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Estrogen-related receptor y (ERRy), a member of the orphan nu-
clear receptor family, is a key mediator in cellular metabolic pro-
cesses and energy homeostasis. Therefore, ERRy has become
an attractive target for treating diverse metabolic disorders. We
recently reported that ERRy acts as a negative regulator of osteo-
clastogenesis induced by receptor activator of nuclear factor-xB
ligand (RANKL). In the present study, we explored the effects
of an ERRy-specific modulator, GSK5182, on ERRy-regulated os-
teoclast differentiation and survival. Interestingly, GSK5182 in-
creased ERRy protein levels much as does GSK4716, which is
an ERRy agonist. GSK5182 inhibited osteoclast generation from
bone-marrow-derived macrophages without affecting cytotoxi-
city. GSK5182 also attenuated RANKL-mediated expression of c-
Fos and nuclear factor of activated T-cells cytoplasmic 1 (NFATc1),
pivotal transcription factors for osteoclastogenesis. Arrested osteo-
clast differentiation was associated with reduced RANK expres-
sion, but not with the M-CSF receptor, c-Fms. GSK5182 strongly
blocked the phosphorylation of IkBa, c-Jun N-terminal kinase,
and extracellular signal-regulated kinase in response to RANKL.
GSK5182 also suppressed NF-xB promoter activity in a dose-de-
pendent manner. In addition to osteoclastogenesis, GSK5182
accelerated osteoclast apoptosis by caspase-3 activation. Toge-
ther, these results suggest that GSK5182, a synthetic ERRy modu-
lator, may have potential in treating disorders related to bone
resorption. [BMB Reports 2021; 54(5): 266-271]

INTRODUCTION

Bone is a very active tissue that experiences continual remodel-
ing by dynamic communication between bone-degrading osteo-
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clasts and bone-forming osteoblasts. The balance between their
cellular functions is crucial for maintaining adult bone mass and
integrity. Abnormally elevated bone resorption by osteoclasts
breaks this balance and often causes pathologic bone diseases,
such as osteoporosis and inflammatory arthritis (1-3). Therefore,
regulating osteoclast differentiation, function, and survival is a
promising strategy for treating erosive bone disorders.

Osteoclasts are giant polykaryons generated from hematop-
oietic progenitor cells under the control of macrophage colony-
stimulating factor (M-CSF) and receptor activator of nuclear factor
(NF)-«B ligand (RANKL) (4-7). RANKL binding to its receptor,
RANK, triggers osteoclastogenesis by activating downstream sig-
naling pathways, including NF-xB and mitogen-activated protein
kinases (MAPKSs), cJun N-terminal kinase (JNK), extracellular sig-
nal-regulated kinase (ERK), and p38 (8, 9). In addition, RANKL
mediates c-Fos induction and activates calcium signaling by coo-
perating with immunoglobulin-like receptors. These signaling
cascades ultimately induce nuclear factor of activated T-cells
cytoplasmic 1 (NFATc1) expression, which upregulates expression
of osteoclast marker genes (10, 11).

Estrogen-related receptors (ERRs), termed ERRo, ERRB, and
ERRYy, are orphan receptors that belong to the nuclear receptor
superfamily (12-15). ERRo and ERRy play a role in regulating me-
tabolic gene and energy metabolism, whereas ERRB maintains
embryonic stem-cell pluripotency. Although the endogenous ERR
ligands have not been found to date, synthetic compounds that
regulate their activity and expression have been developed.
Among them, a small synthetic molecule, GSK5182 (4-[(Z)-1-[4-
2-dimethylaminoethyloxy)phenyl]-hydroxy-2-phenylpent-1-eny
[Iphenol, a 4-hydroxy tamoxifen analog), has been identified
as an ERRy-specific inverse agonist that does not bind to other
nuclear receptors (16). GSK5182 has an anti-diabetic effect by
suppressing hepatic gluconeogenesis in a type 2 diabetic mouse
model (17). GSK5182 also prevents vascular calcification by down-
regulating expression of osteogenic marker genes (18). In addi-
tion, GSK5182 reduces osteoarthritis (OA) in an experimental
animal OA model (19). A recent study also showed that GSK
5182 has anti-tumor activity in human breast cancer, where re-
active oxygen species (ROS) play an important role (20). These
findings suggest that GSK5182 may help treat various types of
human diseases.
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The role of ERRy in bone metabolism has been reported, with
most studies demonstrating its function in osteoblast and cartil-
age formation (19, 21-23). Recently, we reported the role of ERRy
in osteoclast differentiation (24). We showed that ERRy expres-
sion is downregulated during the osteoclastogenesis and that
ERRy plays a key role in osteoclastogenesis modulation. In the
current study, we evaluated the in vitro pharmacological effect
on ERRy regulation in osteoclast differentiation and survival by
using GSK5182. We show that GSK5182 inhibits osteoclasto-
genesis by blocking RANKL signaling molecules, demonstrating
that this compound may help treat osteoclast-related disorders.
Interestingly, GSK5182 increased ERRy protein levels, and ERRy-
mediated NF-kB promoter suppression was further accelerated
by GSK5182. Therefore, in this context, GSK5182 acts as an ago-
nist of ERRy.

