for 30 min at 4°C. The
final centrifugation was performed at 100000xg for 2 h at
4°C, using an ultracentrifuge. Exosomes were resuspended
in phosphate-buffered saline (PBS) for further use.
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The exosomes collected in PBS were characterized by
transmission electron microscopy (TEM) as described
previously (Jiang et al., 2017). Western blotting analysis was
performed using primary antibodies against the extracellular
vesicle marker CD63 (1:500; Santa Cruz Biotechnology) and
exosomes marker Alix (1:500; Santa Cruz Biotechnology).
To exclude contamination of cells, analysis using a primary
antibody against the Golgi marker GMI130 (1:1000;
Proteintech) was also performed.

In the indirect co-culture model, we transferred the
supernatants from osteoclasts to PDLSCs. After resuspending
them in PBS, we analyzed the concentrations of exosomes
from equal supernatant amounts (bicinchoninic acid [BCA]
quantifications; Solarbio). In subsequent experiments, the
final exosomes concentrations were 3 mg/mL to maintain
consistency with the indirect co-culture experiments.

ALP staining

ALP staining was performed as described previously (Zheng et
al., 2017). A 5-bromo-4- chloro-3-indolyl-phosphate/nitro
blue tetrazolium staining kit (NBT/BCIP, CoWin Biotech,
Beijing, China) was used, in accordance with the
manufacturer’s instructions. Briefly, cultured cells were
rinsed with PBS and fixed in 4% paraformaldehyde for 30
min. After three washes with PBS, the cell layer was
incubated in alkaline solution for 20 min at room
temperature. Quantitative analysis of the images was
performed using Image] software (NIH, Bethesda, MD, USA).

Alizarin red S staining

Alizarin red S (ARS) staining was performed to visualize
mineral deposition in each group. Cultured cells were fixed
in 4% paraformaldehyde for 30 min and then stained with
0.1% ARS for 20 min at room temperature as described
previously (Zheng et al., 2017). Quantitative analysis of the
images was performed using Image] software (NIH).

Tartrate-resistant acid phosphatase staining

Tartrate-resistant acid phosphatase (TRAP) staining was
performed using a Leukocyte Acid Phosphatase kit (NO387;
Sigma-Aldrich), in accordance with the manufacturer’s
instructions. Osteoclasts were regarded as cells that
exhibited positive TRAP activity staining. TRAP-positive
cells were counted and classified as mononuclear,
multinuclear (3-7 nuclei), or giant (28 nuclei) cells as
described previously (Hayakawa et al., 2015).

RNA isolation and quantitative
polymerase chain reaction (qQRT-PCR)
Total RNA was extracted using TRIzol reagent (Thermo
Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. For further analysis, 1000 ng of
RNA was reverse transcribed into cDNA using a ¢cDNA
reverse transcription kit (Takara, Kasatsu, China).
Quantitative PCR was performed with a real-time PCR
system (Applied Biosystems, Foster City, CA, USA). All
mRNA expression data were normalized relative to the
housekeeping gene glyceraldehyde 3-phosphate
dehydrogenase (GAPDH); all miRNA expression data were
normalized relative to U6. The 274" relative expression

reverse-transcription
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method was used to analyze the data (primer sequences are
shown in Tab. 1.)

Western blot analysis

Western blotting analysis was performed as described
previously (Zheng et al., 2017). Briefly, cells were washed
with PBS and lysed in radioimmunoprecipitation buffer.
Proteins were separated by 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and transferred onto
polyvinylidene fluoride membranes. After membranes had
been blocked with 5% BSA (Solarbio), proteins were
detected by overnight incubation with primary antibodies
against TRAP (Proteintech, Hubei, China), RANK (Santa
Cruz Biotechnology), osteocalcin (OCN) (Proteintech,
Hubei, China), Runx2 (Cell Signaling Technology, Danvers,
MA, USA), CD63 (Abcam, Cambridge, MA, USA), bone
morphogenetic protein-2 (BMP2) (Proteintech) and p-actin
(Zhongshan Goldenbridge, Beijing, China) at 1:1000
dilution. After membranes had been washed, the
membranes were incubated with secondary antibodies
(1:10000; Zhongshan Goldenbridge) at room temperature
for 2 h. Proteins were visualized using an ECL Kit
(Applygen, Beijing, China). Quantitative analysis of the
images was performed using Image] software (NIH).

miRNA sequencing and data analysis

Total RNA was extracted from pre-osteoclasts and osteoclasts
after 5 days of induction with osteoclast medium and after 4
days of induction followed by 24 h of 1 g/cm® compression.
RNA quantity and quality were measured using a NanoDrop
ND-8000 spectrophotometer (Thermo Fisher Scientific).
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Two samples were sent to CapitalBio Technology Co.,
Ltd. (Beijing, China) for further analysis.

