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Abstract Background/purpose: Cementum shares many properties with bone; however, in
contrast to bone, it is not innervated or vascularized and has a limited capacity for remodeling.
Osteocytes located in the lacunae-canalicular system of bone tissue play a central role in bone
remodeling by communicating with osteoblasts and osteoclasts. Although cementocytes are
present in cellular cementum and are morphologically similar to osteocytes, it remains unclear
whether they are involved in the dynamic functional regulation of metabolism in cementum.
The present study focused on the extracellular vesicles (EVs) secreted by cementocytes and
examined their effects on osteoclasts and osteoblasts.
Materials and methods: EVs were extracted from the mouse cementocyte cell line, IDG-CM6.
The effects of EVs on recombinant RANKL-induced osteoclastogenesis and recombinant Bone
morphogenetic protein (BMP)-2-mediated osteoblastogenesis were investigated using the
mouse osteoclast progenitor cell line, RAW264.7 and mouse pre-osteoblast cell line, MC3T3-
E1, respectively.
Results: EVs enhanced the formation of tartrate-resistant acid phosphatase activity-positive
cells. Real-time PCR revealed that EVs up-regulated the expression of osteoclast-related
genes. On the other hand, the cell culture supernatant of cementocytes significantly inhibited
the differentiation of osteoclasts. Regarding osteoblastogenesis, EVs suppressed the expres-
sion of alkaline phosphatase, bone sialoprotein, and osteocalcin induced by recombinant
BMP-2 at the gene and protein levels.
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Conclusion: A network of cementocytes, osteoblasts, and osteoclasts may exist in cellular
cementum, which suggests the involvement of cementocytes in dynamic metabolism of
cementum through EVs.
ª 2024 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
Introduction

Cementum shares many properties with bone and has a
similar biochemical composition, particularly the contents
of the extracellular matrix. However, in contrast to bone,
cementum is not innervated or vascularized and has a
limited capacity for remodeling.1,2 Cementum is classified
as acellular cementum and cellular cementum depending
on the presence or absence of cementocytes. During the
formation of cellular cementum, cementoblasts located on
the surface of cementum secrete a layer of an uncalcified
extracellular matrix, a cementoid matrix. As the deposition
of the cementoid matrix progresses, some cementoblasts
become embedded in the cementoid matrix and become
cementocytes. Osteocytes are terminally differentiated
bone cells located in the bone lacunae of the bone matrix
and are characterized morphologically by numerous den-
dritic processes. Dendrites communicate between adjacent
bone canaliculi and the bone surface in order to interact
with each other and with osteoblasts located on the bone
surface. They form cellular networks in bone tissue,
together with communication between osteocytes and
distant cells via humoral factors.3,4 Osteocytes play a
central role in the regulation of bone remodeling.3,4

Cementocytes are osteocyte-like cells that reside in the
cementum lacunae of cellular cementum, which corre-
spond to bone lacunae. Morphological studies demon-
strated that dendrites extend through the canalicular
system, maintaining gap junctions between neighboring
cementocytes,5e7 implying that cementocytes have similar
functions to osteocytes in bone tissue. However, it remains
unclear whether cementocytes are involved in the dynamic
role of metabolism in cementum, i.e., the formation of
cementum or the regulation of local osteoclast functions,
equivalent to that of osteocytes.

A recent study reported that extracellular vesicles (EVs)
are involved in many biological events.8 EVs are membrane
vesicles of 30e1000 nm in diameter that are secreted by
most cells and contain large amounts of signaling mole-
cules, such as proteins, lipids, mRNA, micro-RNA, and non-
coding RNA. Furthermore, the profile of signaling molecules
in EVs is highly dependent on the cell type and the physi-
ological and pathological conditions of the cell.8 The
transfer of these molecules in EVs between cells controls
many biological functions, and this information has
contributed to rapid advances in our understanding of
previously unresolved physiological functions, such as car-
diac remodeling,9 airway remodeling,10 bone remodel-
ing,11,12 and tissue repair,13 as well as pathological
processes, including inflammation/anti-inflammation.14,15

Recent studies showed that EVs released from periodontal
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ligament cells in mechanical stress environments provided
feedback to the inflammatory response of periodontal tis-
sues,16 osteocyte-derived EVs induced by mechanical
stretch force promoted periodontal ligament cell prolifer-
ation and osteogenic differentiation,17 and gingival tissue
mesenchymal stem cell-derived EVs promoted the conver-
sion of M1 macrophages to M2 macrophages.18 These find-
ings suggest that EVs play important roles in maintaining
periodontal tissue homeostasis. However, few studies have
investigated the involvement of EVs in cementum biology.

