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Osteoclasts are bone-resorbing cells that are derived from 

hematopoietic precursor cells and require macrophage-colony 

stimulating factor and receptor activator of nuclear factor-κB 

ligand (RANKL) for their survival, proliferation, differentiation, 

and activation. The binding of RANKL to its receptor RANK 

triggers osteoclast precursors to differentiate into osteoclasts. 

This process depends on RANKL-RANK signaling, which is 

temporally regulated by various adaptor proteins and kinases. 

Here we summarize the current understanding of the mech-

anisms that regulate RANK signaling during osteoclastogene-

sis. In the early stage, RANK signaling is mediated by recruit-

ing adaptor molecules such as tumor necrosis factor receptor-

associated factor 6 (TRAF6), which leads to the activation of 

mitogen-activated protein kinases (MAPKs), and the tran-

scription factors nuclear factor-κB (NF-κB) and activator pro-

tein-1 (AP-1). Activated NF-κB induces the nuclear factor of 

activated T-cells cytoplasmic 1 (NFATc1), which is the key os-

teoclastogenesis regulator. In the intermediate stage of sig-

naling, the co-stimulatory signal induces Ca
2+

 oscillation via 

activated phospholipase Cγ2 (PLCγ2) together with c-Fos/AP-

1, wherein Ca
2+

 signaling facilitates the robust production of 

NFATc1. In the late stage of osteoclastogenesis, NFATc1 trans-

locates into the nucleus where it induces numerous osteo-

clast-specific target genes that are responsible for cell fusion 

and function. 
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INTRODUCTION 
 

The mature skeleton is maintained by bone remodeling, 

which is a dynamic process in which the bone is first re-

sorbed by osteoclasts, followed by bone formation in the 

lacunae by osteoblasts (Zaidi, 2007). Thus, the coupling of 

osteoclasts and osteoblasts is strictly regulated with regard 

to both space and time. Osteoclasts are bone-resorbing mul-

tinucleated cells that originate from hematopoietic precur-

sors that are formed in the bone marrow (Asagiri and Taka-

yanagi, 2007; Boyle et al., 2003; Karsenty and Wagner, 

2002; Teitelbaum, 2000). Macrophage-colony stimulating 

factor (M-CSF) and the receptor activator of nuclear factor-

κB ligand (RANKL; encoded by Tnfsf11), which are expressed 

by osteoblast-lineage cells (Fumoto et al., 2014) or osteo-

cytes (Nakashima et al., 2011; Xiong et al., 2011), are re-

quired for the differentiation of osteoclast precursors into 

mature osteoclasts (Teitelbaum and Ross, 2003). The re-

leased RANKL binds to its receptor RANK (encoded by 

Tnfrsf11a), which is expressed via M-CSF stimulation on the 

surface of osteoclast precursor cells. Mice with genetic dele-

tions of Tnfsf11 or Tnfrsf11a exhibit severe osteopetrosis 

accompanied by defective tooth eruption owing to the 

complete death of their osteoclasts (Dougall et al., 1999; 

Kong et al., 1999; Li et al., 2000). RANKL-RANK signaling is  
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also negatively regulated by osteoprotegerin (encoded by 

Tnfrsf11b), which is a soluble decoy receptor for RANKL that 

obstructs RANKL binding to RANK (Yasuda et al., 1998). 

RANK is a member of the tumor necrosis factor receptor 

(TNFR) superfamily that lacks intrinsic enzymatic activity that 

is required for activating downstream signaling molecules 

(Cheng et al., 2003). Thus, RANK transduces intracellular 

signals by recruiting adaptor molecules such as TNFR-

associated factors (TRAFs), which then activate mitogen 

activated protein kinases (MAPKs) and nuclear factor-κB 

(NF-κB) (Darnay et al., 1998; Kobayashi et al., 2001; Wong 

et al., 1998). RANK signaling is controlled via the spatiotem-

poral regulation of downstream signaling, which results in 

the commitment of monocyte/macrophage precursor cells 

to the osteoclast lineage and the activation of mature osteo-

clasts. 