Gene ontology (GO) analysis was performed using the
GO analysis function of KOBAS database software with data
imported from the external GO Annotation Source database
(http://www.geneontology.org/). ~KEGG pathway was
performed using the KEGG signaling pathway database
(http://www.genome.jp/kegg/).

Statistical analysis

Statistical analyses were performed using SPSS version 16.0
(SPSS, Chicago, IL, USA). All data are expressed as the mean
+ standard deviation. Differences between two groups were
analyzed using Student’s t-test; differences among three or
more groups were analyzed by one-way analysis of variance,
followed by the Student-Newman-Keuls post hoc test. Two-
way analysis of variance was used for the analysis of multiple
factors among multiple groups. In all analyses, two-tailed p <
0.05 was considered to indicate statistical significance.

Results

Differentiation of THP-1 cells to osteoclasts
To determine the rate of osteoclast differentiation, osteoclasts
were classified according to the number of cell nuclei (Fig. 1a).
The expression of osteoclastogenesis-related gene cathepsin K
(CTSK), DCSTAMP, and MCSF-receptor were increased
during the differentiation process (Figs. 1b-1d).

RANK is a sensitive indicator of osteoclast differentiation
based on the essential role of the RANKL/RANK interaction
during osteoclastogenesis (Boyle et al, 2003; Feng and

TABLE 1

Sequence of primers.

Name of Sense primer (5’-3’) Antisense primer (5’-3’)

primers for

qRT-PCR

ALP GAACGTGGTCACCTCCATCCT TCTCGTGGTCACAATGC

Runx2 ACTACCAGCCACCGAGACCA ACTGCTTGCAGCCTTAAATGACTCT

OCN AGCCACCGAGACACCATGAGA GGCTGCACCTTTGCTGGACT

RANK CACCAAATGAACCCCATGTTTAC GGACTCCTTATCTCCACTTAGGC

TRAP TGAGGACGTATTCTCTGACCG CACATTGGTCTGTGGGATCTTG

DCSTAMP TGTTTGGGGTTATGAGTGTAG TTACCCTCACTCCCATACT

CTSK GGGGGACATGACCAGTGAAG CAGAGTCTGGGGCTCTACCT

MCSF-receptor GGT GAA AGG AAA TGC CCG TC GGC CAC TCT GCT CTC CTG ACT C

GAPDH GGTCACCAGGGCTGCTTTTA GGATCTCGCTCCTGGAAGATG

U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT

mir-133a-3p UUUGGUCCCCUUCAACCAGCUG UAAACCAAGGUAAAAUGGUCGA

miR-203a-3p TGCTGCTAGTGGTCCTAA CCTGCTAGTGGT
ACATTTCACGTTTTGGCCACTGACTGACGTGAAAT CCTACATTTCACGTCAGTCAGTGGCCAAAACGTG
GTAGGACCACTAG AAATGTTTAGGACCACTAGC

miR-106a-5p AAAAGTGCTTACAGTGCAGGTAG GAAAA GTGCTTACAG TGCAG GT

miR-331-3p TATTAATTTGCCCCTGGGC TATGGTTGTTCACGACTCTTCAC

miR-223-5p TGACGGCGTGTATTTGACAAG TATGGTTGTTCTCGACTCCTTCAC

miR-181a-5p AACAUUCAACGCUGUCGGUGAGU

UCACCGACAGCGUU GAAUGUUGU
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FIGURE 1. Differentiation of THP-1 cells to osteoclasts.
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Teitelbaum, 2013; Xing et al, 2005). Also, TRAP is commonly
used as a marker of osteoclast formation (Debnath et al, 2018;
Yu et al, 2014). Using the expression of RANK and TRAP
along with TRAP staining as markers of pre-osteoclasts and
osteoclasts, the results showed that the number of osteoclasts
(nuclei >3) significantly increased between days 4 and 6 of
differentiation (Figs. le-1g). With prolonged incubation, the

increase in TRAP expression, compared to day 0, indicated the
differentiation of osteoclasts. However, the expression of TRAP
was not increased throughout the differentiation period
(Fig. 2a). In addition, RANK expression declined slowly for
approximately 4 days after the initial increase, as confirmed by
immunofluorescence analysis of RANK (Figs. 2b, 2c). These
results indicated that the differentiation ability of pre-osteoclasts
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RANK during osteoclastogenesis. Multinucleated osteoclasts are marked in the white rectangle. (c) The quantitative results of RANK expression in
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peaked on day 4. Focal adhesion staining showed the adhesive
process during differentiation (Fig. 2d).

