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Glutaredoxin2 isoform b (Glrx2b) promotes RANKL-induced
osteoclastogenesis through activation of the p38-MAPK
signaling pathway
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Receptor activator of NF-κB ligand (RANKL) triggers the
differentiation of bone marrow-derived monocyte/macrophage
precursor cells (BMMs) of hematopoietic origin into osteoclasts
through the activation of mitogen-activated protein (MAP) kinases
and transcription factors. Recently, reactive oxygen species (ROS)
and antioxidant enzymes were shown to be closely associated with
RANKL-mediated osteoclast differentiation. Although glutaredoxin2 (Glrx2) plays a role in cellular redox homeostasis, its role in
RANKL-mediated osteoclastogenesis is unclear. We found that
Glrx2 isoform b (Glrx2b) expression is induced during RANKLmediated osteoclastogenesis. Over-expression of Glrx2b strongly
enhanced RANKL- mediated osteoclastogenesis. In addition,
Glrx2b-transduced BMMs enhanced the expression of key transcription factors c-Fos and NFATc1, but pre-treatment with
SB203580, a p38-specific inhibitor, completely blocked this
enhancement. Conversely, down-regulation of Glrx2b decreased
RANKL- mediated osteoclastogenesis and the expression of c-Fos
and NFATc1 proteins. Also, Glrx2b down-regulation attenuated the
RANKL-induced activation of p38. Taken together, these results
suggest that Glrx2b enhances RANKL-induced osteoclastogenesis
via p38 activation. [BMB reports 2012; 45(3): 171-176]
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ance between osteoclast-mediated bone resorption and osteoblast-mediated bone formation; an imbalance can lead to the development of diseases such as osteoporosis, periodontal disease,
rheumatoid arthritis, multiple myeloma, and metastatic cancers
(1). Osteoclasts are multinucleated giant cells that resorb mineralized tissues and are differentiated from hematopoietic stem
cells by key factors, such as macrophage colony-stimulating factor (M-CSF) and receptor activator of NF-κB ligand (RANKL). In
particular, the binding of RANKL to its receptor, RANK, triggers
osteoclast differentiation via the activation of mitogen-activated
protein (MAP) kinases and transcription factor NF-κB (2). In addition to NF-κB, AP-1 transcription factor member c-Fos and nuclear factor of activated T cells (NFAT) c1 are strongly induced
during RANKL-induced osteoclast differentiation and play critical roles in the regulation of genes required for osteoclast differentiation and function. c-Fos is essential for RANKL-mediated induction of NFATc1 (3, 4), and NFATc1 regulates a number of osteoclast-specific genes, including DC-STAMP, tartrate-resistant
acid phosphatase (TRAP), Atp6v0d2, and osteoclast-associated
receptor (OSCAR) (5).
Reactive oxygen species (ROS), including free radicals and
radical-derived/non-radical reactive species, are involved in the
control of many cellular functions and play important roles as
regulatory mediators in signaling processes (6). Interestingly, the
involvement of ROS in osteoclastogenesis has been reported in
several studies: an increase in intracellular ROS caused by
RANKL was observed in bone marrow-derived monocyte/macrophage precursor cells (BMMs), and ROS (e.g., hydrogen peroxide) have been shown to be associated with enhanced bone
resorption (7, 8).
Increased levels of the antioxidant glutathione (GSH), which
plays a major role in oxidant defense via an enzymatic coupling
reaction, enhance bone resorption activity (9). In contrast, GSH
depletion by L-buthionine-(S,R)-sulfoximine (BSO), a specific inhibitor of GSH synthesis, inhibits osteoclastogenesis and bone pit
formation by blocking nuclear importation of NF-κB and AP-1 in
RANKL-mediated signaling in RAW 264.7 cells (10). Furthermore, antioxidant enzymes regulating ROS have been shown to
BMB reports

171

Effect of Glrx2b on osteoclastogenesis
Jeong-Tae Yeon, et al.