Therefore, the present study focused on EVs secreted by
cementocytes and examined their effects on osteoclasts
and osteoblasts.
Materials and methods

Reagents

Recombinant mouse receptor activator of nuclear factor-k
B ligand (rRANKL), mouse interferon gamma (rIFN-g), and
mouse Wnt3a (rWnt3a) were purchased from PeproTech
(Rocky Hill, NJ, USA). Exoquick-TC� was obtained from
System Biosciences LLC (Palo Alto, CA, USA). Recombinant
human bone morphogenetic protein-2 (rBMP-2) was sup-
plied by R&D Systems Inc. (Minneapolis, MN, USA). Ascorbic
acid and b-glycerophosphate were from Sigma-Aldrich (St.
Louis, MO, USA).
Cell lines and cell culture

A murine cementocyte-like cell line (IDG-CM6) was ob-
tained from Kerafast (Boston, MA, USA). These cells were
maintained in a-Minimum Essential Medium (a-MEM)
(Gibco�/Life Technologies, Carlsbad, CA, USA) with 10%
heat-inactivated fetal bovine serum (FBS; Gibco�/Life
Technologies), 100 U/ml penicillin G, and 100 mg/ml
streptomycin. This medium is referred to as complete a-
MEM. Cell culture dishes were coated with 0.15 mg/ml rat
tail type I collagen (Atelo Cell� KOKEN Co., Tokyo, Japan).
To induce the proliferation, cells were incubated with a
complete a-MEM supplemented with 50 U/ml IFN-g at 33 �C.
The differentiation was induced by IFN-g-free complete a-
MEM with 50 mg/ml ascorbic acid and 4 mM b-glycer-
ophosphate (differentiation media) at 37 �C with a medium
change every other day. The murine monocyte cell line,
RAW 264.7 was obtained from KAC Corporation (Kyoto,
Japan) and maintained in complete a-MEM. The murine pre-
osteoblastic cell line, MC3T3-E1 was obtained from ATCC
(Manassas, VA, USA) and maintained in complete a-MEM.
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All tissue culture reagents were from Gibco�/Life
Technologies.
Preparation and identification of extracellular
vesicles

IDG-CM6 cells were cultured for 2 and 21 days in differen-
tiation medium containing 5% FBS or EV-depleted FBS with a
medium change every other day. The latter FBS was pre-
pared using the FBS Exosome Depletion Kit I-Column Format
(Norgen Biotek, Thorold, Canada). Following their differ-
entiation, cells were cultured for another 2 days in normal
medium containing EV-depleted FBS and the culture su-
pernatant was collected. EVs were isolated from cell cul-
ture supernatants using Exoquick-TC� (System Biosciences)
as previously described.16 The protein concentration of EVs
was measured using the Protein Assay BCA Kit (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan). The ul-
trastructure of EVs was analyzed using transmission elec-
tron microscopy (TEM) as previously described.16
Reverse transcription and real-time quantitative
polymerase chain reaction (PCR)

Total RNA purification, complementary DNA preparation,
and qPCR reactions were performed as previously
described.16 Murine glyceraldehyde 3-phosphate dehydro-
genase (Gapdh) was used as an internal reference
Table 1 Primer sequences used for polymerase chain re-
action amplifications.

Primer name Direction Sequence (50-30)

Dmp-1 forward CCACGTCTCTGAGGAAGACTA
reverse CTGCTTTCCTGGGATGG

Ctsk forward TAGCACCCTTAGTCTTCCGC
reverse TTGAACACCCACATCCTGCT

Oscar forward TGCTGGTAACGGATCAGCTC
reverse AACAGTAGGTGCCAGGTGTG

Acp5 forward TGAACCATGAGAAGTATGACAACA
reverse TATCTCCACATGTGTGAAGCCG

Ocn forward TGAACAGACTCCGGCG
reverse GATACCGTAGATGCGTTTG

Bsp forward GAGACGGCGATAGTTCC
reverse AGTGCCGCTAACTCAA

Alp forward GGGGACATGCAGTATGAGTT
reverse GGCCTGGTAGTTGTTGTGAG

Gapdh forward AATGTGTCCGTCGTGGATCTGA
reverse GATGCCTGCTTCACCACCTTCT

Abbreviations: Dentin matrix protein-1 (Dmp-1), Cathepsin-K
(Ctsk), Osteoclast-associated receptor (Oscar), Acid-
phosphatase5 (Acp5), Osteocalcin (Ocn), Bone sialoprotein
(Bsp), Alkaline phosphatase (Alp), Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh).
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control. PCR primer sequences for target genes are shown
in Table 1.
Western blotting

