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Mononuclear osteoclast precursor cells fuse with each other to become mature multinucleated osteoclasts, which
is regulated by dendritic cell-specific transmembrane protein (DC-STAMP). We evaluated the effects of tea ex-
tract and catechins on cell-cell fusion and DC-STAMP expression to elucidate their relationship with osteoclast
development. When tea extract or epigallocatechin gallate (EGCg) was applied to RAW264.7 cells, multi-
nucleated cells were increased significantly, while tartrate-resistant acid phosphatase (TRAP) activity was hardly

upregulated. Flow cytometric analysis revealed that EGCg suppressed DC-STAMP expression on the cell surface,
which is similar to osteoclast development. These observations suggest that TRAP activity is not activated even
when suppression of both surface DC-STAMP expression and multinucleation occurs, which might be mediated

by another pathway.

1. Introduction

Bone metabolism is maintained through regulation of bone resorp-
tion by osteoclasts and bone formation by osteoblasts [1,2]. Osteoclast
functions are crucial for the maintenance, repair, and remodelling of
bone tissue. Osteoclast precursor cells are mononuclear and fuse with
each other to form large multinucleated osteoclasts during osteoclast
differentiation. Mature multinucleated osteoclasts secrete tartrate-re-
sistant acid phosphatase (TRAP) to digest proteins and minerals for
bone resorption. Osteoclasts express receptor activator for nuclear
factor (NF)-xB ligand (RANKL) that activates the RANK receptor to
regulate the differentiation, activation, and survival of osteoclasts [3].
In addition to the RANK signalling pathway, dendritic cell-specific
transmembrane protein (DC-STAMP) is essential for cell fusion to de-
velop mature osteoclasts [4,5]. In addition to osteoclasts, DC-STAMP is
expressed in dendritic cells and macrophages, which has different
functions in each cell type [6,7]. In osteoclasts, DC-STAMP is localized
on the cell membrane as a dimer and has an immunoreceptor tyrosine-
based inhibitory motif (ITIM) in its cytoplasmic tail [8,9]. When DC-
STAMP on the cell surface is blocked by a monoclonal antibody, cell
fusion of osteoclasts is inhibited. During RANKL-induced osteoclast
differentiation, surface DC-STAMP is downregulated and internalized
from the cell surface to the cytoplasm. DC-STAMP downregulation on
the cell surface is essential for cell-cell fusion and abundant multi-
nucleation of mature osteoclasts [10]. In DC-STAMP-deficient mice,

expression of osteoclast-related markers, TRAP activity, and the pro-
portion of osteoclast precursor cells are the same as those in wild-type
mice [4]. However, the bone-absorbing area decreases compared with
wild-type mice, suggesting that mononucleated osteoclasts have less
bone-absorbing activity than multinucleated osteoclasts. Thus, DC-
STAMP is more important for cell fusion of mononucleated osteoclasts
than osteoclastogenesis.

To avoid abnormal bone resorption, regulation of osteoclast differ-
entiation is critical for mammals. Decreased bone mass, resulting from
an imbalance of osteoclast and osteoblast activities, leads to osteo-
porosis [11], a severe disease that causes bones to become weak and
brittle, which increases the risk of bone fracture [12]. Intake of com-
pounds beneficial for bone by diet management is recommended to
improve bone metabolism and prevent osteoporosis. Green tea is a
functional food that prevents osteoporosis, and tea catechins (generally
EC, EGC, ECg and EGCg) have been reported to protect against bone
loss by inhibiting osteoclast differentiation [13-15]. In general, the
effects of tea extract have been elucidated using ovariectomized ani-
mals or RANKL-induced cultured cells [16]. One of the main active
components in tea extract (TEx) is EGCg that has anti-osteoporotic ef-
fects on osteoclast development [17,18]. In addition to these catechins,
theaflavins in tea extract affect cell growth and development [19].
Previously, we reported that tea extract modulates DC-STAMP mRNA
expression in RAW264.7 cells [20]. Although a suppressive effect on
osteoclast differentiation by tea extract is well reported, studies on the
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cellular effects of tea extract and catechins under non-RANKL condi-
tions are lacking. In this study, we investigated the effects of tea extract
on the fusion of RAW264.7 cells without RANKL-induced osteoclast
development.