be closely associated with RANKL-mediated osteoclast differentiation; thioredoxin-1 (Trx1) increases osteoclast formation
through the AP-1 and NF-κB signaling pathways in RAW 264.7
cells, but other antioxidant enzymes, specifically glutathione peroxidase-1 (Gpx) and peroxiredoxin-1 (Prx), inhibit RANKL-medicated osteoclastogenesis (11). These results indicate the involvement of ROS and antioxidant enzymes in osteoclastogenesis.
The antioxidant protein glutaredoxin (Glrx) catalyzes deglutathionylation of protein-glutathione mixed disulfides (proteinSSG) and plays important roles in redox homeostasis and signal
transduction (12). Among Glrx family members, Glrx2 has been
shown to play a central role in the regulation of apoptosis. In a
functional study, Glrx2 decreased apoptosis induced by doxorubicin and the antimetabolite 2-deoxy-D-glucose by sustaining
mitochondrial redox homeostasis (13), but its down-regulation
induced sensitivity to phenylarsine oxide and the anticancer
agent doxorubicin in HeLa cells (14). However, to date, no investigation has addressed the potential role of Glrx2 in
osteoclastogenesis. Therefore, we investigated the functional involvement of Glrx2 in RANKL-induced osteoclastogenesis in
BMMs. Mouse Glrx2 is localized in the mitochondria and has
mRNA variants encoding two distinct proteins: mitochondrial
isoform a, Glrx2a (UniProt ID: A2A5W4), and non-mitochondrial isoform b, Glrx2b (UniProt ID: Q3UQ95) (15). Because we
found that Glrx2b, but not Glrx2a, is strongly induced during
RANKL-mediated osteoclast differentiation, we focused on evaluating the functional role of Glrx2b in osteoclastogenesis.

confirmed in a RAW264.7 cell-based model of osteoclast differentiation (data not shown).

Over-expression of Glrx2b enhances RANKL-induced osteoclastogenesis

When BMMs were transduced with Glrx2b retrovirus, selected
with puromycin, and cultured with M-CSF and RANKL, more
mature TRAP-positive multinucleated osteoclasts (MNCs) were
formed compared to the control (Fig. 2A). The number of
TRAP-positive MNCs and RANKL-mediated TRAP activity were
increased by over-expression of Glrx2b (Fig. 2B-D).
Because RANKL is expressed mainly as a membrane-bound
form on osteoblasts and triggers the signaling essential for osteoclast differentiation (4, 16), the effect of endogenous RANKL
generated by osteoblasts on Glrx2b-induced osteoclastogenesis

RESULTS
Glrx2b is time-dependently induced during RANKL-mediated osteoclastogenesis

To investigate the expression pattern of Glrx2b in RANKL- mediated osteoclastogenesis, Western blot analysis was performed
using BMMs that were differentiated into osteoclasts by treatment with RANKL in the presence of M-CSF. Interestingly,
Glrx2b protein was time-dependently induced by RANKL (Fig.
1). RANKL-mediated osteoclastogenesis was confirmed by evaluating the expression of transcription factors c-Fos and NFATc1,
which play major roles in the regulation of osteoclastogenesisrelated genes. RANKL-induced expression of Glrx2b was also