RESULTS

The ERRy modulator, GSK5182, increases ERRy content

We first investigated the effect of the synthetic ERRy modulators,
GSK5182 and GSK4716, on ERRy protein expression. We iso-
lated and cultured bone-marrow-derived macrophages (BMMs)
with two different concentrations of ERRy modulators. Immuno-
blotting analysis using an ERRy-specific antibody showed that
GSK5182 treatment significantly increased ERRy protein levels
in a dose-dependent manner (Fig. 1A). We also observed that
GSK4716, a known ERRy agonist compound, elevated ERRy pro-
tein levels at both concentrations (Fig. 1B). We then examined
whether GSK5182 affects ERRy expression at the RNA level.
As determined by real-time PCR, GSK5182 dose-dependently
increased mRNA expression of ERRy (Fig. 1C). These results de-
monstrate that GSK5182 regulates ERRy expression at the tran-
scriptional level, but the precise mechanism of this modulation
remains to be further investigated.

GSK5182 blocks osteoclast formation induced by RANKL
To explore GSK5182's effect on osteoclast formation, we cul-
tured BMM s in the presence of RANKL, M-CSF, and various GSK
5182 doses or vehicles. Compared with the vehicle-treated con-
trol, GSK5182 exposure inhibited tartrate-resistant acid phospha-
tase (TRAP)-expressing multinucleated osteoclast generation from
BMM s in a dose-dependent manner (Fig. 1D, E). GSK5182 com-
pletely blocked osteoclast formation at 10 uM (Fig. 1E). Consis-
tent with a decrease in osteoclast number, TRAP activity from
culture supernatants was also dose-dependently reduced by
GSK5182 (Fig. 1F). Employing an MTS assay, we also found
that the GSK5182 concentrations used in this study did not in-
fluence BMM cytotoxicity or proliferation (Fig. 1G).

GSK5182 attenuates osteoclastogenic marker induction

Because GSK5182 inhibited osteoclast formation, we next eval-
uated the GSK5182 effect on expression of osteoclastogenesis-
associated marker genes. We cultured BMMs with RANKL and
M-CSF in the absence or presence of GSK5182 (10 uM). RANKL
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Fig. 1. GSK5182 inhibits RANKL-induced osteoclast formation. We cultured
BMMs with the indicated concentrations of ERRy modulators GSK5182
(A) or GSK4716 (B) for 24 h. We used immunoblotting to detect the
ERRy protein contents. Graphs represent the results of quantitative analy-
sis of ERRy protein levels from three independent experiments. (C)
We did realtime PCR to assess ERRy mRNA levels. (D-F) BMMs were
cultured at the indicated GSK5182 concentrations in the presence of
RANKL (20 ng/ml) and M-CSF (20 ng/ml) for four days. (D) The cells
were fixed and stained for TRAP. (E) TRAP-positive multinucleated
cells (MNCs) were counted. (F) TRAP activity in the culture medium
generated by cells in (D) was quantified at 405 nm. (G) We cultured
BMMs with the indicated concentrations of GSK5182 in the presence
of M-CSF (30 ng/ml) for three days. We evaluated cell viability by
MTS assay. The data presented in (A-C, E, and F) are expressed as
the mean + SD. *P < 0.05, **P < 0.001 vs. the vehicletreated con-
trol (Con).