Immunodetection was conducted as previously
described.16 Briefly, whole-cell lysates or purified EVs
were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, and then transferred to a poly-
vinylidene difluoride membrane (ATTO, Tokyo, Japan) for
immunodetection with rabbit anti-exosome flotillim-1
(Cell Signaling Technology, Danvers, MA, USA) at 1:1000,
mouse anti-CD63 (Biolegend, San Diego, CA, USA) at
1:1000, rabbit anti-calreticulin (Cell Signaling Technology)
at 1:1000, rabbit anti-b-actin (Cell Signaling Technology)
at 1:1000, or rabbit anti-TSG101 polyclonal (Novus Bi-
ologicals LLC, Centennial, CO, USA) at 1:500, and mouse
anti-OCN (Takara Bio Inc., Shiga, Japan) at 1:200 as the
primary antibodies.
Uptake of EVs by RAW264.7 and MC3T3-E1 cells

Purified EVs were labeled with the PKH67 Green Fluores-
cent Cell Linker Kit� (Merck KGaA, Darmstadt, Germany)
and incubated with cells for 6 and 24 h as previously
described.16,19 Nuclei were stained with Hoechst 33342
(Immunochemistry Technologies, Bloomington, MN, USA)
Figure 1 Induction of the differentiation of IDG-CM6
cementocytes as an indicator of dentin matrix protein-1
expression.
Confluent monolayer cells were cultured in differentiation
media containing 50 mg/ml ascorbic acid and 4 mM b-glycer-
ophosphate for the indicated days with a medium change every
other day. Total cellular RNA was extracted at the indicated
time points and the gene expression of Dmp-1 was analyzed by
real-time PCR. Abbreviation: Dmp-1, dentin matrix protein-1.
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for 5 min. Staining was evaluated by immunofluorescence
microscopy.

In vitro osteoclast formation assay

An osteoclast formation assay was conducted, as previously
described.19 Briefly, RAW 264.7 cells were cultured in the
presence or absence of 50 ng/mL rRANKL in combination
with 20 mg/mL EVs or 50% (v/v) cell culture supernatants for
4 days in complete a-MEM (0.5 mL/well). At the end of the
culture period, cells were stained for tartrate-resistant
acid phosphatase (TRAP) using a TRAP/ALP Stain Kit (FUJI-
FILM Wako Pure Chemical Corporation), as previously
described.19 TRAP-positive osteoclasts were quantified by
Figure 2 Characterization of IDG-CM6 cementocyte-derived EVs
(A): The morphology of EVs is shown by a TEM analysis. The left pan
right panel shows EVs extracted from D21-cementocytes (D2-EVs) (
from D2-cementocytes and D21-cementocytes. and Western blo
markers TSG101, CD63, and Flotillin-1 and the endoplasmic retic
lular vesicles.
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counting the number of red-stained multinucleated (�3
nuclei) cells. Results are expressed as the number of TRAP-
positive cells per well.
Alkaline phosphatase (ALP) activity

ALP enzymatic activities were measured using p-nitro-
phenylphosphate as a substrate, as previously described.20

Briefly, a confluent monolayer of MC3T3-E1 cells was lysed
by repeating freezing and thawing three times and ALP
enzymatic activities were measured. Absorbance was read
spectrophotometrically at 405 nm. Enzyme activity is
expressed as OD405/h.
.
el shows EVs extracted from D2-cementocytes (D2-EVs), and the
scale bars: 100 nm). (B): EVs and/or cell lysates were extracted
tting was performed using antibodies against the EV-related
ulum-related marker calreticulin. Abbreviation: EVs, extracel-



Figure 3 Uptake of EVs by monocytes.
RAW 264.7 cells were incubated in the presence of PKH67-labeled EVs with 50 ng/ml rRANKL for 6 and 24 h. (A): Phase contrast is
shown in the upper panels. EVs taken up by RAW 264.7 cells (light green in the middle panel) were detected by immunostaining
after 6 and 24 h. Nuclei were visualized by staining with Hoechst 33342 (blue in the lower panel), and merged images are shown in
the lower panel (scale bars: 100 mm). (B): The number of cells stained with PKH67-labeled EVs was counted in three randomly
selected fields (each containingw100 cells). Representative data from three separate experiments are shown as the means � SE of
triplicate assays. *: P < 0.05.
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Statistical analysis

Differences between the control and experimental groups
were evaluated by the KruskaleWallis test with the Steel
post hoc test. P values < 0.05 were regarded as significant.