Fig. 1. Glrx2b is up-regulated during RANKL-induced osteoclastogenesis. Bone marrow macrophages (BMMs) were cultured for 3 days
with M-CSF (30 ng/ml) and stimulated with RANKL (100 ng/ml) for
the indicated times. The cell lysates were analyzed by Western blot.
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Fig. 2. Over-expression of Glrx2b in BMMs activates osteoclastogenesis.
(A) BMMs were transduced with pMX-puro (control) or pMX-puroGlrx2b-c-myc (Glrx2b), selected with puromycin (2 mg/ml) for 2 days, and
cultured for 4 days with RANKL (0, 25, 50, 100 ng/ml) in the presence
of M-CSF (30 ng/ml). Cells were fixed in 3.7% formalin, permeabilized
with 0.1% Triton X-100, and stained with TRAP solution. Mature TRAP-positive multinucleated osteoclasts (MNCs) were photographed under a light
microscope (Magnification ×100). (B) TRAP-positive MNCs (nuclear number
＞ 3), (C) TRAP- positive MNCs (nuclear number ＞ 10), and (D) TRAP
activity in osteoclasts generated from control BMMs (black column) or BMMs
over-expressing Glrx2b (white column) were counted and measured. *P
＜ 0.05, **P ＜ 0.01. (E) BMMs transduced with the control or Glrx2b
retrovirus were co-cultured with primary osteoblasts for 6 days and then
fixed and stained for TRAP (Magnification ×100). (F) TRAP-positive MNCs
(nuclear number ＞ 3) were counted. *P ＜ 0.05, **P ＜ 0.01. (G) Mature
osteoclasts derived from transduced BMMs were cultured on carbonate
apatite-coated plates for 4 days. Cells were removed and photographed
under a light microscope. (H) The bone resorption area was quantified
using the Image Pro-plus program, version 4.0. *P ＜ 0.05, **P ＜ 0.01.
http://bmbreports.org
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was also investigated. When transduced BMMs were co-cultured with primary osteoblasts in the presence of 1,25(OH)2D3
and PGE2, the number of TRAP-positive MNCs was significantly
increased in the presence of Glrx2b over-expression (Fig. 2E and
F). In addition, pit formation assay revealed that the bone resorptive activity of mature osteoclasts was accelerated when the
Glrx2b gene was over-expressed (Fig. 2G and H), which could
be due to the increased number of functionally active osteoclasts
induced by its over- expression. These results suggest that
Glrx2b could play a role as a positive regulator in RANKL-mediated osteoclastogenesis.

Glrx2 over-expression induces c-Fos and NFATc1 expression
by activating the p38 signaling pathway

a number of osteoclast-specific genes, such as DC-STAMP,
TRAP, Atp6v0d2, and OSCAR during osteoclastogenesis (5). To
explore whether Glrx2b can affect the expression of these transcription factors and their target genes, RT-PCR was performed.
The mRNA levels of c-Fos, NFATc1, TRAP, OSCAR, Atp6v0d2,
and DC-STAMP were increased in Glrx2b-transduced BMMs in
the presence of RANKL treatment (Fig. 3A). Consistent with these
results, the protein levels of c-Fos and NFATc1 were induced by
RANKL treatment of Glrx2b-transduced BMMs (Fig. 3B).
To elucidate the mechanism underlying the enhancement of
RANKL-induced osteoclast differentiation by Glrx2b, we examined the effect of Glrx2b on RANKL-induced early signaling
pathways, including ERK, JNK, p38, AKT, and NF-κB. Among

The AP1 component c-Fos is essential for RANKL-mediated induction of NFATc1 (3, 4). Transcription factor NFATc1 regulates

Fig. 3. Over-expression of Glrx2b induces osteoclastogenesis by inducting c-Fos and NFATc1 expression via the p38 signaling pathway.
Transduced BMMs were cultured for the indicated days with RANKL
(100 ng/ml) in the presence of M-CSF (30 ng/ml). (A) mRNA and (B)
protein expression was analyzed by RT-PCR and Western blot,
respectively. (C) Transduced BMMs were stimulated with RANKL (100
ng/ml) for the indicated times and the whole-cell lysates analyzed by
Western blot. (D, E) Transduced BMMs were pre-treated with DMSO
(the vehicle control) or SB203580 for 1 h in the presence of M-CSF
and then stimulated with RANKL (100 ng/ml) for 4 days. Cultured cells
were fixed and stained with TRAP solution. Mature TRAP-positive multinucleated osteoclasts (MNCs) were photographed under a light microscope (Magnification ×100) (D) or TRAP-positive MNCs (nuclear number
＞ 3) counted (E). *P ＜ 0.05, **P ＜ 0.01. (F) Transduced BMMs
were pre-treated with DMSO or SB203580 (5 mM) for 1 h in the presence
of M-CSF, stimulated with RANKL (100 ng/ml) for 1 days, and Western
blotting analysis performed.
http://bmbreports.org

