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Abstract

Gene expressionis controlled by epigenetic mechanisms including histone methylation. Osteoclasts are bone-resorptive cells that diff erentiate 

from hematopoietic-precursor cells by receptor activator of nuclear factor-κB ligand (RANKL) stimulation. Although BIX, a specifi c 

inhibitor of Ga, which works as a histone H lysine  (HK) methyltransferase, reportedly changes cellular diff erentiational stage, its eff ect 

on osteoclast diff erentiation is unclear. In this study, the eff ects of BIX on osteoclast diff erentiation were examined. Here, we showed 

that BIX dose-dependently reduced RANKL-induced tartrate-resistant acid phosphatase positive multinuclear osteoclast-like cell dif-

ferentiation from murine macrophage-like Raw. cells. During diff erentiation, growth rates reduced only less than  of those of cells 

stimulated with RANKL alone by BIX treatment. Moreover, western blot analysis showed that BIX reduced RANKL-induced 

carbonic anhydrase II and cathepsin K production and decreased RANKL-induced nuclear factor of activated T-cell c, a master regulatory 

transcription factor, production during osteoclast diff erentiation. Th ese results suggest that BIX suppresses RANKL-induced osteoclast 

diff erentiation. Th is is the fi rst report about the eff ect of BIX on osteoclast diff erentiation.
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INTRODUCTION

Bone remodelling is a dynamic process performed by os-

teoblast and osteoclast. Th e balance between the amount of 

bone matrix produced by osteoblasts and bone resorption 

by osteoclasts is essential for proper bone metabolism. Th is 

process is tightly regulated by various hormones and cyto-

kines in the local microenvironments, and its impairment can 

lead to bone diseases []. Multinuclear giant osteoclast cells 

are formed by the diff erentiation of hematopoietic precursor 

cells, which shear a common progenitor with macrophages 

and dendritic cells []. Osteoclasts secrete proton and ex-

tracellular matrix-digestive enzymes into the resorptive pit, 

subsequently resulting in bone resorption []. An excessive 

number or an increased function of osteoclasts is responsible 

for bone resorption during rheumatoid arthritis [], bone me-

tastasis in certain types of cancers [, ], and periodontitis []. 

Th erefore, it is very important to study the underlying mecha-

nism for controlling osteoclast development and maturation.

Post-translational modifi cation of histones is implicated to 

play a role in various processes involving gene expression and 

silencing [-]. One of the most studied post-translational 

modifi cations of histone is acetylation of lysine residues on 

histone tails [, ]. Histone acetyltransferases acetylate 

specifi c lysine residues of histones and activate gene expres-

sions by weakening the tight interaction between positively 

charged histones and negatively charged DNA [, , ]. In 

contrast, histone deacetylases (HDACs) cause histone hypo-

acetylation and subsequently induce the affinity between 

histones and DNA, thereby resulting in transcriptional si-

lencing [, , ]. Recent studies have shown that HDAC 

inhibitors suppress osteoclastgenesis in rodent bone marrow 

cells [-] and human peripheral blood mononuclear cells 

[]. Th ese reports support the existence of epigenetic regu-

lation during osteoclast diff erentiation. Another well-char-

acterized histone modifi cation is the methylation of lysine 
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residues of histone []. Lysine methylation predominantly 

occurs in histones H and H and elicits specific effects 

depending on the site and degree of methylation: methyla-

tion at H lysine  (HK), HK, and HK is generally 

associated with actively transcribed genes, whereas that at 

HK, HK, and HK frequently demarcates silent 

chromatin [-]. In addition, methylation of HK (here-

after referred to HKme) has a stronger gene repression 

eff ect than that of HKme [-]. Yasui et al. [] have 

reported the involvement of HKme in osteoclast diff eren-

tiation. However, there are no reports on the involvement of 

HK methylation in osteoclast diff erentiation. In the pres-

ent study, we demonstrated the eff ect of HK methylation 

status on osteoclast diff erentiation by using BIX, a spe-

cifi c inhibitor of Ga that specifi cally methylates HK [].