During the initiation step of RANK signaling, RANKL bind-

ing to RANK leads to the recruitment of adaptor proteins 

such as TRAF6 to the trimerized cytoplasmic tail of RANK 

and the rapid activation of MAPKs, NF-κB, and activator 

protein-1 (AP-1) (Kobayashi et al., 2001; Teitelbaum and 

Ross, 2003). The subsequent signaling process is character-

ized by amplifying the nuclear factor of activated T-cells cy-

toplasmic 1 (NFATc1) via orchestrated signaling of activated 

AP-1 and co-stimulatory signal-mediated intracellular Ca
2+

 

oscillation (Takayanagi et al., 2002). Finally, in the late stage 

of signaling, the osteoclastogenic genes transcribed by the 

activated NFATc1 regulate the multi-nucleation and bone 

resorption function of osteoclasts. Here we describe the 

current understanding of the molecular mechanisms in-

volved in this process and the recent findings regarding os-

teoclastogenic regulation of RANK signaling. 

 

RANK SIGNALING AND TRAF ADAPTOR PROTEINS 
 

RANKL binding to RANK induces the trimerization of RANK 

and the recruitment of an adaptor protein, TRAF6, via three 

TRAF6-binding sites in its C-terminal cytoplasmic tail (Wong 

et al., 1998; Ye et al., 2002), thereby initiating the down-

stream signaling cascade (Fig. 1). Other TRAF family mem-

bers such as TRAF2, TRAF3, and TRAF5 can bind to RANK 

and activate the transcription factors required for osteoclast 

differentiation. However, studies on TRAF6-deficient mice 

revealed that TRAF6 is the major adaptor protein responsible 

for mediating signaling cascades that are activated by 

RANKL (Lomaga et al., 1999; Naito et al., 1999). Activated 

TRAF6 stimulates NF-κB activity by activating the IκB kinase 

(IKK) complex, either via atypical protein kinase C (aPKC) or 

TGFβ-activated kinase 1 (TAK1)-dependent phosphorylation, 

which is a process that requires IKKγ (also called NEMO) 

ubiquitination to achieve optimal activation (Duran et al., 

2004; Ghosh and Karin, 2002; Mizukami et al., 2002). The 

scaffolding protein p62 binds to TRAF6 and interacts with 

aPKCs, resulting in the formation of a multimeric protein 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Initiation of RANK signaling is mediated by TRAF6. RANK stimulation by RANKL binding induces the recruitment and activation of 

a major adaptor protein, TRAF6. TRAF6 activates NF-κB either by interacting with p62 and aPKC or via TAK1 phosphorylation to regulate 

the IKK complex. Gab2 and PLCγ2 are other molecules that are required for NF-κB activation; they are recruited to RANK and activated. 

In addition, TRAF6 complexes with TAK1-TABs or TAK1-RACK1-MKK6 to facilitate the activation of MAPKs such as p38, JNK, and ERK. 

ROS produced by the RANK-TRAF6-Rac1-Nox1 cascades regulate MAPK activation. Activation of NF-κB and MAPKs leads to the induc-

tion of c-Fos at the initial stage of RANK signaling. RANK, receptor activator of nuclear factor-κB; RANKL, receptor activator of nuclear 

factor-κB ligand; TRAF6, TNF receptor-associated factors 6; NF- κB, nuclear factor-κB; aPCK, atypical protein kinase C; IKK, IκB kinase; 

TAK1, TGFβ-activated kinase 1; Gab2, growth factor receptor-bound protein 2 (Grb2)-associated binder-2; PLCγ2, phospholipase Cγ2; 

TAB, TAK1-binding protein; RACK1, receptor for activated C kinase 1; MAPKs, mitogen-activated protein kinases; JNK, c-Jun N-terminal 

kinase; ERK, extracellular signal-regulated kinase; ROS, reactive oxygen species; NOX1, NADPH oxidase 1; AP-1, activator protein-1; 

NFATc1, nuclear factor of activated T-cells cytoplasmic 1. 
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complex that regulates IKKβ (Duran et al., 2004). TRAF6 also 

forms complexes with TAK1 and the adaptor proteins TAK1-

binding protein 1 (TAB1) and TAB2 (Mizukami et al., 2002). 