Application of compression stress

To mimic compression loading in orthodontic treatment, a
force was applied to cell layers after 4 days of differentiation,
based on the above results (Fig. 3a). Different levels of
compression were applied by changing the number of beads;
osteoclasts were counted after 24 h of compression loading
(Fig. 3b). The expression of TRAP, a marker of mature
osteoclasts, showed an overall increase (Figs. 3c-3e).

The force of 1 g/cm® showed the greatest effect, with
the number of multinucleated cells increased most
significantly (Fig. 3f).

Sequencing of miRNAs of pre-osteoclasts and osteoclasts with or
without compression stress

Heat maps were produced to show the differences in
expression of miRNAs from pre-osteoclasts and osteoclasts
on day 5 of differentiation after 24 h compression
(COMPRESSION group) and without compression stress
(CONTROL group). Compared with the control group, the
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FIGURE 3. Application of compression stress.

(a) Compression loading model: the cell layer was between the collagen gel layer and the glass sheet; the container with beads were loaded on
the sheet. (b) The number of osteoclasts (nuclei > 2) under compression stress (N = 5). (c) (d) The expression of TRAP at day 5 after different
compression stress. (e) The expression of TRAP and RANK in qRT-PCR results (N = 3). (f) The TRAP staining results of osteoclasts under
different compression stress (N = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.

expression levels of 170 miRNAs were increased after
compression loading, whereas the expression levels of 67
miRNAs were decreased (Figs. 4a, 4b). GO analysis of
miRNAs identified physiological processes that may be related
to osteoclastogenesis and osteogenesis (e.g., response to stimuli,
metabolic process, and cell communication) via these
differentially expressed miRNAs. Specifically, these changed
miRNAs are closely related to cellular communication (Fig. 5).

Indirect co-culture of hPDLSCs with pre-osteoclasts and osteoclasts
In Transwell assays, hPDLSCs and osteoclasts were co-
cultured for 0, 5, 8, and 10 days. ALP staining of hPDLSCs
incubated in medium with and without OGFs for 10 days
indicated that the inhibitory effect increased with the
prolonged co-culture period (Figs. 6a, 6b).

To further identify the osteogenic influence of different
stages of osteoclastogenesis, the 10 days of differentiation
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(a) and (b) The heat maps and scatter plots were produced to show the
differences in expression of miRNAs from pre- osteoclasts and osteoclasts
on day 5 of differentiation after 24 h compression (COMPRESSION
group) and without compression stress (CONTROL group). 170
upregulated (in red) and 67 downregulated (in green) miRNAs were
detected in osteoclasts following compression stress.

were divided into two parts: the first part mainly included
pre-osteoclasts, while the second part mainly included
mature osteoclasts. Osteoblast differentiation was inhibited
following the addition of the culture supernatant of
osteoclasts to hPDLSCs incubated with OGFs. PDLSCs were
cultured first in osteogenic medium and second in osteoclast
supernatants for the number of days indicated in Fig. 6d.
The different colors refer to supernatants from 10 days
during osteoclastogenesis, as shown in the bottom row in
the figure. According to the expression of osteogenic genes,
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the lowest degree of inhibition was observed with the 4-day
culture supernatant in group b, while the greatest inhibitory
effect was observed in group e with the supernatant
obtained from 8 days of differentiation.