MATERIALS AND METHODS

Cell culture 

Murine macrophage-like Raw. cells, obtained from 

Dainippon Pharmaceutical (Osaka, Japan), were main-

tained in α-minimal essential medium (α-MEM, Wako 

Pure Chemical Industries, Osaka, Japan) containing 

 (v/v) heat-inactivated fetal bovine serum (FBS, Bio-

Fill, Elsternwick, Australia) supplemented with  U/

mL penicillin and  μg/mL streptomycin (Wako) 

at oC in a humidified and  CO atmosphere.

Osteoclast formation and tartrate-resistant 

acid phosphatase (TRAP) staining

For osteoclast differentiation, Raw. cells were cul-

tured in -well plates at a density of  ×  cells/well. Af-

ter overnight incubation, the media was replaced with  

FBS α-MEM containing  ng/mL of recombinant mouse 

receptor activator of nuclear factor-κB ligand (RANKL, also 

called ODF, TNSF, or TRANCE; R&D systems, Min-

neapolis, MN) in the absence or presence of BIX 

(Wako), and the cells were cultured for  days at oC. Cells 

were fi xed with  paraformaldehyde, stained for tartrate-

resistant acid phosphatase (a marker enzyme of osteoclasts) 

activity as described elsewhere, and the plates were scanned 

using GT-X (EPSON, Suwa, Japan). TRAP-positive 

multinuclear cells which have more than  or more nuclei 

were counted. These cells were also microscopically ob-

served using the IX microscope (Olympus, Tokyo, Ja-

pan). Each experiment have done for more than three times.

SYTOX green cell growth assay

Cell-growth rates were measured as an increased amount of 

cellular DNA using SYTOX green dye. Th e SYTOX green 

dye is not cell permeable but is penetrate through cellu-

lar membrane and intercalated into genomic DNA when 

cellular membrane integrity is broken. The intercalated 

dye emits strong green fl uorescent when it is excited. Two 

thousands of Raw. cells were seeded into each well of 

-well black plate which has transparent bottom (NUNC, 

Roskilde, Denmark). After overnight incubation, cells 

were treated with or without  mg/mL mouse recombi-

nant RANKL and several concentrations of BIX. Th e 

plates were frozen at -oC for more than  h to break cel-

lular membrane and  μL of  nM SYTOX Green dye 

(BioVision, Mountain View, CA, USA) was applied to each 

well. The intensity of fluorescence was measured using 

a Wallac ArvoSX spectrofluorometer (Perkin Elmer, 

Waltham, MA, USA) with an excitation/emission wave-

length of / nm as the amount of cells in the each well.

Western blot analysis

The Raw. cells (. ×  cells) were seeded in -cm 

dishes incubated overnight at oC, and treated with mouse 

recombinant RANKL ( ng/mL) for  h in the absence or 

presence of the indicated concentrations of BIX. Th e 

cells were lysed in ice-cold lysis buffer;  μg of total pro-

tein was applied to sodium dodecyl sulfate-polyacrylamide 

gel electrophoresis and transferred to polyvinylidene fluo-

ride membranes. The membranes were blocked using an 

Ez Block blocking reagent (ATTO, Tokyo, Japan) and then 

incubated with rabbit anti-carbonic anhydrase II polyclonal 

antibody (Santa Cruz, Santa Cruz Biotechnology, CA), 

mouse anti-cathepsin K (Santa Cruz Biotechnology), or 

anti-glyceraldehyde--phosphate dehydrogenase (GAPDH, 

Santa Cruz Biotechnology) monoclonal antibody at a dilu-

tion of : for  h. Th e membranes were washed  times 

in tris-buffered saline containing . Tween  (TBS-T, 

pH.) and then incubated with biotin-conjugated goat 

anti-rabbit or anti-mouse immunoglobulin G (Invitrogen, 

Carlsbad, CA) diluted at a ratio of :, for  h. After the 

membranes were repeatedly washed with TBS-T, they were 

treated with streptavidin-peroxidase (KPL, Gaithersburg, 

MD) for  min. Protein bands were visualized by chemilu-

minescence using an ECL luminescence kit (GE Healthcare, 

Buckinghamshire, UK); the luminescence emitted from the 

bands was detected using ChemiDoc XRS Plus (Bio-Rad 

Laboratories, Hercules, CA). For nuclear factor (NF) of ac-

tivated T-cell c (NFATc) detection, Raw. cells (. × 

 cells) were seeded in -cm dishes and treated with mouse 

recombinant RANKL ( ng/mL) for  h in the absence or 

presence of indicated concentrations of BIX. Th e cells 

were lysed in ice-cold lysis buff er, and  μg of total protein 

was applied for western blot analysis, as described above. 