After its activation, TAK1 phosphorylates the IKK complex, 

thereby activating the NF-κB pathway (Ninomiya-Tsuji et al., 

1999). NF-κB signaling is essential for osteoclastogenesis, 

and NF-κB p50/p52 double-knockout mice exhibit marked 

osteopetrosis because of the failure in osteoclast formation 

(Franzoso et al., 1997; Iotsova et al., 1997). AP-1 transcrip-

tion factor comprising Fos (c-Fos, FosB, Fra-1, and Fra-2), 

Jun (c-Jun, JunB, and JunD), and ATF (ATFa, ATF2, ATF4, and 

B-ATF) family members is also activated via the induction of 

c-Fos by adaptor proteins (Grigoriadis et al., 1994; Wagner, 

2002). c-Fos knockout mice and transgenic mice that over-

express dominant negative c-Jun exhibit severe osteopetrosis 

(Ikeda et al., 2004; Wang et al., 1992). These results show 

that transcription factors such as NF-κB and AP-1 are essen-

tial downstream targets of the early RANKL signaling path-

way. The recruitment of adaptor proteins also leads to the 

activation of MAPKs such as c-Jun N-terminal kinase (JNK), 

p38, and extracellular signal-regulated kinase, and Akt/PKB 

(David et al., 2002; He et al., 2011; Li et al., 2002; Wong et 

al., 1999). We recently proposed that the receptor for acti-

vated C kinase 1 (RACK1), a member of the Trp-Asp
40 

(WD40) repeat protein family, is necessary for the differenti-

ation of osteoclasts (Lin et al., 2015). By acting as a scaffold 

protein to link the TRAF6-TAK1 complex with MKK6 but not 

with MKK3, RACK1 selectively facilitates the activation of 

p38 during the RANKL-initiated differentiation of osteoclast 

precursor cells into osteoclasts. In addition, considering the 

expression pattern of RACK1 in response to RANKL and its 

associations with the β1 and β2 integrin subunits and c-Src, 

RACK1 may participate in the functional stage where the 

resorption activity of osteoclasts is required. Other studies 

indicate that the activation of Akt, JNK, and NF-κB pathways 

requires the phosphorylation of growth factor receptor-

bound protein 2 (Grb2)-associated binder-2 (Gab2) and its 

subsequent recruitment to RANK (Wada et al., 2005). 

Moreover, phospholipase Cγ2 (PLCγ2) forms a complex with 

Gab2, which is required for Gab2 phosphorylation, and 

modulates the recruitment of Gab2 to RANK (Mao et al., 

2006). Lee et al. (2005) reported that the reactive oxygen 

species produced by the RANK-TRAF6-Rac1-NADPH oxidase 

1-dependent pathway are also required for MAPK activation 

and osteoclastogenesis. 

 

COSTIMULATORY SIGNALING 
 

After the initial induction of NFATc1 by NF-κB, c-Fos/AP-1, 

and NFATc2 (Asagiri et al., 2005; Yamashita et al., 2007), 

RANK signaling functions together with the activation of 

immunoglobulin-like receptor/immunoreceptor tyrosine-based 

activation motif (ITAM) signaling (Fig. 2), which leading to 

the robust amplification of NFATc1 and its translocation to

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Cooperation of RANK signaling with costimulatory receptors. RANK signaling cooperates with immunoglobulin-like receptor/ITAM 

signals such as TREM-2/DAP12 and OSCAR/FcRγ, thereby leading to the amplification and translocation of NFATc1. When ITAM is tyro-