Fig. 4. Down-regulation of Glrx2 inhibits osteoclastogenesis. (A) BMMs
were transduced with pSUPER-puro (control) or Glrx2b-specific shRNA
retrovirus (Glrx2b-SH), selected with puromycin (2 μg/ml) for 2 days,
and then cultured for 5 days with RANKL (0, 25, 50, 100 ng/ml) in
the presence of M-CSF (30 ng/ml). Cells were fixed in 3.7% formalin,
permeabilized with 0.1% Triton X-100, and stained with TRAP solution.
Mature TRAP-positive multinucleated osteoclasts (MNCs) were photographed under a light microscope (Magnification x100). (B) TRAP-positive
MNCs (nuclear number ＞ 3), (C) TRAP-positive MNCs (nuclear number
＞ 10), and (D) TRAP activity in osteoclasts generated from control BMMs
(black column) or Glrx2b-silenced BMMs (white column) were counted
and measured. *P ＜ 0.05; **P ＜ 0.01. (E, F) Transduced BMMs was
cultured with M-CSF and RANKL (100 ng/ml) for the indicated times
and the cell lysates analyzed by Western blot. (G, H) Transduced BMMs
were co-cultured for 6 days, fixed, and stained with TRAP (G) or TRAP-positive MNCs (nuclear number ＞ 3) counted (H). *P ＜ 0.05, **P ＜
0.01. (I) Transduced BMMs were cultured on carbonate apatite-coated
plates for 5 days. Cells were removed and photographed under a light
microscope. (J) The bone resorption area was quantified using the Image
Pro-plus program, version 4.0. *P ＜ 0.05, **P ＜ 0.01.
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these signaling molecules, phosphorylation of p38 was only increased in BMMs transduced with Glrx2b after RANKL treatment (Fig. 3C).
Thus, we examined whether Glrx2b enhances RANKL-induced osteoclastogenesis by activating the p38 signaling
pathway. When Glrx2b-transduced BMMs were pre-treated
with 5 μM of SB203580, a p38-specific inhibitor, the effects of
Glrx2b on the formation of RANKL-induced TRAP-positive
MNCs was completely blocked (Fig. 3D). SB203580 dose-dependently inhibited the Glrx2b-enhanced formation of RANKLinduced TRAP-positive MNCs (Fig. 3E). In addition, the expression of c-Fos and NFATc1 was inhibited by SB203580 (Fig.
3F), with NFATc1 expression being completely blocked.

Down-regulation of Glrx2b inhibits RANKL-induced osteoclastogenesis

Down-regulation of Glrx2b expression by its specific shRNA significantly suppressed RANKL-induced osteoclastogenesis compared to the control pSuper vector (Fig. 4A). Glrx2b-specific
shRNA also decreased the amount of TRAP-positive MNCs and
RANKL-mediated TRAP activity (Fig. 4B-D).
Down-regulation of Glrx2b in BMMs resulted in a marked decrease in the expression of c-Fos and NFATc1 protein in response to RANKL stimulation (Fig. 4E). Similarly, Glrx2b-specific shRNA attenuated the RANKL-induced activation (phosphorylation) of p38 (Fig. 4F). When BMMs with Glrx2b-specific
shRNA were co-cultured with primary osteoblasts in the presence of 1,25(OH)2D3 and PGE2 , the number of TRAP-positive
MNCs significantly decreased (Fig. 4G and H). The pit formation
assay revealed that the bone resorptive activity of mature osteoclasts was attenuated when Glrx2b expression was down-regulated, which could be due to defects in the formation of mature
osteoclasts (Fig. 4I and J). These results confirmed our suggestion
that Glrx2b acts as a positive regulator in RANKL-mediated
osteoclastogenesis.