Mouse anti-NFATc (Santa Cruz Biotechnology) or GAP-

DH monoclonal antibody was used as the primary antibody.
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RESULTS

To examine the effect of BIX on RANKL-induced 

osteoclast differentiation, we first treated murine macro-

phage-like Raw. cells with several concentrations of 

BIX in the presence of  ng/mL of mouse recom-

binant RANKL. As shown in Figure A and B, RANKL in-

duced the formation of TRAP-positive multinuclear giant 

osteoclast-like cells and BIX significantly reduced 

the number of osteoclast-like cells in a dose-dependent 

manner. Higher magnified observation also showed that 

BIX decreased both number and cell size of the os-

teoclast-like cells in a dose-dependent manner (Figure C).

We next examined the eff ects of BIX on cell-growth 

rates during RANKL stimulation. As Figure  shows, 

RANKL treatment significantly induced growth rate of 

Raw. cell. Although . μM BIX did not re-

duce RANKL-induced cell growth, both . and . μM of 

BIX signifi cantly diminished RANKL-induced growth 

rate of Raw. cells (Figure ). However, the reduction 

rate of growth on the cells treated by . mM or . mM 

BIX at  days was only . or ., respectively.

During bone resorption by osteoclast, carbonic anhydrase 

II, which is localized in the cytoplasm of osteoclasts, pro-

duces protons from HCO; these protons are secreted 

into the resorptive cavity through apical H+/ATPase []. 

Th e released protons demineralize the bone matrix. In ad-

dition, mature osteoclasts secrete cathepsin K for the diges-

tion of extracellular matrix proteins []. We subsequently 

examined the effect of BIX on the production of 

carbonic anhydrase II and cathepsin K using western blot 

FIGURE 1.  BIX01294 reduced RANKL-induced osteoclast diff er-

entiation. (A) Raw264.7 cells in a 98-well plate were treated with 

recombinant mouse RANKL (50 ng/mL) in the absence or pres-

ence of indicated concentrations of BIX01294 for 4 days, and TRAP 

staining was performed. The plate was scanned using a scanner. 

(B) TRAP positive multinuclear cells in each well were counted.*, p 

< 0.01 [student’s t-test] versus RANKL alone treatment. (C) Cells in 

the several wells were microscopically observed (original magni-

fi cation ×40). BIX, treated with BIX01294; MNC, multinuclear cells.

FIGURE 2.  BIX01294 did not so much reduce RANKL-induced 

growth rate of Raw264.7 cells during diff erentiation. Raw264.7 

cells were cultured in the absence (〇) or presence of 50 ng/

mL mouse recombinant RANKL and several concentrations of 

BIX01294 (●, 0 μM; △, 0.5 μM; ▲, 1.0 μM; □, 1.5 μM) for indi-

cated periods. The plates were frozen at -80oC to break cellular 

membranes and SYTOX-green dye was applied to each well. Fluo-

rescence emitted from cells in each well was measured by a mi-

croplate fl uorometer as the amount of cells in the each well. Sym-

bols: *, diff erences from 0 μL BIX01294 (p < 0.01 [student’s t-test]); 

**, diff erences from 0 μL BIX01294 (p < 0.05 [student’s t-test]).

FIGURE 3.  BIX01294 repressed the production of RANKL-induced 

osteoclast diff erentiation markers. Raw264.7 cells were treated 

with mouse recombinant RANKL (50 ng/mL) for 72 h in the ab-

sence or presence of indicated concentrations of BIX01294. The 

cells were lysed in lysis buff er, and 10 μg of total protein was 

analyzed by western blotting. Glyceraldehyde-3-phospate dehy-

drogenase (GAPDH) was used as the internal control. BIX, treated 

with BIX01294. The arrowheads indicate desired bands.
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analysis. The treatment of Raw. cells with RANKL 

for  h augmented the production of carbonic anhydrase 

II and cathepsin K (Figure ). In contrast, the RANKL 

treatment did not induce GAPDH (Figure ). The induc-

tion of carbonic anhydrase II and cathepsin K was inhib-

ited by BIX in a dose-dependent manner (Figure ).