sine phosphorylated, Btk/Tec and BLNK/SLP-76 form a complex with PLCγ2 to activate PLCγ2 and Ca
2+

 signaling. EEIG1 induced by 

NFATc1 associates with Gab2 via the IVVY motif in RANK and then activates Btk/Tec followed by PLCγ2, suggesting that EEIG1 inte-

grates RANK and ITAM signaling. Ca
2+

 oscillation induces calmodulin and calcineurin activation to regulate the nuclear translocation and 

amplification of NFATc1. The subcellular localization of NFATc1 is influenced by the phosphorylation of serine residues regulated by Gsk-

3β, which is inhibited by either PI3K-Akt signaling or PKCβ. ITAM, immunoreceptor tyrosine-based activation motif; TREM-2, triggering 

receptor expressed in myeloid cells-2; DAP12, DNAX-activation protein 12; OSCAR, osteoclast-associated receptor; FcRγ, Fc receptor 

common γ subunit; Btk, Bruton’s tyrosine kinase; BLNK, B cell linker protein; SLP-76, Src homology 2 domain-containing leukocyte pro-

tein of 76 kD; EEIG1, early estrogen-induced gene 1; Gsk-3β, Glycogen synthase kinase-3β; PI3K, phosphoinositide 3-kinase; PKCβ, 

protein kinase Cβ. 
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the nucleus where it binds with DNA in combination with 

other transcription factors to upregulate the transcription of 

NFATc1 target genes (Koga et al., 2004). NFATc1 may be a 

master transcription factor in osteoclastogenesis (Takayanagi 

et al., 2002), and numerous in vivo studies have demon-

strated the essential role of NFATc1 in osteoclast formation. 

Osteoclast-specific conditional NFATc1-knockout mice exhib-

it osteopetrosis and inhibit osteoclastogenesis in vivo and in 
vitro (Aliprantis et al., 2008). Moreover, NFATc1 regulates 

not only osteoblasts and bone formation but also the activa-

tion and development of diverse cells in other biological 

systems such as the immune, cardiovascular, and skeletal 

muscular systems (Hogan et al., 2003; Koga et al., 2005). 

In addition to RANK signaling, immunoglobulin-like recep-

tors such as triggering receptor expressed in myeloid cells-2 

(TREM-2) and osteoclast-associated receptor (OSCAR) 

transduce NFATc1 induction signals (Cella et al., 2003; 

Humphrey et al., 2006; Kim et al., 2002). These immune 

receptors have short cytoplasmic tails and are associated 

with adaptor proteins such as DNAX-activation protein 12 

(DAP12) or the Fc receptor common γ subunit (FcRγ), which 

contains ITAM (Koga et al., 2004). When ITAM is tyrosine 

phosphorylated, possibly induced by RANKL stimulation, a 

complex is formed and contains the tyrosine kinases such as 

Bruton’s tyrosine kinase (Btk)/Tec, adaptor molecules B cell 

linker protein (BLNK), and Src homology 2 domain-

containing leukocyte protein of 76 kDa (SLP-76), and this 

complex may integrate both RANK and ITAM downstream 

signaling, eventually leading to the activation of PLCγ2 by 

phosphorylation (Shinohara et al., 2008). Mice that are defi-

cient in Btk and Tec develop an osteopetrotic phenotype 

because of severely impaired osteoclast differentiation, and 

the RANKL-induced tyrosine phosphorylation of PLCγ2 is 

highly suppressed (Shinohara et al., 2008). Thus, the RANKL-

induced Ca
2+

 oscillation required for NFATc1 induction is 

abolished in cells that are defective in both Btk and Tec (Shi-

nohara et al., 2008). This suggests that Btk and Tec are es-

sential for osteoclastogenesis and that these kinases regulate 

NFATc1 activation via PLCγ2 and the Ca
2+

 signaling pathway. 