DISCUSSION
In the present study, we found that Glrx2b expression was induced in a time-dependent manner during RANKL-mediated
osteoclastogenesis. Over-expression of Glrx2b strongly enhanced RANKL-mediated osteoclastogenesis and the expression
of c-Fos and NFATc1. Together with c-Fos, NAFTc1 is the key
transcription factor for osteoclast differentiation (17, 18). MafB,
a negative regulator, associates with c-Fos and Mitf, and RANKL
stimulation down-regulates its expression via JNK and p38
MAPK (19). The mRNA levels of c-Fos, NFATc1, TRAP, OSCAR,
Atp6v0d2, and DC-STAMP were up-regulated, but MafB was repressed in Grx2b-transduced BMMs in the presence of RANKL
treatment. These results suggest the involvement of c-Fos and
NFATc1 in the Glrx2b-mediated enhancement of RANKL-induced osteoclastogenesis.
Because the binding of RANKL to its receptor RANK triggers
osteoclast differentiation via the activation of MAP kinase and
174 BMB reports

NF-κB signaling (2), the effect of Glrx2b on the activation of
those molecules was evaluated. Interestingly, RANKL-induced
activation of p38 was strongly enhanced by Glrx2b overexpression. p38 MAPK has been shown to regulate c-Fos expression, and inactivation of the p38 signaling pathway completely blocks the induction of c-Fos and NFATc1 with concomitant inhibition of RANKL-induced osteoclastogenesis (20).
Pre-treatment with SB203580, a specific inhibitor of p38,
dose-dependently inhibited the ability of Glrx2b to enhance the
formation of TRAP-positive MNCs. Considering that NFATc1 is
the downstream molecule of c-Fos, the completely blocked expression of NFATc1 after pre-treatment with SB203580 may be
due to the reduction in c-Fos expression. However, we could not
exclude the possibility of c-Fos-independent inhibition of
NFATc1 by blockade of the p38 signaling pathway (21).
Taken together, these results suggest that Glrx2b enhances
RANKL-induced osteoclastogenesis by inducing c-Fos and
NFATc1 via p38 activation. This suggestion was confirmed in
the loss-of-function study: the down-regulation of Glrx2b decreased the number of TRAP-positive MNCs and c-Fos and
NFATc1 protein levels. Down-regulation also attenuated the
RANKL-induced activation of p38.
The physiological concentration of ROS regulates many key
molecular mechanisms related to important processes, including immune response, cell adhesion, cell proliferation, inflammation, metabolism, aging, and cell death (6, 22).
During RANKL-induced osteoclast differentiation, the intracellular level of ROS transiently increased through a signaling
cascade involving tumor necrosis factor (TNF) receptor- associated factor (TRAF) 6, Rac1, and NADPH oxidase (Nox) 1 (7).
Increased cellular ROS has been shown to stimulate osteoclastic
bone resorption (8). Conversely, suppression of ROS during osteoclast differentiation inhibits ROS production, activation of
MAP kinase, and osteoclast differentiation in BMMs (7, 23).
However, the total GSH content decreased during osteoclast differentiation; thus, GSH depletion by BSO, a specific inhibitor of
GSH synthesis, inhibits osteoclastogenesis and bone pit formation in BMMs, suggesting the involvement of the GSH system
in the process of osteoclastogenesis (9, 10). In fact, we analyzed
intracellular ROS in the condition of overexpression and depletion of Glrx2b in BMMs (Supplementary Fig. 1). However, we
could not find a direct correlation between Glrx2b as antioxidant enzyme and ROS production during RANKL-mediated
osteoclast differentiation with flow cytometry analysis.
In conclusion, our data clearly show that Glrx2b is induced
during osteoclastogenesis and enhances RANKL-induced osteoclastogenesis through the up-regulation of c-Fos and NFATc1 via
p38 activation.

MATERIALS AND MET
Reagents and antibodies

Penicillin, streptomycin, α-MEM, and fetal bovine serum were
purchased from Invitrogen Life Technologies. Human soluble
http://bmbreports.org
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RANKL and M-CSF were obtained from PeproTech. Antibodies
against c-Fos and NFATc1 were purchased from Santa Cruz
Biotechnology. Antibodies against phospho (p)-JNK, (p)-ERK,
(p)-p38, (p)-AKT, (p)-IκB, IκB, ERK, JNK, p38, and AKT were obtained from Cell Signaling Technology. Antibodies against Glrx2
and Myc tag were purchased from Abcam. Anti-actin antibody
was obtained from Sigma-Aldrich. SB203580 was purchased
from Calbiochem and dissolved in DMSO (Sigma- Aldrich,
USA). Synthetic calcium phosphate-coated plates were purchased from Cosmo Bio Co., LTD.