2. Materials and methods
2.1. Preparation of green tea extract

Green tea leaves (Taki-gun, Mie, Japan), which were cultivated in
Mie prefecture, were used to prepare tea extract [20]. The leaves were
finely ground before extraction with hot water at 80 °C for 10 min, and
then the solution was centrifuged at 4000 x g for 15 min to collect the
supernatant. After removing water by evaporation, the remaining dry
matter was used as the TEx in this study. A stock solution was prepared
by dissolving in ultrapure water at 4 mg/mL.

2.2. Determination of catechin contents in tea extract by HPLC

The amount of tea catechins in the extract was measured by HPLC
under the following conditions: column, Develosil ODS-HG-5
(4.6 x 150 mm) (Nomura Chemical Co., Ltd., Aichi, Japan); guard
column, Develosil ODS-HG-5 (4 X 10 mm) (Nomura Chemical Co.,
Ltd); flow rate, 1 mL/min; injection volume, 10 puL; absorbance detec-
tion wavelength, 230 nm; column temperature, 40 °C; eluents, (A) 0.1%
phosphoric acid in H,0, and (B) 60% eluent A and 40% acetonitrile;
gradient conditions, 20% B (0-10 min) and 20%—-64% B (10-40 min).

2.3. Cell culture

RAW264.7 cells (American Type Culture Collection, Manassas, VA,
USA, passages 6-8) were grown in alpha-modified minimum essential
medium (Gibco, Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (Biowest, Nuaillé, France) at 37 °C with 5% CO,. A cell
scraper was used to harvest the RAW264.7 cells. Cells were cultured
until 80% confluence before use in each assay. For reagent treatments,
cells were seeded at the indicated cell number and cultured for 24 h.
After 3 days of incubation, the medium was replaced with fresh
medium containing the same reagent for further experiments. TRAP
staining and a TRAP activity assay were performed at day 5, and im-
munofluorescence and flow cytometry were performed at day 3.

2.4. Reagents

EC (Nacalai Tesque, Kyoto, Japan), ECg (Nacalai Tesque), EGC
(Nacalai Tesque), GCg (Nacalai Tesque), and EGCg (Taiyo Kagaku,
Yokkaichi, Japan) were used in experiments. UPW was used to dissolve
the reagents at 5 mM for stock solutions and as a vehicle control.
Caffeine (Nacalai Tesque) was dissolved in UPW at 10 mM for the stock
solution. For osteoclast differentiation, cells were treated with RANKL
(Oriental Yeast, Tokyo, Japan) and macrophage colony-stimulating
factor (M-CSF; Affymetrix Japan, Tokyo, Japan) at final concentrations
of 50 and 10 ng/mL, respectively.

2.5. Cell viability assay

RAW264.7 cells (2 x 10° cells/well; 96-well plate) were cultured
for 24 h. Cells in the exponential growth phase were treated with the
indicated reagents for 48 h. Then, 3-(4,5-dimethylthiazol-2-y1)-2,5-di-
phenyl-tetrazalium bromide (MTT; Nacalai Tesque) solution (5 mg/mL
in ultrapure water) was added to each well, followed by incubation for
a further 4 h at 37 °C. Formazan crystals were dissolved in 100 pL of
0.01 M HCl/10% SDS. Absorbance was quantitated as a percentage
compared with the untreated control using a Microplate Reader
(CHROMATE4300; Practical Japan, Chiba, Japan) at 600 nm.
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2.6. TRAP staining

RAW264.7 cells were treated with reagents in a 96-well plate
(2 x 10° cells/well) for 5 days until TRAP staining [21]. In brief, cells
were fixed with 10% formalin for 5 min at room temperature, followed
by washing with phosphate-buffered saline (PBS). Then, the cells were
treated with a TRAP staining solution for 40 min at 37 °C. TRAP-posi-
tive osteoclasts with three or more nuclei were considered as mature
osteoclasts.