Furthermore, the formation of the complex comprising 

Btk/Tec and BNLK/SLP-76 cannot be detected in cells that 

are deficient in both DAP12 and FcRγ, suggesting that Tec 

kinases and BLNK both need to be activated by ITAM signal-

ing to form this signaling complex, which may function as 

the molecular switch that links RANK and ITAM signaling 

(Shinohara et al., 2008). A recent study shows that early 

estrogen-induced gene 1 (EEIG1), which is induced by 

RANKL stimulation during osteoclast formation, physically 

interacts with RANK and associates with Gab2, PLCγ2, and 

Btk/Tec kinases after RANKL stimulation (Choi et al., 2013). 

EEIG1 knockdown leads to a marked reduction in RANK-

induced osteoclast formation, which is caused by the im-

pairment of RANKL-mediated PLCγ2 activation and NFATc1 

induction. In response to RANKL stimulation, RANK forms a 

signaling complex that comprises EEIG1, Gab2, PLCγ2, and 

Btk/Tec, suggesting that EEIG1 is an adaptor protein and a 

linker protein that integrates RANK and ITAM signaling (Choi 

et al., 2013). 

PLCγ2 also interacts with RANK via its highly conserved 

domain in the hyper-conserved region of RANK to form a 

complex with Gab2 and TRAF6, which results in its phos-

phorylation in a signal-dependent manner (Taguchi et al., 

2009). Along with RANK signaling, ITAM signaling leads to 

the long-term induction of PLCγ2 activation. Activated PLCγ2 

produces inositol-1,4,5-triphosphate (IP3) by digesting phos-

phatidylinositol-4,5-bisphosphate, and IP3 then binds to IP3 

receptors on the surface of the endoplasmic reticulum (ER). 

Thus, the Ca
2+

 stored in ER is released into the cytoplasm, 

and Ca
2+

 oscillation is induced (Mao et al., 2006; Putney, 

2005). The robust induction of NFATc1 is also regulated by 

its subcellular localization, which depends on the phosphory-

lation of its serine residues (Jang et al., 2011; Sheridan et al., 

2002). In the absence of stimulation by RANKL, NFATc1 is 

heavily phosphorylated by active glycogen synthase kinase-

3β (GSK-3β) and is localized in the cytoplasm. After RANK 

signaling induces GSK-3β phosphorylation at its inhibitory 

serine residue (Ser9 of GSK-3β), GSK-3β is inactivated. This 

enables NFATc1 dephosphorylation via calcineurin, followed 

by its translocation into the nucleus. In the nucleus, NFATc1 

induces the expression of target genes. Transgenic mice, in 

which osteoclast specifically overexpress a constitutive active 

mutant of GSK-3β, exhibit osteopetrosis owing to marked 

reductions in the number of osteoclasts in vivo, as well as 

impaired osteoclast formation and NFATc1 induction in vitro 
(Jang et al., 2011). Furthermore, the inhibition of phospho-

inositide 3-kinase reduces osteoclast formation and attenu-

ates NFATc1 expression. Akt overexpression in osteoclast 

precursors strongly induces NFATc1 expression and its nucle-

ar localization owing to the inactivation of GSK-3β via its 

increased phosphorylation (Moon et al., 2012). A recent 

study demonstrated that PKCβ controls the activity of 

NFATc1by inactivating GSK-3β, thereby resulting in osteo-

clastogenesis (Shin et al., 2014). These results suggest that 

the GSK-3β/NFATc1 signaling cascade plays important roles 

in RANK signaling during osteoclast differentiation. 