Results

Induction of IDG-CM6 cell differentiation using
dentin matrix protein-1 expression as an indicator

Cells were cultured in differentiation media for 21 days. The
expression of dentin matrix protein (Dmp)-1, a marker gene
2240
of the differentiation of cementocytes, was slightly
increased by day 7, after which expression was strongly
enhanced up to day 14 and further increased on day 21. In
the present study, cells differentiated for 2 days (referred to
as D2-cementocytes) and 21 days (referred to as D21-
cementocytes) were used as early differentiated cemento-
cytes and mature cementocytes, respectively (see Fig. 1).
Characterization of IDG-CM6 cell-derived
extracellular vesicles

A TEM analysis showed the presence of EVs in the
supernatants of D2-and D21-cementocytes, which were



Figure 4 Enhancing effects of EVs and inhibitory effects of
supernatants on rRANKL-induced osteoclast formation.
RAW 264.7 cells were stimulated with or without rRANKL
(50 ng/mL) for 5 days in the presence of 20 mg/mL EVs from D2-
and D21-cementocytes (referred to as D2-EVs and D21-EVs,
respectively) or in the presence of culture supernatants from
D2-and D21-cementocytes (referred to as D2-SUP and D21-SUP,
respectively), and TRAP staining was performed. (A): The
upper left panel shows the negative control and the upper right
panel shows the positive control. The middle panels show the
rRANKL stimulation group in the presence of each EV. The
lower panels show the rRANKL stimulation group in the pres-
ence of each culture supernatant. The scale bar is 50 mm. (B):
The quantification of TRAP-positive osteoclasts shown in (A).
Results are representative (A) or the mean � SE (B) of at least
three independent experiments (*: P < 0.05). Abbreviation:
rRANKL, recombinant receptor activator of nuclear factor-k B
ligand.
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characterized by a cup-shaped morphology and round
membrane vesicles of approximately 50 nm in diameter,
namely, typical EVs. No significant morphological differences
were observed between EVs from each cementocyte
2241
(Fig. 2A). A Western blot analysis (Fig. 2B) confirmed the
expression of the EV-related markers, TSG101, CD63, and
Flotillin-1 in each EV and the endoplasmic reticulum-
associated (cytoplasmic) marker, calreticulin21 in each cell
lysate, but not in EVs.

Enhancement of rRANKL-induced osteoclast
formation by cementocyte-derived extracellular
vesicles

We examined the effects of cementocyte-derived EVs on
osteoclastogenesis. To verify that cementocyte-derived EVs
were taken up by cells, PKH67-labeled EVs were cultured
with RAW264.7 cells. An immunofluorescence microscopic
analysis revealed that approximately 30e40% of EVs were
detected on images of RAW264.7 cells 6 h after the addition
of the EVs of D2-and D21-cementocytes, respectively,
which increased further to approximately 70% after 24 h
(Fig. 3A). The detection rate of EVs did not significantly
differ between D2-and D21-cementocyte EVs (Fig. 3B).
RAW264.7 cells were cultured with rRANKL in the presence
of the EVs of D2-and D21 cementocytes. Fig. 4A and B
showed a larger number of multinucleated osteoclasts and
a higher intensity of TRAP staining than in the rRANKL
alone group. This enhancing effect was significantly more
potent for D21-cementocyte-derived EVs than for D2-
cementocyte-derived EVs. Fig. 5 showed that the gene
expression levels of osteoclast-related molecules, i.e.,
Ctsk, Oscar, and Acp5, were significantly higher than those
in the rRANKL alone group; however, no significant differ-
ences were observed between the D2-and D21-
cementocyte groups. These results suggest that EVs exer-
ted an enhancing effect on osteoclast differentiation that
was more potent for well-differentiated cementocyte-
derived EVs.

Inhibition of rRANKL-induced osteoclastogenesis by
cementocyte-derived supernatants

Since supernatants contain various biologically active fac-
tors as well as EVs, the effects of supernatants on osteo-
clastogenesis were investigated. RAW264.7 cells were
cultured in rRANKL for 5 days in the presence of D2-or D21-
cementocyte derived-supernatants, both of which theo-
retically contained about 20 mg/mL of EVs, and osteoclast
formation was analyzed by TRAP staining. As shown in
Fig. 4A (panels in the third row) and 4B, the formation of
TRAP-positive multinucleated osteoclasts was more
strongly suppressed in the D2-and D21-supernatant groups.
These results indicate that cementocytes simultaneously
produced soluble factors that neutralized EV-mediated
osteoclastogenesis.