These results indicated a temporal influence on
osteoblast differentiation in this co-culture system. To
ensure consistency in co-culture, two more groups (groups c
and d) were analyzed. Supernatant from the first 6 days of
osteoclastogenesis  (group d)  inhibited  osteoblast
differentiation to a greater extent than supernatant from the
last 6 days (group c). These observations suggested that the
inhibitory influence of pre-osteoclasts on osteogenic
differentiation is greater than the inhibitory influence of
mature osteoclasts (Figs. 6c-6f). After the inhibition of
osteogenesis during osteoclastogenesis had been confirmed
(groups @, b’, and ), the effects of compression forces were
assessed using this system. hPDLSCs were cultured in
osteogenic medium or the supernatant from osteoclasts,
with or without compression loading, as shown in Fig. 7a.
After hPDLSCs had been cultured for 10 days in osteoclast
supernatant with OGFs, a more significant inhibitory effect
was observed when the supernatant from compressed
osteoclasts was added, compared to the supernatant from
osteoclasts without compression (compare groups ¢’, d’, and
¢’). Furthermore, the degree of inhibition was time-
dependent, as shown by comparisons of groups b’ and ¢,
and groups d’ and e’ (Figs. 7b-7d).

Role of osteoclast-derived exosomes in inhibition of osteogenic
differentiation

Considering exosomes are important regulators in cellular
communication, we focused on the exosomes contained
within the culture supernatant. The exosomes were obtained
from the culture medium of pre-osteoclasts and osteoclasts
on day 5, with or without 24 h of compression stress, and
from the culture medium of mature osteoclasts on day 10.
Extraction of exosomes was confirmed by the presence of
the extracellular vesicle markers Alix and CD63, but the
absence of the Golgi marker gm130, suggesting the absence
of Golgi or cell contamination (Fig. 8a). Exosomes were
observed by transmission electron microscopy (Fig. 8b). The
effects of adding the three types of exosomes to hPDLSCs
with osteogenic medium were then assessed (Fig. 8c). ALP
and ARS staining, as well as the results of qRT-PCR,
showed inhibition of osteoblasts in all experimental groups.
Consistent with the results of the indirect co-culture
experiment, exosomes extracted from osteoclasts under
compression stress inhibited osteogenesis to a greater extent
than those from osteoclasts without compression stress
(Figs. 9a, 9b). Because the inhibitory effect was greater
in exosomes obtained at day 5 than day 10 of
osteoclastogenesis, these exosomes from day 5 were the
focus of further analysis. The inhibitory effect of exosomes
derived from osteoclasts on osteoblast differentiation was
also confirmed by the expression of Runx2, OCN and
BMP2 (Figs. 10a, 10b). Furthermore, GW4869 was used in
Transwell assays. Inhibition of exosome release reversed the
inhibitory effects of osteoclasts on osteogenic differentiation
(Fig. 10c). Notably, treatment with GW4869 in the indirect
co-culture experiment through culture medium transfer
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FIGURE 5. GO analysis. The GO analysis shows the changed miRNAs are related to the regulation of cell communication.

reversed the inhibitory effect. The supernatant from
osteoclasts with GW4869 showed less of an inhibitory effect
than supernatant from osteoclasts in the control group,
compared with groups cOC-10d and cOC-10d+GW4869, or
OC-10d and OC- 10d+GW4869 (Fig. 10d).

Role of changed miRNAs in exosomes derived from pre-
osteoclasts and osteoclasts

Among the changed miRNAs in osteoclasts showed by the
sequencing result, we summarized miRNAs that were
reported to regulate bone remodeling induced by
mechanical forces (Tab. 2) and a subset of differentially
expressed bone-related miRNAs for further study.
Consistent with the miRNAs sequencing results in
osteoclasts, the expression levels of miR-133a-3p, miR-203a-
3p, miR-106a-5p, and miR-331- 3p were increased, whereas
the levels of miR-223-5p and miR-181a-5p were decreased
in exosomes (Fig. 11a). Previous studies have shown that
miR-133a-3p, miR-203a-3p, miR-106a-5p, and miR-331-3p
play a negative role in bone formation, while miR-223-5p
and miR-181a-5p promote bone remodeling. Therefore, we
hypothesized that the increased inhibition of osteogenesis
during osteoclastogenesis after compression loading was
partly due to the altered expression of miRNAs contained
within exosomes derived from osteoclasts.

Furthermore, the related pathway analysis illustrated that
the miRNAs that exhibited altered expression levels were
related to signaling pathways influencing bone formation,
such as the MAPK, mTOR, and insulin signaling pathways
(Fig. 11b).