stimulation in control BMMs increased c-Fos and NFATc1T mRNA
levels, two key proteins involved in RANKL-mediated osteoclast
differentiation. However, GSK5182 significantly attenuated the
mRNA induction of these two transcription factors (Fig. 2A).
These suppressive effects were further revealed by Western
blot analysis. GSK5182 strongly reduced c-Fos and NFATc1
protein expression in a time- and dose-dependent manner (Fig.
2B, O). Reflecting the decrease in NFATc1 protein level, the ex-
pression of NFATcT1 target genes, TRAP and cathepsin K (CTSK),
was also attenuated in response to GSK5182 (Fig. 2A, B). We
also found that GSK5182 suppressed the mRNA expression of
the RANKL receptor, RANK, but not of the M-CSF receptor,
c-Fms (Fig. 2A). We obtained similar results in the Western
blot, showing that RANK protein levels were significantly re-
duced by GSK5182 treatment (Fig. 2D).

GSK5182 inhibits RANKL-stimulated NF-xB, JNK, and ERK
activation
To further understand the mechanism for GSK5182’s inhibi-
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Fig. 2. GSK5182 suppresses osteoclastogenic marker expression. (A
and B) We cultured BMMs with RANKL and M-CSF in the absence
or presence of GSK5182 (10 uM) for the indicated times. We did
real-time PCR (A) or immunoblotting (B) to assess the expression of
the indicated genes. *P < 0.05, **P < 0.001 vs. control. (C) We
cultured BMMs with M-CSF in the absence (-) or presence (+) of
RANKL with various GSK5182 concentrations for 24 h. Whole-cell
lysates were subjected to immunoblotting to detect c-Fos. (D) RANK
protein expression in cells treated with GSK5182 (10 uM) on the
indicated days.

tion of RANKL-induced osteoclastogenesis, we examined the
GSK5182 effect on RANKL signaling cascades. We pretreated
BMMs with GSK5182 or vehicle and assessed them for MAPK
activation in response to RANKL. As expected, RANKL exposure
in control cells activated MAPKs, including JNK, ERK, and p38
(Fig. 3A). In contrast, BMMs pretreated with GSK5182 abrogated
RANKL-stimulated JNK and ERK phosphorylation (Fig. 3A).
However, p38 activation by RANKL was not altered in the
presence of GSK5182 (Fig. 3A).

Another RANKL signaling cascade important for osteoclasto-
genesis is the NF-kB signaling pathway. RANKL stimulation ele-
vated IkBa phosphorylation levels in vehicle-treated control
BMMs, whereas GSK5182 strongly inhibited RANKL-induced
IkBow phosphorylation (Fig. 3B). Accordingly, IkBo protein amounts
were increased in GSK5182-exposed cells at both concentra-
tions (Fig. 3C). RANKL also triggers the induction of the NF-xB
transcriptional activity. Hence, we next assessed the effect of
GSK5182 on RANKL-mediated NF-xB promoter activity in RAW
264.7 macrophages. RANKL exposure increased NF-kB luciferase
activity, whereas GSK5182 led to a dose-dependent reduction
in NF-«B activity following RANKL stimulation (Fig. 3D). As pre-
viously reported (24), the induction of NF-kB promoter activity
was significantly attenuated by ERRy overexpression (Fig. 3E).
Notably, GSK5182 treatment accelerated the ERRy-reducing effect
on the NF-xB promoter in a dose-dependent manner (Fig. 3E).
These results reveal that GSK5182 inhibits the transactivation
of NF-kB, much as ERRy does, indicating that GSK5182 can
act on ERRy in an agonistic manner.
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Fig. 3. GSK5182 blocks RANKL-stimulated NF-xB, JNK, and ERK acti-
vation. (A and B) BMMs were serum-starved for 6 h, pretreated with
GSK5182 (10 uM) or vehicle (control) for 1 h, and then stimulated
with RANKL (30 ng/ml). (A) We assayed total protein extracts by im-
munoblotting to detect phosphorylated and total MAPK (NK, ERK,
p38) proteins. (B) Cell lysates were immunoblotted with a phospho-
IkBa antibody. (O) IkBa protein levels in GSK5182-treated cells. (D,
E) RAW264.7 cells were transfected with NF-xB luciferase reporter
alone (D) or cotransfected with NF-xB luciferase together with the
ERRy expression plasmid (E). After transfection, we treated cells with
the indicated concentrations of GSK5182 or vehicle for 24 h and then
stimulated them with RANKL (100 ng/ml) for 24 h. We measured
NF-«B luciferase activity using a dual-luciferase reporter assay system.
**p < 0.001.