 

LATE STAGE OF SIGNALING IN OSTEOCLAST 
DIFFERENTIATION 
 

In the late stage of RANK signaling, amplified NFATc1 acti-

vates and induces osteoclast-specific genes that encode pro-

teins related to osteoclast differentiation, fusion, and func-

tion. Moreover, positive or negative regulators of NFATc1 are 

enhanced or suppressed during osteoclast differentiation 

(Fig. 3). The expression of negative regulators is downregu-

lated during osteoclast differentiation in response to RANKL: 

the v-maf musculoaponeurotic fibrosarcoma oncogene 

family, protein B (MafB), interferon regulatory factor-8 (IRF-

8), and B cell lymphoma 6 (Bcl6), which repress NFATc1 ex-

pression during osteoclast differentiation (Kim et al., 2007; 

Miyauchi et al., 2010; Zhao et al., 2009). All three of these 

negative factors are downregulated by the transcription 

repressor B-lymphocyte-induced maturation protein 1 (Blimp1) 

(Nishikawa et al., 2010). Blimp1 is induced by RANKL stimu-

lation during osteoclast differentiation, and mice that lack 

Blimp1 in their osteoclasts exhibit osteopetrotic phenotypes 

owing to osteoclastogenesis aggravation (Miyauchi et al., 

2010). Some evidence has recently suggested that sirtuin 6 



RANK Signaling in Osteoclast Formation 
Jin Hee Park et al. 
 
 

710  Mol. Cells 2017; 40(10): 706-713 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Late stage of RANK signaling. Amplified NFATc1 induces its target genes to regulate osteoclast differentiation, cell fusion, and 

function. NFATc1 represses negative regulators such as MafB, IRF-8, and Bcl6 during osteoclast differentiation by inducing Blimp1 and 

Sirt6, which act as transcription repressors. In addition, NFATc1 cooperates with other transcription factors such as MITF, c-Fos, and PU.1 

to regulate osteoclast fusion by inducing DC-STAMP, Atp6v0d2, and Tks5. The αVβ3 integrin signal activates c-Src by binding to vitron-

ectin. Next, c-Src phosphorylates Syk, which recruits DAP12 and SLP-76 to form a complex with Vav3. This complex activates Rac1 or 

Cdc42 and regulates the cytoskeleton organization that is important for regulating bone resorption. MafB, v-maf musculoaponeurotic 

fibrosarcoma oncogene family, protein B; IRF-8, interferon regulatory factor-8; Bcl6, B cell lymphoma 6; Blimp1, B-lymphocyte-induced 

maturation protein 1; Sirt6, sirtuin 6; MITF, microphthalmia-associated transcription factor; DC-STAMP, dendritic-cell-specific trans-

membrane protein; TRAP, tartrate-resistant acid phosphatase; Cdc42, cell division cycle 42. 

 

 

 

(Sirt6), a nuclear histone deacetylase, functions as a co-

repressor to directly inhibit anti-osteoclastogenic gene ex-

pression via Blimp1 (Park et al., 2016). Specific ablation of 

Sirt6 in hematopoietic cells increases the bone volume by 

decreasing the differentiation of osteoclasts. The expression 

of Sirt6 is upregulated by RANKL-induced NFATc1, and the 

induced Sirt6 positively regulates NFATc1 transcription by 

repressing MafB in combination with Blimp1 (Park et al., 

2016). Therefore, NFATc1 maintains its own expression by 

inducing its target genes, Blimp1 and Sirt6, and they down-

regulate the expression of negative regulators. 

Several proteins such as dendritic cell-specific transmem-

brane protein (DC-STAMP), vacuolar proton pump subunit 

Atp6v0d2, and c-Src substrate Tks5 are involved in osteo-

clast cell-cell fusion; their expression is regulated by NFATc1 

together with PU.1, microphthalmia-associated transcription 

factor, and c-Fos (Kim et al., 2008; Oikawa et al., 2012; Yagi 

et al., 2007). DC-STAMP-deficient mice exhibit moderate 

osteopetrosis, which is distinguished by numerous tartrate-

resistant acid phosphatase (TRAP)-positive mononuclear 

osteoclasts that can, although inefficiently, resorb bone (Yagi 

et al., 2007). Similarly, mice that lack Atp6v0d2 also exhibit 

mild osteopetrosis owing to the absence of multinuclear 

TRAP-positive osteoclasts; however, such mice mainly pos-

sess mononuclear TRAP-positive cells (Kim et al., 2008). 