Discussion

In this study, we investigated the exosome-associated
influence of osteoclasts on osteoblasts subjected to
compression force. Because we focused on pre-osteoclasts
(rather than mature osteoclasts) when the mechanical force
was applied, we determined the optimum time with the
maximum number of pre-osteoclasts by RANK expression
and the number of osteoclasts. To avoid anoxia, decreased
nutrition, and cell damage caused by direct contact of cells

and the application of force (Hayakawa et al, 2015), we
placed collagen gels beneath the cell layers cultured on a
glass sheet; we generated compression stress by the
placement of beads on the other side of the glass sheet.
After the application of force on day 4 of differentiation, the
expression of RANK decreased, and the expression of TRAP
increased, indicating that the application of compression
promoted osteoclastogenesis. This was also confirmed by
our sequencing results, as some of the differentially
expressed miRNAs  were reportedly related to
osteoclastogenesis. miR-182 and miR-31, which were
upregulated, have been reported as positive regulators of
osteoclast differentiation, both in vitro and in vivo (Inoue et
al., 2018; Miller et al., 2016; Mizoguchi et al., 2013). miR-
124, which was downregulated, has been shown to inhibit
osteoclastogenesis by targeting the transcription factor
CCAAT/enhancer-binding protein-a (C/EBP-a) and Nfatl
(Ponomarev et al, 2011). miR-223, which is expressed in
pre-osteoclasts and negatively regulates osteoclastogenesis by
targeting nuclear factor I A, was also downregulated after
compression stress (Sugatani and Hruska, 2007).

Co-culture of osteoclasts and osteoblasts has been
performed in many studies. In addition to two-dimensional
models (e.g., replacement of culture medium, as well as
Transwell assays, removable dividers, and direct cell
contact), in vitro and in vivo three-dimensional models have
also been established (Penolazzi et al., 2016). Mutual
interaction between osteoclasts and osteoblasts has been
investigated using co-culture models. Osteoblast lineage cells
can induce a strong and significant increase in the bone
resorptive activity and recruitment of osteoclasts (Dinisha et
al., 2019). Osteogenesis was also reportedly promoted by
osteoclasts during osteoclast differentiation (Bernhardt et al.,
2010; Skottke et al, 2019; Takaharu et al, 2018).
Heinemann ef al. (2011) reported that human bone marrow
stromal cells (hBMSCs) were able to induce
osteoclastogenesis and that osteoclasts stimulated BSP II
gene expression of osteoblasts. However, Schulze et al
(2018) reported that hBMSCs promoted osteoclastogenesis
in a direct co-culture system but reduced the matrix
resorption of osteoclasts in an indirect co-culture system.
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(a) The ALP staining of hPDLSCs co-cultured with osteoclasts in a Transwell assay for 10d, 8d, or 5d (co-10d, co-8d, and co-5d). hPDLSCs
cultured in osteogenic medium (OG-10d) and a-MEM medium (nc) were set as control groups. (b) The quantitative result of ALP staining in
Fig. 6a. (c) The quantitative result of ALP staining in 6e. (d) The diagram showing the indirect co-culture model: The bottom row shows ten
different colors refer to supernatants from ten days during osteoclastogenesis. OG refers to osteogenic medium, and OGFs refers to osteogenic
factors (100 nM dexamethasone, 200 uM L-ascorbic acid, and 10 mM B-glycerophosphate). Group a was induced by osteogenic medium for
10d; group b was cultured in osteogenic medium for the first 6d and then induced by an equal amount of OGFs in osteoclasts supernatants
from the first four days of osteoclastogenesis; the design of group ¢, d, e was similar to group b; group f was induced by supernatants from
osteoclasts with OGFs for 10d. (e) The ALP staining results of group a-f. (f) The qRT-PCR results of Runx2, ALP, OCN in group a-f

(N = 3). *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001.

Mesenchymal stem cells (MSCs) and mature osteoblasts have
been shown to inhibit osteoclast differentiation (Masayuki et
al., 2018; Takaharu et al, 2019). These conflicting results
may be due to differences in experimental conditions. The
time of observation, the selection of cell types, models of co-
culture, and methods used to identify bone formation and
resorption may have contributed to these different results.

Furthermore, Sun demonstrated that osteoclast-derived
exosomes containing miR-214 inhibited bone formation
(Sun et al., 2016). However, these studies did not focus on
the effects of mechanical stimulation, which is a key factor
in bone remodeling and orthodontics. In the present study,
an in vitro model showed inhibitory effects of pre-
osteoclasts and osteoclasts on osteogenesis, especially after
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FIGURE 7. Indirect co-culture of hPDLSCs with osteoclasts.