GSK5182 accelerates osteoclast apoptosis

Because osteoclastic bone resorption is also governed by the
cell-survival rate, we next investigated the GSK5182 effect on
osteoclast survival. We incubated mature osteoclasts with or
without GSK5182 for 24 h and then stained them for TRAP
(Fig. 4A). GSK5182 strongly decreased the survival rate of TRAP-
positive osteoclasts (Fig. 4B). To examine if the reduced cell-sur-
vival rate was accompanied by apoptosis in GSK5182-treated
cells, we carried out an apoptotic DNA fragmentation assay by
ELISA. GSK5182 markedly increased apoptosis of mature osteo-
clasts (Fig. 40). In agreement with its pro-apoptotic effect, GSK5182
accelerated both caspase-3 and caspase-9 activity (Fig. 4D).

DISCUSSION

Because ERRy is implicated in the pathogenesis of various meta-
bolic events, regulating ERRy using small synthetic compounds
provides a useful clue for a novel therapeutic strategy. ERRy is
an orphan nuclear receptor because of the absence of its natu-
ral ligand. In this regard, a small synthetic compound, GSK5182,
has attracted attention as a highly specific ERRy modulator that
does not associate with other nuclear receptors. To date, several
studies have highlighted the therapeutic GSK5182-mediated effects
on regulating ERRy in a variety of metabolic diseases (17-20, 25-
27). Along with these previous studies, our recent study also
demonstrates that regulating ERRy may be a way to treat bone
disorders in an excessive bone-resorption pathological state.
Employing loss- and gain-of-function systems, we reported that
ERRy negatively controls RANKL-induced osteoclast differentia-
tion (24). In the current study, we show that an ERRy modu-
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Fig. 4. GSK5182 promotes osteoclast apoptosis. We incubated mature
osteoclasts with GSK5182 (10 uM) or vehicle for 24 h. (A) The cells
were fixed and subjected to TRAP staining. Apoptotic osteoclasts are
marked by asterisks. (B) We measured osteoclast survival as the TRAP-
positive MNC percentage. **P < 0.001. (C) We measured the osteo-
clast apoptosis rate by ELISA. **P < 0.001. (D) Total cell lysates were
immunoblotted for cleaved caspase (cas)-3 and caspase-9. B-Actin
served as a loading control. (E) A diagram showing the GSK5182 effect
on osteoclast differentiation and apoptosis.

lator, GSK5182, inhibits osteoclastogenesis and promotes mature
osteoclast apoptosis, suggesting that GSK5182 might work well
to treat bone-resorption-associated diseases (Fig. 4E).

In an attempt to explore GSK5182’s effect on osteoclast for-
mation, we first examined changes in ERRy protein levels. We
found that GSK4716, an ERRy agonist, increased ERRy protein
levels. Our recent study demonstrated that both ERRy overex-
pression and GSK4716 treatment inhibited RANKL-mediated
osteoclastogenesis (24), indicating that GSK4716 is indeed an
ERRy agonist. Interestingly, GSK5182, a compound identified
as an ERRy inverse agonist, also dose-dependently increased
ERRYy protein levels. Furthermore, like ERRy and GSK4716, GSK
5182 blocked osteoclast formation and attenuated osteoclasto-
genic marker gene expression. These findings suggest that GSK
5182-mediated ERRy protein increase may impair osteoclast dif-
ferentiation. Therefore, we conclude that GSK5182 functions
as an agonist and expression modulator of ERRy, which serves
as a strong negative regulator of osteoclast differentiation. The
GSK5182 behavior is similar to that of the ERRo. modulator,
XCT790. A previous study showed that XCT790 is an ERRa
antagonist that is also an ERRa agonist that suppresses cell pro-
liferation and tumorigenicity (28). Thus, like XCT790, GSK5182
may act in a cell- and/or context-specific manner as a receptor
agonist or antagonist.