Preparation of osteoclast precursors

Bone marrow cells were obtained from 5-week-old male ICR
mice by flushing femurs and tibias with α-MEM containing antibiotics (100 units/ml penicillin, 100 µg/ml streptomycin). Bone
marrow cells were cultured in α-MEM containing 10% fetal bovine serum and M-CSF (10 ng/ml) for 1 day on 10 cm culture
dishes. Non-adherent bone marrow cells were plated on 9 cm
petri dishes and cultured for 3 days in the presence of M-CSF (30
ng/ml). After non-adherent cells were washed out, adherent cells
were used as BMMs.

Constructs and retrovirus preparation

The primer sequences were as follows: Glrx2b-c-myc forward
(BamHI), 5’-GCAGGATCCATGGGAAACAGCACATCGT-3’; Glrx
2b-c-myc reverse (XhoI), 5’-GGACCTCGAGTCAATGCAGGTCC
TCCTCTGAGATCAGCTTCTGCTCCTCATGTCTTTCCTCTTGTTT
T-3’. The Glrx2b-c-myc gene was cloned into a retroviral vector,
pMX-puro (Cell Biolabs, USA). RNAi oligonucleotides (Glrx2b- SH
forward, 5’-GATCCCCCCAGTTTCAAGATGCGCTTTTCAAGAG
AAAGCGCATCTTGAAACTGGTTTTTC-3’; reverse, 5’-TCGAGA
AAAACCAGTTTCAAGATGCGCTTTCTCTTGAAAAGCGCATCT
TGAAACTGGGGG-3’) were cloned into the retroviral small interference RNA (siRNA) vector pSuper-retro-Puro (OligoEngine,
USA). Retrovirus packaging was performed by transfecting the
plasmids into Plat-E cells using Lipofectamine 2000 (Invitrogen,
USA). Viral supernatant was collected from the culture media for
48 h after transfection. BMMs were incubated with viral supernatant in the presence of polybrene (8 μg/ml). After infection,
Ⓡ
BMMs were cultured overnight, detached with StemPro
Ⓡ
Accutase Cell Dissociation Reagent (Invitrogen, USA), and cultured with M-CSF (30 ng/ml) and puromycin (2 μg/ml) for 2 days.
Puromycin-resistant BMMs were induced to differentiate in the
presence of M-CSF (30 ng/ml) and RANKL (100 ng/ml) for 4-5 days.

Osteoclast cell culture and co-culture

To differentiate osteoclasts from BMMs, the BMMs (3.5 × 104
cells/well in 48-well plate, 3 × 105 cells/well in 6-well plate)
were cultured for 4 days with M-CSF (30 ng/ml) and RANKL (100
ng/ml). To generate osteoclasts from the co-culture of primary osteoblasts and bone marrow cells, primary osteoblasts from newborn ICR mouse calvariae were prepared by sequential digestion
with 0.2% collagenase. Retrovirally transduced BMMs were
processed as described above. In brief, viral supernatant was colhttp://bmbreports.org

lected from the Plat-E cells culture media for 48 h after
transfection. After infection for 12 h, BMMs were selected with
puromycin (2 μg/ml) for 2 days. Puromycin-resistant BMMs (3.5
5
4
× 10 cells/well) and primary osteoblasts (2.5 × 10 cells/well)
were co-cultured in α-MEM complete medium with 1,25
(OH)2D3 (10-8M) and PGE2 (10-6M) in 48-well plates. The medium was changed every 3 days. After 6 days in culture, the cells
were fixed in 10% formalin for 5 min, permeabilized with 0.1%
Triton X-100, and stained for tartrate-resistant acid phosphatase
(TRAP) using kit 387-A (Sigma-Aldrich, USA) according to the
manufacturer’s instructions.