(a) The diagram showing the indirect co-culture model: The bottom rows show that different colors present culture medium (OG for red and
a-MEM medium for blue) or supernatants from osteoclasts with (yellow) or without compression (green) added with OGFs. The hPDLSCs
were cultured in a different medium for 10 days as indicated. (a) (c) the ALP staining results of hPDLSCs in group a’-f. (d) The gRT-PCR
results of Runx2, ALP, OCN in group a-f(N = 3). *p < 0.05; **p < 0.01; **p < 0.001; ****p < 0.0001.

compression loading. We also focused on exosomes, which
have been used to interfere with biocommunication and
metabolism, as they exert effects in bone regeneration and
targeted treatment of bone diseases (Liu et al., 2018). This
study improves our understanding of the interactions
mediated by exosomes following the application of
mechanical force, which could lead to the use of exosomes
in orthodontic tooth movement.

To elucidate the mechanism, we performed sequencing
analysis of miRNAs. Among the 170 upregulated miRNAs,
17 have been reported to inhibit bone remodeling. Similarly,
7 of the 67 downregulated miRNAs have been shown to
promote bone formation. To verify the sequencing results in
both cells and exosomes, we selected the downregulated
miR-223-5p and miR-181a-5p, as well as the upregulated
miR-133a-3p, miR-203a-3p, miR-106a-5p, and miR-331-3p.
miR-223 has been reported to play a role in bone
metabolism and disease (Hoevring et al., 2008; Yong et al.,
2015). miR-181a has been shown to promote osteoblast
differentiation by targeting transforming growth factor-p
signaling molecules (Bhushan et al., 2013). On the other
side, miR-106b was demonstrated to negatively affect bone
formation by targeting BMP-2 signaling and Smad5
(Collison, 2017; Fang et al., 2016; Liu et al., 2017). Similarly,
miR-133a, miR-203a-3p, and miR-331 have been reported

to inhibit bone formation through their target genes (Fang
et al, 2016; Hua et al, 2016). Taken together, these
observations suggest that these miRNAs may be essential
regulators of the interaction between osteoclasts and
osteoblasts induced by compression stress. The results of the
present study also suggested a novel method to regulate
bone metabolism in orthodontics after compression stress.

Further analysis revealed the pathways that may be
involved in the regulation of bone remodeling.

The MAPK pathway has been linked to osteogenic
differentiation of MC3T3-E1 cells (Liu et al., 2019). BMSC-
derived exosomes have been shown to accelerate the
proliferation of osteoblasts in osteonecrosis of the femoral
head through the MAPK pathway (Liao et al., 2019). The
mTOR pathway has also been reported to play an essential
role in bone remodeling (Liang et al, 2019; Zhao et al,
2019). Qi and Zhang (2014) demonstrated that the mTOR
pathway regulated bone remodeling when a mechanical
force of fluid shear stress was applied.

Moreover, mechanical forces are crucial components of
extracellular environments, affecting the biological processes
of resident cells in bone structures through a complicated
mechanotransduction process (Robling and Turner, 2009;
Thompson et al, 2012). First, mechanical forces have
different influences on bone cells through a number of
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derived exosomes in inhibition of
osteogenic differentiation.

(a) The positive expression of
extracellular vesicle marker CD63
and Alix and the negative
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GM130, which excluded the
contamination of cells during
exosomes extraction. (OC:
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diagram showing the experiment
design: EXO (5d) refers to
exosomes extracted from
osteoclasts after differentiation for
5d, and EXO (10d) refers to that
from osteoclasts after
differentiation for 10d. EXO and
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were set as control groups.
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FIGURE 9. Role of osteoclast-derived exosomes in inhibition of osteogenic differentiation.
(a) The quantitative results of ALP and ARS staining in Fig. 8c. (b) The qRT-PCR results of Runx2, ALP, OCN (N = 3). *p < 0.05; **p < 0.01;
0t < 0.001; **p < 0.0001.
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FIGURE 10. Role of osteoclast-derived exosomes in inhibition of osteogenic differentiation.