c-Fos and NFATc1 are critical transcription factors for the
RANKL-induced osteoclastogenesis. c-Fos targeted disruption
results in severe osteopetrosis because it fails to generate osteo-
clasts from their precursors (29, 30). NFATc1-deficient mouse
embryonic stem cells could not form osteoclasts following
RANKL stimulation (31). Also, c-Fos is recruited to the NFATc1
promoter after 24 h of RANKL exposure (32), indicating that
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NFATc1 is a c-Fos target gene during the early stages of osteo-
clastogenesis. In this study, we observed that GSK5182 attenuated
c-Fos and NFATcT mRNA and protein expression. Consequently,
GSK5182 suppressed NFATc1 target genes, such as TRAP and
cathepsin K. These data reveal that GSK5182 inhibits osteoclast
differentiation by suppressing the two key transcription factors,
c-Fos and NFATc1.

NF-kB activation by RANKL is a critical signaling event for
osteoclast differentiation. Deleting the NF-xB subunits (p50
and p52) leads to severe osteopetrosis because of defective osteo-
clastogenesis (33, 34). NF«B is also recruited to the NFATc1
promoter in response to RANKL (32). We found that GSK5182
strongly blocked RANKL-stimulated phosphorylation of the
NF-kB inhibitor, [kBa. In agreement with this observation, ERRy
overexpression and DY131 treatment, another ERRy agonist,
inhibited IkBo phosphorylation induced by RANKL (24). Fur-
thermore, GSK5182 attenuated RANKL-mediated NF-xB tran-
scriptional activity. As NF-kB promoter activity was also suppres-
sed by ERRy, and this ERRy inhibitory effect was further acce-
lerated by GSK5182, in this circumstance, GSK5182 functions
as a receptor agonist. RANKL stimulation also activates the
MAPK signaling pathways, including JNK, ERK, and p38. GSK
5182 inhibited JNK and ERK activation by RANKL, whereas
this compound did not influence p38 activation. Collectively,
our data reveal that blunting the RANKL-stimulated NF-xB,
JNK, and ERK signaling pathways contributes to the suppressive
effect of GSK5182 on NFATc1 induction.

Apoptosis of mature osteoclasts and/or osteoclast precursor
cells is another important factor that governs osteoclast number
and bone-resorptive capacity. In addition to its anti-osteoclasto-
genic effect, GSK5182 increased fully differentiated osteoclast
apoptosis. GSK5182 increased mature osteoclast cell death by
inducing caspase-3 and caspase-9 activation. However, this
compound did not affect osteoclast precursor (BMM) cell via-
bility (Fig. 1F).

In conclusion, our data showed that GSK5182 efficiently
blocks osteoclast differentiation. The preventive effect of GSK5182
is associated with inhibiting c-Fos, NF-xB, JNK, and ERK signal-
ing that leads to NFATc1 downregulation. Additionally, GSK5182
promotes osteoclast apoptosis by inducing caspase activation.
Therefore, our findings suggest that the ERRy modulator, GSK5182,
might help treat skeletal diseases accompanied by excessive
bone erosion, such as osteoporosis, periodontitis, and rheumatoid
arthritis.

MATERIALS AND METHODS

Reagents and antibodies
GSK5182 was synthesized as described previously (16). We
purchased:
® Recombinant murine RANKL and human M-CSF from
R&D Systems (Minneapolis, MN, USA).
 Primary antibodies specific for IkBa, JNK, p38, ERK, phos-
pho-lkBa, phosphoNK, phospho-p38, and phospho-ERK
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from Cell Signaling Technology (Beverly, MA, USA).
® ERRy from R&D Systems.
® NFATc1 from BD Pharmingen (San Diego, CA, USA).
e c-Fos from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
® RANK from Abcam (Cambridge, UK).