αVβ3, the integrin vitronectin receptor, binds to vitronectin 

in the bone matrix, leading to bone resorption via the re-

cruitment of c-Src tyrosine kinase (Chambers and Fuller, 

2011; Zou et al., 2007). Next, c-Src phosphorylates Syk, 

which recruits DAP12 and SLP-76, which form an adaptor 

protein complex that activates the small Rho family GTPases, 

including Rac (Faccio et al., 2005). These interactions lead to 

the formation of the ruffled border membrane via the fusion 

of lysosomal secretory vesicles with the cytoplasmic mem-

brane (Zou et al., 2007). To resorb bone, H
+
 ions are 

pumped out through the ruffled border and form HCl with 

Cl
-
, which demineralizes the bone matrix, and various hydro-

lases such as cathepsin K, CLC-7 chloride channel, and TRAP, 

which are NFATc1 target genes, are activated (Matsumoto et 

al., 2004; Takayanagi et al., 2002; Vaananen et al., 1990). 

Kim et al. (2009) suggested that the cytoplasmic motif of 

RANK is specifically involved in osteoclast formation and 

function by regulating the actin cytoskeleton and survival of 

osteoclasts. They developed a cell-permeable RANK receptor 

inhibitor (RRI) to target the cytoplasmic motif of RANK. 

Treatment with the RRI peptide blocked RANKL-induced 

osteoclast formation and impaired the downstream RANK 

signaling via Vav3, Rac1, and cell division cycle 42, thereby 

disrupting the actin cytoskeleton in differentiated osteoclasts. 

Furthermore, RRI inhibited the bone-resorbing function of 

osteoclasts and enhanced osteoclast apoptosis. The RRI pep-

tide did not abrogate any known protein kinase cascades 

mediated by TRAF6, and the induction of NFATc1 and osteo-

clast-specific genes were not changed by the peptide (Kim et 

al., 2009). These results suggest that the peptide targets a 

later stage of osteoclast formation after the NFATc1 action 

and the highly specific regulation of osteoclast formation, 

without affecting other signaling molecules that participate 
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in various signaling pathways such as immune signaling. 

 

CONCLUSION 
 

The most important discovery in our understanding of oste-

oclasts is that RANKL is the key molecule that regulates the 

differentiation and function of osteoclasts. This observation 

allows the generation of virtually pure populations of osteo-

clasts, in vitro culture, thus facilitating the dissection of intra-

cellular mechanisms and signaling networks that are in-

volved in the cell’s differentiation and function. The signal is 

initiated by RANKL binding to RANK and is transduced via 

the recruitment of numerous adaptor proteins such as 

TRAF6 and kinases to the cytoplasmic tail of trimerized 

RANK, thereby forming a number of signaling complexes 

that facilitate the regulation of signal transduction. RANK 

signaling cooperates with the signal from the immune re-

ceptor/ITAM, which is another signaling pathway that is 

required for osteoclastogenesis. Together with ITAM-

mediated Ca
2+

 signaling, RANK signaling finally induces the 

amplification of NFATc1 and the expression of osteoclastic 

genes. Many of the molecules that are involved in RANK 

signaling are also components of other signaling pathways 

such as the immune system; thus, the manner in which 

common molecules are regulated to ensure the specific sig-

nal transduction required for osteoclast formation remains 

unclear. Therefore, we suggest that various adaptor proteins, 

either novel for osteoclasts or already well-known in other 

systems, mediate the specificity of RANK signaling for osteo-

clast formation and function. Although targeting RANKL 

appears to be the most efficient and relevant approach for 

treating bone loss, other strategies might be required to 

minimize potential adverse effects on other organs such as 

the immune system. In addition, elucidating RANK signaling 

pathways that are specific to osteoclasts might identify po-

tential new drug targets for preventing osteoporosis and 

other bone-related diseases. 
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