2.7. TRAP activity assay

Cells were cultured in a 96-well plate (2 X 10°% cells/well) for 5
days, and then TRAP enzyme activity was measured using a TRAP ac-
tivity kit (Takara Bio, Shiga, Japan), in accordance with the manufac-
turer's protocol. In brief, cells were lysed with 1% NP40 and incubated
with the TRAP activity solution for 30 min at 37 °C. Then, 0.5 M NaOH
was added to stop the reaction. Absorbance was quantitated as the
percentage compared with the vehicle control using the Microplate
Reader (Practical Japan) at 405 nm.

2.8. Immunofluorescence staining

Reagent-treated cells were cultured on glass coverslips (Matsunami
Glass, Osaka, Japan) in a 6-well plate (4 X 10* cells/well) for im-
munofluorescence staining of DC-STAMP [10]. The cells on coverslips
were fixed with 4% paraformaldehyde in PBS for 10 min at room
temperature, permeabilized with 0.1% saponin in PBS for 10 min on
ice, and then blocked with 1% bovine serum albumin in PBS for 30 min.
The cells were then incubated at 37 °C for 2 h with an anti-DC-STAMP
mAD (clone 1A2, 1:200, Becton Dickinson, Mountain view, CA, USA) as
the primary antibody. Goat anti-mouse Alexa Fluor 555 (A21425,
1:200, Life Technologies, Carlsbad, CA, USA) was used as the secondary
antibody. For F-actin ring staining, phalloidin-iFluor488 Reagent
(ab176753, abcam, Cambridge, UK) was added for 30 min at room
temperature, in accordance with the manufacturer's protocol. After
washing with PBS, 4’6-diamidino-2-phenylindole (DAPI; Life Technol-
ogies) was used to stain DNA, and the cells on coverslips were mounted
on slides for imaging.

2.9. Western blot

Reagent-treated cells were cultured in a 6-well plate (4 x 10* cells/
well) for 72 h. The cells were washed twice with PBS before collection
followed by dissolved in certain quantity of lysis buffer. The cell lysates
were loaded onto a 10% gel for SDS-PAGE and blotted onto a PVDF
membrane using a wet-transfer method. The membrane was blocked
with 1% bovine serum albumin in TBS with 0.05% tween 20 (TBST) for
1 h, and then incubated at 4 °C for overnight with an anti-DC-STAMP
mAD (clone 1A2, 1:500, Becton Dickinson) as the primary antibody.
Goat anti-mouse IgG horse-radish peroxidase conjugate (1:3000,
Biorad, Hercules, CA, USA) was used as the secondary antibody at room
temperature for 1 h. The membrane was incubated with ECL prime (GE
Healthcare, Chicago, IL, USA) at room temperature for 5 min in ac-
cordance with the manufacturer's protocol, and LAS imaging system
(Wako, Osaka, Japan) was used for imaging.

2.10. Flow cytometry

Cells were cultured in a 6-well plate (4 x 10* cells/well) and then
harvested using a cell scraper before flow cytometric analysis of cell
surface DC-STAMP [10]. The cells were washed with PBS and then
centrifuged at 150 X g for 15 min. As the primary antibody, an anti-DC-
STAMP mAb (clone 1A2, 1:200; Merck Millipore, Burlington, MA, USA)
was applied for 30 min on ice to detect DC-STAMP. To avoid detecting
nonspecific antibody reactions, purified mouse 1gG; (1:200; BioLegend,
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Table 1
Calculation of contained catechins in TEx by HPLC analysis.
EC EGC ECg EGCg
Content (%): 3.6 11.8 1.6 11.5

San Diego, CA, USA) was used. After washing with PBS, goat anti-
mouse Alexa Fluor 555 (A21425, 1:200, Invitrogen) was applied for
15 min on ice as the secondary antibody. After washing with PBS, flow
cytometry was performed using a FACSCantoll (Becton Dickinson).
Data were analysed using FACS DIVA software (Becton Dickinson).