(a) The expression of Runx2, OCN, and BMP2 in hPDLSCs cultured in osteogenic medium (OG), osteogenic medium with EXO (OG + EXO)
or cEXO (OG + cEXO) and a-MEM medium (nc). (b) The quantitative results of Fig. 10a. (c) The ALP staining of hPDLSCs co-cultured with
osteoclasts in a Transwell assay with or without the treatment of GW4869. The hPDLSCs cultured in osteogenic medium (OG-10d) and
a-MEM medium (nc) were set as control groups. Compared with the co-culture group (co-10d), the GW4869 group reversed the
inhibition of osteogenesis caused by osteoclasts. (d) The supernatants of osteoclasts with (cOC) or without compression (OC) treated by
GW4869 were added to hPDLSCs and the ALP staining results show GW4869 reversed the inhibitory effect of osteoclasts on osteoblast
differentiation compared to groups that were added with supernatants without GW4869. **p < 0.001; ****p < 0.0001.

molecules that act as mechanosensors (e.g., interleukin-11,
hydrogen sulfide, FAK, and microRNAs) (Monnouchi et al,
2015; Wei et al, 2015; Yang et al, 2016). As a result,
various signaling pathways are activated. Wnt/B-catenin,
MAPK, PI3K/Akt/mTOR, and other pathways play
important roles in mechanotransduction (Gifre et al., 2013;
Qi and Zhang, 2014; Rubin et al., 2002; Ueland et al., 2015;

Zhang et al., 2016). As the GO analysis in our experiment
showed, the altered miRNAs are also closely associated with
the MAPK and mTOR signaling pathways, which may
participate in the mechanotransduction process. After that,
the activating signaling pathways lead to expression changes
in downstream molecules that include transcription factors
(e.g, Runx2, S099, and PPARy) (Arnsdorf et al, 2009).
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TABLE 2

Changed microRNAs which were reported to be related to bone remodeling with mechanical forces

up-regulated microRNA log2FC up-regulated microRNA log2FC
hsa-miR-135b-5p 7.367397023 hsa-miR-1246 1.705816701
hsa-miR-551b-3p 6.596016767 hsa-miR-34c-3p 1.703599564
hsa-miR-31-3p 5.96684835 hsa-miR-34b-3p 1.677319647
hsa-miR-552-5p 5.96684835 hsa-miR-186-5p 1.674648128
hsa-miR-217-5p 5.669118502 hsa-miR-145-5p 1.620926198
hsa-miR-103a-1-5p 5.610853578 hsa-miR-378f 1.573408847
hsa-miR-2277-3p 5.610853578 hsa-miR-29a-5p 1.520986587
hsa-miR-103a-2-5p 3.62165832 hsa-miR-148a-5p 1.412757596
hsa-miR-137-3p 3.346036983 hsa-miR-133a-3p 1.33236701
hsa-let-7i-3p 2.964641312 hsa-miR-320c 1.328350145
hsa-miR-491-3p 2.764569322 hsa-miR-30a-5p 1.277996905
hsa-miR-378i 2.718530126 hsa-miR-106a-5p 1.273442099
hsa-miR-1291 2.523356462 hsa-miR-2116-3p 1.141964859
hsa-miR-324-3p 2.38058688

hsa-miR-550a-3p 2.300579111 down-regulated microRNA log2FC
hsa-miR-181c-5p 2.275838931 hsa-miR-548ad-5p -2.375862956
hsa-miR-100-5p 2.136978897 hsa-miR-223-5p —1.963766984
hsa-miR-125b-5p 2.12479146 hsa-miR-132-5p -1.917007911
hsa-miR-190b-5p 2.006797422 hsa-miR-223-3p -1.760325747
hsa-miR-331-3p 2.005436581 hsa-miR-181a-5p —-1.591704951

hsa-miR-592
hsa-miR-378e
hsa-miR-324-5p
hsa-miR-378h
hsa-miR-378g

1.994159576
1.939967577
1.937798927
1.817319904
1.808903312

hsa-miR-27a-3p
hsa-miR-132-3p
hsa-miR-27a-5p
hsa-miR-181a-2-3p
hsa-miR-181a-3p

—1.454569391
—1.420656737
—-1.337940537
-1.307760318
—-1.20325045

Thus, the gene expression profile changes in response to
external mechanical stimuli. As reported, compression
decreased the expression of Collal, Col3al, and Col5al in
PDLCs and alveolar bone cells (Chen et al., 2015), whereas
it upregulated the osteoclast-related genes nfatc-1, trap,
rank, cath-K, clc7, mmp-9, atp6i, dc-stamp, and oc-stamp in
osteoclasts (Hayakawa et al., 2015). However, the exact
mechanisms that alter the miRNA profile in osteoclasts after
compression need further exploration.