Inhibition of recombinant bone morphogenetic
protein-2 induced osteoblast differentiation by
cementocyte-derived extracellular vesicles

We examined the effects of cementocyte-derived EVs on
the regulation of rBMP-2-induced osteoblast differentia-
tion. To verify that cementocyte-derived EVs were taken up



Figure 5 Enhancing effects of EVs on rRANKL-induced oste-
oclast-related molecules at the gene level.
RAW 264.7 cells were stimulated with or without rRANKL
(50 ng/mL) for 3 days in the presence of 20 mg/mL EVs from D2-
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by cells, PKH67-labeled EVs were cultured with MC3T3-E1
cells, a mouse pre-osteoblast cell line. Fig. 6A and B shows
that approximately 40% of EVs were detected on images of
MC3T3-E1 cells 6 h after the addition of EVs, and most cells
showed fluorescence at 24 h in D2-and D21-cementocytes.
MC3T3-E1 cells were cultured with rBMP-2 in the presence
of the EVs of D2-and D21-cementocytes and ALP enzymatic
activity was measured. Fig. 7A shows that the addition of
the EVs of D2-and D21-cementocytes significantly inhibited
rBMP-2-induced ALP activity, and this effect was signifi-
cantly stronger in the EVs of D21-cementocytes than in
those of D2-cementocytes. On the other hand, the EVs of
neither D2-nor D21-cementcytes exerted a significant ef-
fect on ALP activity induced by Wnt3a, a representative
canonical Wnt ligand (Fig. 7B and C). Osteoblast differen-
tiation molecules, such as the OCN and BSP genes, were
significantly suppressed by the EVs of D2-and D21-
cementocytes (Fig. 8A). At the protein level, the expres-
sion of OCN was significantly suppressed by the respective
EVs (Fig. 8B and C). The inhibitory effects of EVs were
significantly stronger for those derived from D21-
cementocytes than from D2-cementocytes. These results
suggest that EVs secreted from cementocytes exerted
inhibitory effects on rBMP-2-induced osteoblast differenti-
ation, and these effects were more potent for EVs from
well-differentiated cementocytes.
Discussion

The present study suggests the presence of a network of
cementocytes, osteoblasts, and osteoclasts in cementum
and the involvement of cementocytes in dynamic meta-
bolism of cementum.

Cementum is generally assumed to have a very limited
capacity for remodeling and is resistant to resorption by
osteoclasts. Furthermore, clinical findings showed that
cementum is rarely absorbed even under conditions in
which osteoclasts resorb alveolar bone, such as severe
periodontitis. Previous in vitro studies that focused on
cementoblasts revealed that osteoprotegerin (OPG) was
constitutively synthesized and secreted in contrast to low
levels of RANKL expression.22,23 Recent studies using the
extracted tissue of experimental animals also reported
higher OPG and lower RANKL levels in cellular cementum
than in long bones and alveolar bone.24 In addition, in vitro
studies that focused on cementocytes revealed that when
cementocytes were cultured under fluid flow shear stress,
the OPG/RANKL ratio increased, and was approximately 40-
fold higher than that of osteocytes under the same condi-
tions.24 Based on these findings, the present result showing
that the culture supernatant of cementocytes abrogated
rRANKL-induced osteoclastogenesis may be due to secreted
OPG in the supernatant although further study using
neutralizing antibody or siRNA against OPG need to be
and D21-cementocytes. Total cellular RNA was extracted and
the gene expression of Cathepsin-K (Ctsk), acidphosphatase5
(Acp5), and osteoclast-associated receptor (Oscar) were
analyzed by real-time PCR. Representative findings of three
independent experiments are shown (*: P < 0.05).