2.11. Microscopy and imaging

An inverted microscope (IX51; Olympus, Tokyo, Japan) equipped
with a digital camera (DP26; Olympus) was used to image TRAP-
stained cells. A fluorescence microscope (Axioplan 2 MOT; Carl Zeiss,
Inc., Oberkochen, Germany) equipped with an ORCA-R2 camera
(Hamamatsu, Shizuoka, Japan) was used for fluorescence imaging
using a X 63 objective lens. Z-stacked three-dimensional images were
then assembled, pseudo coloured, and overlaid using MetaMorph

TEx 40 pg/mL

Control

Biochemistry and Biophysics Reports 22 (2020) 100759

software (version 7.7; MDS Analytical Technologies, Sunnyvale, CA,
USA).

2.12. Statistical analysis

All experiments were conducted at least twice independently. Data
are expressed as the mean = SD of results from at least three different
cultures, or as the mean # SE of results. The data were analysed using
the Student's t-test. P-values of less than 0.01 and 0.05 were considered
as statistically significant.

3. Results
3.1. Preparation and analysis of TEx

We prepared TEx from 20 g green tea leaves, and the yield of dried
TEx was 4.55 g (22.75%). HPLC analysis was performed to confirm the
amount of tea catechins based on the calibration curve of a standard
control, as same as our previous study [20]. We found that the amounts
of catechins were as follows: EC, 3.6%; EGC, 11.8%; ECg, 1.6%; EGCg,
11.5% (Table 1). Based on these results, we adjusted the concentration
of EGCg to 5, 25 or 50 puM for experiments. We examined the
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Fig. 1. Effects of TEx and catechins on cell fusion and TRAP activity. (A) Representative images of 40 pg/mL TEx, 50 uM EGCg, or both 50 ng/mL RANKL and 10 ng/
mL M-CSF (R/M)-treated RAW264.7 cells after TRAP staining at day 5. White arrows indicate multinucleated osteoclasts with three or more nuclei. Scale bar: 50 um.
(B) RAW264.7 cells were treated with 4 or 40 ug/mL TEx, 5, 25, or 50 uM EGCg, 100 uM caffeine, or R/M for 5 days. The numbers of multinucleated osteoclasts were
then counted. Data are presented as the mean = SD (n = 3). *p < 0.05, **p < 0.01 compared with the vehicle control by the Student's t-test. (C) TRAP activity

was measured by a microplate reader at 405 nm. Data are presented as the mean

SD (n = 3). *p < 0.05, **p < 0.01 compared with the vehicle control by the

Student's t-test. (D) RAW264.7 cells were treated with 50 uM EC, EGC, ECg, or EGCg for 5 days. The numbers of multinucleated osteoclasts were then counted. (E)

TRAP activity was measured by the microplate reader at 405 nm.
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cytotoxicity of TEx and EGCg in cultured RAW264.7 cells. MTT assays
were performed to measure cell viability based on the mitochondrial
activity of cells at 48 h of culture. Compared with the untreated control,
40 pg/ml TEx suppressed cell growth, and 50 uM EGCG suppressed that
slightly (Supplementary material 1).

3.2. Effect of TEx and EGCg on cell fusion and TRAP activity

We determined whether TEx treatment alone affected cell fusion of
RAW264.7 cells by evaluating multinucleated cells. Because
RAW264.7 cells undergo repeated cell fusion to differentiate into
multinucleated cells (MNCs), we used RANKL and M-CSF (R/M) as a
cell fusion positive control in the following experiments. In addition, we

Actin ring
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Fig. 2. Visualization of DC-STAMP expres-
sion and localization. (A) RAW264.7 cells
were treated with 50 pM EGCg or RM for
immunostaining. Nuclear DNA was stained
with DAPI (blue), DC-STAMP was detected
with an anti-DC-STAMP monoclonal anti-
body 1A2 and Alexa Fluor 555-conjugated
secondary antibody (red), and the F-actin
ring was stained with phalloidin-iFluor 488
(green). Images were obtained at X 63
magnification by fluorescence microscopy,
and then z-stacked and merged by
MetaMorph software. Scale bar: 10 um. (B)
Quantified overlap of the three signals in a
representative region using the line scan
function by MetaMorph software. White
arrows indicate the corresponding region of
the cell and line graph. Intensity of the
signal (A.U.) on the vertical axis and dis-
tance (um) on the horizon axis are shown.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the Web version of this article.)