RANKL is one of the most important cytokines that stimu-

lates the differentiation of osteoclast precursor cells into 

osteoclasts []. The binding of RANKL to RANK induces 

the NF-κ light-chain enhancer of activated B cells (NF-κB) 

and mitogen-associated protein kinase (MAPK) pathways 

through adaptor molecules such as TNF receptor-associated 

factor  (TRAF) []. Th e MAPK family of proteins activate 

the proteins belonging to the activator protein- (AP-) fam-

ily (such as c-Jun and c-Fos); then, the AP- family proteins 

induce NFATc production, which is a master regulator 

of osteoclast diff erentiation, in cooperation with activated 

NF-κB []. Th erefore, we examined the eff ect of BIX 

on RANKL-induced NFATc using western blot analysis. 

RANKL induced NFATc production at  h, and BIX 

reduced the induction in a dose-dependent manner (Figure ).

DISCUSSION

In the present study, we examine the effect of BIX 

on osteoclast differentiation of Raw. cells. BIX 

suppressed RANKL-induced formation of TRAP-positive 

multinulear giant cells (Figure A, B, and C). Production 

of other osteoclast markers, such as carbonic anhydrase II 

and cathepsin K, were also dose-dependently decreased by 

BIX treatment (Figure ). Although BIX treat-

ment reduced RANKL-induced cell growth rate at the con-

centration of more than . mM, the reduction rate was only 

less than  (Figure ). Th ese data suggested that BIX 

suppresses osteoclast diff erentiation. Moreover, BIX 

treatment dose-dependently depressed NFATc induction, 

which was induced by RANKL stimulation (Figure ). Th us, 

it was suggested that BIX inhibited the upstream sig-

nalling pathways of NFATc. At this time, we do not have 

data showing what molecule or pathway was disturbed 

by BIX and how BIX was associated with the 

reduction of RANKL-induced NFATc induction. There-

fore, further studies are needed to elucidate these aspects.

Ga histone methyltransferase catalyzes HK methylation 

in mammals because disruption of the Ga gene resulted in a 

drastic decrease in HK methylation [-]. As HK is pri-

marily found in the silenced region within the euchromatin, 

Ga has been implicated to play a role in the silencing of gene 

expression [-]. Consequently, BIX suppresses the 

silencing of gene expression through Ga inhibition. In this 

study, we demonstrated that BIX inhibited RANKL-

induced osteoclast diff erentiation via suppression of RANKL-

induced NFATc production. Th us, we can hypothesize that 

BIX may upregulate some signalling molecules that 

suppress RANKL-stimulated NFATc induction. However, 

there is no evidence supporting this hypothesis. Yasui et al. 

[] demonstrated that RANKL stimulation upregulated the 

jumonji domain-containing  (jmjd) gene, and short hairpin 

RNAs of jmjd gene diminished RANKL-induced osteoclast 

differentiation, suggesting that JMJD, a HK demeth-

ylase, plays an important role in osteoclast differentiation. 

Moreover, as proof that HK methylation status controls 

osteoclast genesis, our data showed that HK methylation 

status also plays an important role in osteoclast diff erentia-

tion. Th erefore, HK and HK methylation might be ther-

apeutic targets for the treatment of bone resorptive diseases.

CONCLUSION 

In this study, we examined the effects of BIX on 

osteoclast differentiation of Raw. cells. BIX 

reduced RANKL-induced formation of TRAP positive 

multinuclear osteoclast-like cells in a dose dependent man-

ner. In addition, BIX reduced RANKL-induced 

production of osteoclast differentiation markers, such as 

carbonic anhydrase II, cathepsin K, and NFATc.These 

results suggest that BIX suppresses osteoclast dif-

ferentiation on mouse macrophage-like Raw. cells.
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