Osteoclast differentiation

We prepared osteoclasts from murine bone-marrow cells as
previously described (35, 36). Whole bone marrow from C57/
BL6 male mice femurs and tibiae was flushed out with a-mini-
mum essential media (a-MEM). After removing the red blood
cells, we incubated bone-marrow cells for three days in Petri
dishes with a-MEM containing 10% FBS and 10% CMG 14-12
culture media (37) as a source of M-CSF. We selected the adhe-
rent cells as bone-marrow-derived macrophages (BMMs). To
induce osteoclasts, we cultured precursor cells (BMMs) in a-
MEM with RANKL (20 ng/ml) and M-CSF (20 ng/ml) for four or
five days. Cells were fixed in 4% paraformaldehyde and stained
with TRAP.

Cell viability assay

We seeded BMMs at 5 x 10° cells per well in 96-well plates
and cultured them with different GSK5182 doses in the pre-
sence of M-CSF (30 ng/ml). After three days, the cells were
incubated with 20 pl per well of CellTiter 96 AQueous One
Solution Reagent containing MTS (Promega, Madison, WI, USA)
at 37°C for 4 h. We quantified cell viability by measuring ab-
sorbance at 490 nm.

Real-time PCR
We did quantitative real-time PCR using SYBR Green dye and
an ABI 7500 Real-Time PCR system (Applied Biosystems,
Foster City, CA, USA). The following primer sequences were
used:
® ERRy, 5'-GCTAAGTGCCAGAATTCAAACCA-3" and 5’-ATC
GAC TCCTATGGATCAGGACTTT-3";
¢ -Fos, 5-AGGCCCAGTGGCTCAGAGA-3’ and 5-GCTCCCA
GTCTGCTGCATAGA-3;
® NFATc1, 5-ACCACCTTTCCGCAACCA-3’ and 5-TTCCGTTT
CCCGTTGCA-3";
® TRAP, 5-TCCCCAATGCCCCATTC-3" and 5-CGGTTCTGGC
GATCTCTTTG-3";
e Cathepsin K, 5-GGCTGTGGAGGCGGCTAT-3’ and 5-AG
AGTCAATGCCTCCGTTCTG-3%;
® RANK, 5-TCTGCAGCTCTTCCATGACACT-3" and 5"-GAAG
AGGAGCAGAACGATGAGACT-3’;
® ¢-Fms, 5-CCTGAATCTCCCGGAAGCA-3’ and 5-CAAGCTC
GGTACAACGGTAGGT-3'.

Western blotting

We harvested vehicle or compound-treated cells and lysed them
in RIPA buffer (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with protease-phosphatase inhibitors. We measured the pro-
tein concentration using a BCA protein assay kit (Pierce Biotech-
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nology, Rockford, IL, USA). Equivalent protein amounts were
subjected to SDS-PAGE and Western blotting analysis. The
immunoreactive proteins were detected using an ECL Plus kit
(Amersham Pharmacia Biotech, Piscataway, NJ, USA) and imaged
with a LAS4000 luminescent image analyzer (GE Healthcare,
Piscataway, NJ, USA).

Luciferase assay

We cultured RAW264.7 macrophages in Dulbecco’s modified
Eagle’s medium containing 10% FBS at 1 x 10° cells per well
in 48-well plates. On the following day, the cells were trans-
fected with a NF-xB reporter plasmid (250 ng) using FUGENE
HD transfection reagent (Promega, Madison, WI, USA). In ano-
ther assay, we co-transfected RAW264.7 cells with the NF-xB
luciferase reporter (250 ng) and an ERRy expression plasmid
(250 ng) provided by Dr. Hueng-Sik Choi (Chonnam National
University, Gwangju, Korea). After 24 h, we incubated the cells
with various GSK5182 concentrations for 24 h and then stimulated
them with RANKL (100 ng/ml) for 24 h. We measured NF-xB
luciferase activity using a dual-luciferase reporter assay system
(Promega) according to the manufacturer’s protocols.

Apoptosis assay

We cultured mature osteoclasts in the presence of a vehicle or
GSK5182 for one day. Osteoclast apoptosis was analyzed using
a Cell Death Detection ELISA™ kit (Roche, Mannheim, Germany),
which quantitatively detects cytoplasmic histone-associated DNA
fragments.

Statistics

We did statistical analysis using Microsoft Excel 2016 (Micro-
soft, USA). Statistical significance was found by Student’s t-test,
considering P < 0.05 as significant. The results are represented
as the mean + standard deviation (SD).
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