Because exosomes are important carriers of miRNAs,
this study examined the roles of exosomes in intercellular
communication (Gao ef al, 2016). GW4869 is a
noncompetitive neutral sphingomyelinase inhibitor, which
serves as an effective inhibitor of exosome release (Chen et
al., 2019; Gao et al., 2016; Guo et al., 2015). The release of
exosomes was significantly decreased after treatment of cells
with 5-20 uM GW4869, although this effect was incomplete
(Essandoh et al., 2015; Guo et al., 2015). This may explain
why the level of ALP staining was less robust in the
GW4869 group than in the OG group. Furthermore,
changes in the culture environment of PDLSCs co-cultured

with osteoclasts (e.g., pH and metabolic waste products)
were likely to influence the state of hPDLSCs. Therefore, the
inhibitory effects of indirect co-culture were more obvious
than those of adding exosomes directly to hPDLSCs. The
results also suggested that the exosomes may not be the sole
mediator involved in the regulation of communication
between osteoclasts and osteoblasts.

However, the miRNA expression profiles of cells did not
fully represent the profiles of exosomes from pre-osteoclasts
with compression stress. We only focused on selected
miRNAs; a large number of miRNAs and their underlying
molecular mechanisms require further study.

The results of this study provide insight into the further
application of the exosome as a promising biomarker in
intercellular communication, as well as in the role of a
therapeutic agent in bone diseases (Quarona et al., 2015; Yin
et al., 2017). miRNAs may also serve as biomarkers of bone
pathologies, such as osteoporosis and osteosarcoma (Valenti
et al., 2018). Exosomes with differential miRNA expression
may be useful for the regulation of bone remodeling during
orthodontic tooth movement.
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Statistics of KEGG_PATHWAY Enrichment

Ubiquitin mediated proteolysis | hsa04120 -

MAPK signaling pathway | hsa04010 -

Proteoglycans in cancer | hsa05205 -

Chagas disease (American trypanosomiasis) | hsa05142 -
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Hepatitis C | hsa05160

ErbB signaling pathway | hsa04012 -

mTOR signaling pathway | hsa04150 -

Long—-term depression | hsa04730 -

Neurotrophin signaling pathway | hsa04722 -

Signaling pathways regulating pluripotency of stem cells | hsa04550 -
Longevity regulating pathway | hsa04211 -

AMPK signaling pathway | hsa04152 -

Regulation of actin cytoskeleton | hsa04810
Phosphatidylinositol signaling system | hsa04070 -
cGMP-PKG signaling pathway | hsa04022

FoxO signaling pathway | hsa04068 -

Focal adhesion | hsa04510

Thyroid hormone signaling pathway | hsa04919 -
PI3K-Akt signaling pathway | hsa04151 -

Regulation of lipolysis in adipocytes | hsa04923
Non-alcoholic fatty liver disease (NAFLD) | hsa04932 -
Pathways in cancer | hsa05200 -
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Aldosterone-regulated sodium reabsorption | hsa04960 -
Adrenergic signaling in cardiomyocytes | hsa04261 -
EGFR tyrosine kinase inhibitor resistance | hsa01521 -
HTLV-I infection | hsa05166

TNF signaling pathway | hsa04668 -

cAMP signaling pathway | hsa04024 -
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FIGURE 11. Some of the changed microRNAs in exosomes and bone-related pathways.
(a) The exosomal expression levels of miR-133a-3p, miR-203a-3p, miR-106a-5p, and miR-331-3p were increased, whereas the levels of miR-
223-5p and miR-181a-5p were decreased in cEXO compared to those in EXO. *p < 0.05; **p < 0.01; ***p < 0.001. (b) KEGG pathway analysis.

Conclusions

After compression stress loading, osteoclastogenesis of pre-
osteoclasts was promoted. The osteogenesis of PDL cells was
inhibited by osteoclastogenesis; this inhibition was increased
when compression stress was applied during osteoclast
differentiation. The different degrees of inhibition were

partially due to the altered miRNA expression profiles in
osteoclasts and osteoclast-derived exosomes.

The downregulation of miR-223-5p and miR-181a-5p,
along with the upregulation of miR-133a-3p, miR- 203a-3p,
miR-106a-5p, and miR-331-3p, may be important in the
regulation of interactions between osteoclasts and
osteoblasts under compression stress. Our results support
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the potential applicability of exosomes and specific miRNAs
to orthodontic bone remodeling.
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