Blue: DAPI
Red: DC-STAMP
Green: Actin ring

applied caffeine, which is present in TEx, as a potential osteoclast-in-
ducing compound. MNCs with more than three nuclei were counted as
fused cells (Fig. 1A). As a result, MNCs were significantly increased by
treatment with TEx or EGCg in a dose dependent manner (Fig. 1B). The
average number of MNCs in the vehicle control was 65. In contrast, the
numbers of MNCs obtained by treatment with 4 or 40 pg/mL TEx were
83 and 136, those by 5, 25, or 50 pM EGCg were 69, 121, and 181, that
by 100 mM caffeine was 70, and that by R/M was 223, respectively.
Then, TRAP enzyme activity was measured, but no enhancement of
TRAP activity was observed, except for R/M treatment (Fig. 1C). In
addition, the numbers of MNCs obtained by treatment with the vehicle
control, 50 uM EC, EGC, ECg, or EGCg were 44, 54, 89, 65, and 113,
respectively (Fig. 1D), without upregulating TRAP activity in any tea
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Fig. 3. Flow cytometric analysis of DC-
R/M STAMP expression on the cell surface. (A)
Representative flow cytometric histograms
showing surface DC-STAMP expression.
RAW264.7 cells were treated with 40 pg/
mL TEx, 50 uM catechins, or R/M for 3 days
and then stained with anti-DC-STAMP an-
tibody 1A2 followed by an Alexa Fluor 555-
conjugated secondary antibody for flow
cytometric analysis. (B) Histogram of the
mean fluorescence intensity (MFI) levels of
surface DC-STAMP expression on EC-, EGC-,
ECg-, EGCg-, TEx-, or R/M-treated cells.
Relative MFIs calculated by FACSDiva soft-
ware compared with the untreated control
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catechin-treated condition (Fig. 1E).

3.3. Effect of EGCg on DC-STAMP localization

To confirm expression and localization of DC-STAMP protein, we
performed immunofluorescence in RAW264.7 cells treated with EGCg
for 3 days. Fig. 3 shows fixed cells stained with DAPI (blue, nuclei),
Alexa Fluor 555 (red, DC-STAMP), and phalloidin (green, actin ring).
Vehicle control-treated cells expressed DC-STAMP that was colocalized
with the actin ring along the cell membrane (Fig. 2A, upper panels).
After EGCg treatment, intracellular DC-STAMP expression was in-
creased (Fig. 2A, middle panels), and RANKL-treated cells expressed a
relatively high level of intracellular DC-STAMP (Fig. 2A, lower panels).
Then, line scan analysis was performed to quantify overlaps of the three
signals in a representative region (Fig. 2B). White arrows indicate the
cell membrane corresponding to the line graph. EGCg-treated cells had
less overlap between DC-STAMP and F-actin compared with the vehicle
control. These results suggested that EGCg induced DC-STAMP trans-
location from the cell membrane to inside of cells.

3.4. Western blot analysis for DC-STAMP detection

Reagent-treated cells were used for western blot analysis to quantify
changes of DC-STAMP expression. We prepared vehicle control, TEx-
treated, EGCg-treated and R/M-treated cells, however, there were no
significant differences among these 4 samples. We shows representative
images of detected DC-STAMP (Supplemental material 2). We expected
that the changes of DC-STAMP expression is too small to detect by
western blot analysis in this condition. Thus, we performed FACS
analysis to detect DC-STAMP expression precisely.

3.5. Flow cytometric analysis of surface DC-STAMP levels

Flow cytometry was performed to quantify changes in surface DC-
STAMP expression. The ratio of surface DC-STAMP-expressing cells was

TEX RiM

decreased by EGCg or TEx treatment (Fig. 3A). Similar to a previous
study, the surface DC-STAMP level was quite low in RANKL-treated
cells compared with the untreated control. We analysed the surface DC-
STAMP level and assessed the mean fluorescence intensity (MFI) of the
expression (Fig. 3B). Relative MFI was significantly decreased to 76.9%
and 55.1% by EGCg and R/M treatments, respectively. EGCg had a
stronger effect on downregulation of DC-STAMP expression than the
other tea catechins, which corresponded to the increase in the number
of MNCs shown in Fig. 1.