Western blot

Cultured cells were washed with ice-cold phosphate-buffered
saline (PBS) and lysed in lysis buffer (50 mM Tris-HCl, 150 mM
NaCl, 5 mM EDTA, 1% Triton X-100, 1 mM sodium fluoride, 1
mM sodium vanadate, and 1% deoxycholate, pH 8.0) containing protease inhibitors. The cell lysates were boiled in SDS sample buffer for 5 min, subjected to 10% or 15% SDS-PAGE, and
transferred to a polyvinylidene difluoride membrane (Millipore).
The membrane was probed with the indicated primary antibody
and protein was visualized using ECL and X-ray film.

RNA isolation and RT-PCR

Total RNA was isolated using TRIzol reagent (Invitrogen, USA) according to the manufacturer’s recommended protocol. Reverse transcription was performed with 1 μg of RNA. The cDNA was amplified
using the i-Star Taq premix PCR kit (Intron Bio, Korea). The primers
were: Glrx2b forward, 5’-ATGGGAAACAGCACATCGTC-3’; Glrx2b reverse, 5’-TCAATGTCTTTCCTCTTGTTTT-3’; MafB forward,
5’-AGCAGGTGTGACTCACGATG- 3’; MafB reverse, 5’- CCTTGTA
GGCGTCTCTCTCG-3’; TRAP forward, 5’-ACTTCCCCAGCCCTTA
CTAC-3’; TRAP reverse, 5’-TCAGCACATAGCCCACACCG-3’; OSC
AR forward, 5’-GAACACCAGAGGCTATGACTGTTC-3’; OSCAR reverse, 5’-CCGTGGAGCTGAGGAAAAGGTTG-3’; Atp6v0d2 forward, 5’-ATGGGGCCTTGCAAAAGAAA-3’; Atp6v0d2 reverse, 5’G CTAACAACCGCAACCCCTC-3’; DC-STAMP forward, 5’-GCA
AGGAACCCAAGGAGTCG-3’; DC-STAMP reverse, 5’-CAGTTGG
CCCAGAAAGAGGG-3’; GAPDH sense, 5’-ACCACAGTCCATGCC
ATCAC-3’; GAPDH antisense, 5’-TCCACCACCCTGTTGCT GTA-3’;
c-Fos forward, 5’-CTGGTGCAGCCCACTCTGGTC-3’; c- Fos reverse, 5’-CTTTCAGCAGATTGGCAATCTC-3’; NFATc1 forward,
5’-CTTCAGCTGGAGGACACCCC-3’; NFATc1 reverse, 5’- GGAAG
ACCAGCCTCACCCTG-3’. PCR products were electrophoresed on a
1% agarose gel.

Pit formation assay

Mature osteoclasts derived from retrovirally transduced BMMs (7
4
× 10 cells/well in 24-well plate) were cultured in α-MEM with
10% FBS with RANKL (100 ng/ml) and M-CSF (30 ng/ml) on synthetic carbonate apatite-coated plates. The medium was replaced
every 3 days. Multinucleated osteoclasts were observed for 4-5
days. Cultured cells were washed with PBS and treated with 5%
sodium hypochlorite for 5 min. After washing the plate with PBS
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buffer and drying it, it was photographed under a light microscope.
Quantification of resorbed areas was achieved using Image
Pro-plus, version 4.0 (Media Cybernetics, MD).

TRAP activity assay

To measure TRAP activity, multinucleated osteoclasts were
fixed with 10% formalin for 5 min, permeabilized with 0.1%
Triton X-100 for 10 min, and treated with TRAP buffer (100 mM
sodium acetate pH 5.0, 50 mM sodium tartrate) containing 3
o
mM P-nitrophenyl phosphate (Sigma-Aldrich, USA) at 37 C for 5
min. Reaction mixtures in the wells were transferred into new
plates containing an equal volume of 0.5 N NaOH, and optical
density (OD) values were determined at 405 nm.

Statistical analysis

Quantitative data are presented as the mean ± SD. Statistical differences were analyzed by Student’s t test. Values of P ＜ 0.01
and P ＜ 0.05 were considered significant.
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