Figure 6 Uptake of EVs by pre-osteoblasts.
The mouse pre-osteoblast cell line, MC3T3-E1 was incubated in the presence of PKH67-labeled EVs with or without 100 ng/ml rBMP-
2 for 6 and 24 h. (A): Phase contrast images are shown in the upper panels. EVs taken up by MC3T3-E1 cells were detected by
immunostaining after 6 and 24 h (light green in the middle panel). Nuclei were visualized by staining with Hoechst 33342 (blue in
the lower panel), and merged images are shown in the lower panel (scale bars: 100 mm). (B): The number of cells stained with
PKH67-labeled EVs was counted in three randomly selected fields (each containing w100 cells). Representative data from three
separate experiments are shown as the means � SE of triplicate assays. *: P < 0.05, ns: not significant.
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conducted. While, the resorption of cementum is often
observed at the site of lesions due to trauma, orthodontics,
or pathological stimuli, such as large apical periodontitis.25

Previous studies demonstrated that cementoblasts pro-
duced chemotactic factors for osteoclast progenitors
when stimulated with P. gingivalis lipopolysaccharide,23

and also that the OPG/RANKL ratio was reduced by a
stimulation with IL-1b or with sclerostin.26,27 We also
recently reported that EVs secreted from OCCM-30 cells, a
mouse cementoblast cell line, enhanced the formation of
rRANKL-induced osteoclasts.19 The present study showed
that cementocyte-derived EVs enhanced the formation of
osteoclasts, suggesting the presence of a network of
2243
cementocytes and osteoclasts in cellular cementum and
that cementocytes may be involved in dynamic metabolism
of cellular cementum through cytokines, signaling mole-
cules, and EVs.

BMP-2 has a potent osteogenic differentiation poten-
tial.28 When BMP-2 was administered directly to a peri-
odontal tissue defect in animal models, the periodontal
ligament and cementum rarely formed and it induced
ankylosis, with alveolar bone and cementum adhering
together.29,30 On the other hand, Wnts are a family of
secreted glycoproteins that regulate developmental and
post-developmental functions.31 The canonical Wnt
pathway, represented by Wnt3a, is primarily involved in



Figure 7 Inhibitory effects of cementocyte-derived EVs on
bone morphogenetic protein (rBMP)-2-induced alkaline phos-
phatase (ALP) activity.
MC3T3-E1 cells were stimulated with 100 ng/ml rBMP-2 for 5
days in the presence of 20 mg/mL EVs from D2-and D21-
cementocytes (A). MC3T3-E1 cells were stimulated with
100 ng/ml rBMP-2 or 30 ng/ml rmWnt3a for 5 days in the
presence of various concentrations of EVs from D2-
cementocytes (B) or D21-cementocytes (C). ALP activity for
whole-cell lysates was measured as described in the Materials
and Methods. Representative data from three separate ex-
periments are shown as the means � SE of triplicate assays.
The significance of differences is shown (**P < 0.05 vs. un-
treated cells, *P < 0.05 between the indicated groups).

Figure 8 Inhibitory effects of cementocyte-derived EVs on
rBMP-2-induced osteoblast-related molecules.
MC3T3-E1 cells were stimulated with 100 ng/ml rBMP-2 for 5
days in the presence of 20 mg/mL EVs from D2-and D21-
cementocytes. (A): Total cellular RNA was extracted and the
gene expression of Ocn and Bsp was analyzed by real-time PCR.
(B): Cell lysates were extracted and a Western blotting analysis
using the OCN antibody was performed with b-actin as the
reference protein. (C): The expression level of OCN was
quantified via densitometry scanning. The relative expression
level of OCN normalized to b-actin. Representative findings of
three independent experiments are shown as the means � SE
of triplicate assays. *: P < 0.05. Abbreviations: OCN, osteo-
calcin, BSP, bone sialoprotein.
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bone formation.32 Numerous studies showed that Wnt sig-
nals are important for maintaining periodontal tissue ho-
meostasis.33,34 Pathological root resorption may be
associated with reduced endogenous Wnt signaling.33 In the
present study, EVs did not significantly affect Wnt3a-
induced ALP expression. Based on previous findings on
BMP-2 and Wnt, the present results, namely, the selective
inhibitory effect of cementocyte-derived EVs on the rBMP2
stimulation, suggest the involvement of EVs in maintaining
periodontal tissue homeostasis.
2244
Among the signaling molecules of EVs, miRNAs have been
shown to be an important mechanism for the functions of
EV.35 It has been reported that osteoclastogenesis induced
is enhanced by several miRNAs,36 including miR-148a37 and
miR-214.38 In addition, miR-21839 and miR-124e3p40 of
osteocyte EVs have been reported to inhibit osteoblast
differentiation. Future research will be needed to analyze
the expression of miRNAs in EVs from cementocytes.

The present study demonstrated that EVs in cemento-
cytes regulate osteoclasts and osteoblasts, and further
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studies will not only provide insights into the mechanisms
maintaining periodontal tissue homeostasis, but will also
lead to the development of therapies for root resorption
and ankylosis.
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