4. Discussion

Osteoporosis is a systemic skeletal disorder with various symptoms
caused by bone loss [11,12]. Anti-osteoporotic compound-containing
foods, including green tea, can prevent the symptoms. Thus, anti-os-
teoporotic diets have attracted attention to prevent osteoporosis
[22,23]. In this study, we evaluated the effects of TEx and catechins on
cell fusion and DC-STAMP expression to elucidate the mechanisms of
osteoclast development. Previous reports, including our own study,
have identified four major catechins in tea extract: EC (MW = 290.27),
ECg (MW = 442.37), EGC (MW = 306.27), and EGCg (MW = 458.37).
In particular, EGCg suppresses osteoclastogenesis that involves cell fu-
sion during osteoclast development [15,24]. RAW264.7 cells undergo
morphological changes and cell fusion during early osteoclastogenesis.
Therefore, we used R/M treatment as a positive control for multi-
nucleation and cell fusion in this study.

As shown in Fig. 1, although R/M was the untreated condition, TEx
or EGCg-treated RAW264.7 cell cultures showed increases in MNCs.
Therefore, we assume that EGCg is one of the main active components
in tea extract for cell-cell fusion. However, both reagents did not in-
crease TRAP activity, suggesting that this multinucleation occurs via a
bone resorption activity-independent pathway. Next, we confirmed the
relationship of DC-STAMP expression with this increased multi-
nucleation by focusing on changes of localization. In a previous report,
MNCs expressed low levels of DC-STAMP protein on their cell surface,



K. Kuriya, et al.

whereas mononuclear cells expressed a high level of surface DC-STAMP
that was colocalized with cortical actin [10]. Our Z-stacked three-di-
mensional imaging revealed that treatment by EGCg increased in-
tracellular DC-STAMP expression and decreased colocalization of DC-
STAMP and the F-actin ring (Fig. 2A and B). We quantified the changes
in DC-STAMP expression by flow cytometry and found downregulation
of the cell surface level of DC-STAMP by EGCg treatment. Because in-
ternalization of DC-STAMP is a critical process for multinucleation of
RAW264.7 cells, suppression of surface DC-STAMP expression leads to
activation of DC-STAMP. Furthermore, EGCg treatment was most ef-
fective to decrease surface DC-STAMP levels compared with treatment
by other catechins (Fig. 3B). These results are in good agreement with
our previous report indicating that EGCg exhibits higher activity to
modulate DC-STAMP mRNA expression [20]. EGCg suppresses osteo-
clastogenesis by regulation of MMP9 [25] under RANKL-induced os-
teoclastogenesis. In contrast, EGCg enhanced multinucleation via DC-
STAMP activation under the RANKL-untreated condition. Nevertheless,
TRAP activity was not increased (Fig. 1C, E). Our results indicate that
increased multinucleation by EGCg treatment is independent of the
RANKL signalling pathway. DC-STAMP is an essential protein for this
multinucleation, but the complete pathway remains unknown, and
other molecules may be involved in the multinucleation [5]. Trans-
membrane DC-STAMP has an ITIM tail in the cell membrane and reg-
ulates phosphorylation of SH2 domain-containing tyrosine phosphatase
1 [9]. DC-STAMP regulates calcium and NFATCI to activate osteoclast
differentiation [26]. Although further study is needed to identify the
fusogenic gene crucial for cell fusion, some genes have been identified
as potentially downstream of DC-STAMP [27].

In summary, we investigated the effect of an extract from tea leaves
on cell fusion and DC-STAMP expression. Treatment with TEx or EGCg
increased multinucleated osteoclast formations, but not TRAP activity
in RAW264.7 cells. Fluorescence microscopic imaging and flow cyto-
metry showed internalization of surface DC-STAMP by EGCg treatment,
which mimics R/M treatment. These results indicate that increased cell
fusion by TEx and EGCg results from localization changes of DC-
STAMP, and upregulation of TRAP activity does not occur even when
both decreased surface DC-STAMP and increased multinucleation,
suggesting that bone resorption might be regulated by another
pathway. Although further studies are required for elucidation, our
results support a DC-STAMP signalling pathway that regulates osteo-
clast development.
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