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Osteoclasts are primary cells for 
physiologic and pathologic bone 
resorption, which is largely mediated by 
inflammatory cytokines such as receptor 
activator of NF-κB ligand (RANKL) and 
tumor necrosis factor (TNF)α. Yao et al. 
(1) now demonstrate that NF-κB2 (p100) 
induced by TNFα acts as a negative 
regulator of osteoclastogenesis. TNFα  
induced sustained accumulation of p100 
in osteoclast precursors, and TNFα-
induced osteoclast formation was 
markedly increased in Nfkb2(-/-) mice. 
Yao et al. (1) also found that TNF-
receptor associated factor (TRAF)3 is 
involved in the post-translational 
regulation of p100 expression. These 
results suggest that targeting the 
processing of p100 is a novel strategy to 
treat TNFα-related bone diseases such 
as rheumatoid arthritis (RA). 
 
TNFα is an inflammatory cytokine known to 
be implicated in the pathogenesis of bone 
loss and inflammation in a variety of bone 
and joint disorders. The remarkable clinical 
success of anti-TNFα therapies such as 
anti-TNFα antibody and soluble TNF 
receptor has established a critical role for 
TNFα in inflammatory diseases such as RA 
(2). Anti-TNFα strategies not only ameliorate 
inflammation but also markedly suppress 
bone erosion in RA, indicating an essential 
role for TNFα in pathologic bone resorption. 
Accumulating evidence has shown that 
osteoclasts are primarily responsible for 
both physiologic and pathologic bone 
resorption. Osteoclasts originate from 
hematopoietic stem cells, and the important 

cytokines regulating osteoclast 
differentiation are macrophage colony-
stimulating factor (M-CSF) and RANKL (3). 
It appears surprising that the relationship 
between TNFα and RANKL signaling in 
osteoclast development is not necessarily 
clear. The osteoclastogenic effect of TNFα 
independent of RANKL has been particularly 
controversial. Although several studies have 
demonstrated that TNFα directly promotes 
osteoclast formation in vitro in the absence 
of RANKL (4-6), the ability of TNFα to 
induce osteoclast formation in vitro is 
limited, and the administration of TNFα does 
not induce osteoclast formation in Rank-
deficient mice in vivo (7). This may be, at 
least in part, because RANK, but not TNF 
receptor 1 or TNF receptor 2, recruits an 
adaptor molecule, TRAF6, which is essential 
for osteoclast development. However, the 
possibility that molecules that are induced 
by TNFα negatively regulate osteoclast 
differentiation has not been excluded.   
 
NF-κB is a collective term referring to 
dimeric transcription factors that belong to 
the Rel family. NF-κB is composed of five 
members including RelA (p65), RelB, c-Rel, 
NF-κB1 (p50 and its precursor p105), and 
NF-κB2 (p52 and its precursor p100). It is 
currently well-known that two major 
signaling pathways lead to NF-κB activation: 
the canonical or classical pathway and the 
noncanonical or alternative pathway (8). In 
the canonical pathway, the RelA/p50 
complex is sequestrated with inhibitor of κBs 
(IκBs) in the cytoplasm. Inflammatory stimuli 
such as TNFα induce phosphorylation and 
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subsequent degradation of IκBs, and the 
released RelA/p50 complex translocates to 
the nucleus. On the other hand, the 
noncanonical pathway is induced by CD40 
ligand, RANKL, and lymphotoxin (LT)β. 
p100 retains RelB in the cytoplasm as the 
RelB/p100 complex. Upon stimulation with 
these ligands, p100 is processed to p52, 
and then the RelB/p52 complex translocates 
to the nucleus. Notably, CD40 ligand, 
RANKL, and LTβ activate both the canonical 
and noncanonical pathways, whereas 
TNFα, IL-1, and LPS activate only the 
canonical pathway. 
 
The essential role of NF-κB in osteoclast 
development has been clearly shown in 
knockout mouse experiments. Although 
targeted disruption of either Nfkb1 or Nfkb2 
alone did not affect skeletal development, 
double knockout of these genes induced 
osteopetrosis in mice due to a defect in 
osteoclast differentiation (9;10). These 
results suggest that there are redundant 
roles for the canonical and noncanonical 
NF-κB pathways in osteoclast differentiation. 
NF-κB-inducing kinase (NIK) is involved in 
the phosphorylation and subsequent 
processing of p100 to p52, and Novack and 
co-workers have shown that deletion of the 
Nik gene resulted in the accumulation of 
p100 in osteoclast precursors, which caused 
impaired osteoclast differentiation in vitro by 
retaining the RelB/p100 complex in the 
cytoplasm (11). They also found that 
deletion of Nfkb2 restored impaired 
osteoclastogenesis in Nik(-/-) precursors 
(12).   
 
Yao et al. (1) now provide in vitro and in vivo 
evidence that p100 is induced by TNFα in 
osteoclast precursors and acts as a negative 
regulator of osteoclastogenesis. They found 
that TNFα induced sustained accumulation 
of p100 in osteoclast precursors, while 
RANKL more efficiently processed p100 to 
p52 through NIK activation. TNFα-induced 
osteoclast formation was increased in bone 
marrow cells from Nfkb2(-/-) mice to a level 
comparable to that induced by RANKL 
treatment, and bone resorption was 
significantly increased in Nfkb2(-/-) mice 
compared to WT mice when TNFα was 

injected over the calvaria. Interestingly, 
TNFα treatment also upregulated 
osteoclastogenesis in Rank(-/-)Nfkb2(-/-) 
and Rankl(-/-)Nfkb2(-/-) mice both in vitro 
and in vivo, confirming that the 
enhancement of TNFα-induced osteoclast 
formation in Nfkb2(-/-) mice does not 
depend on secondary production of RANKL 
by TNFα.   
 
Yao et al. crossed Tnfa-transgenic mice 
(Tnfa-tg) with Nfkb2(-/-) mice to confirm a 
negative regulatory role of p100 in TNFα-
induced osteoclast formation (1). Tnfa-
tg/Nfkb2(-/-) mice spontaneously developed 
more severe inflammation and joint erosion, 
along with an increase in osteoclast number, 
than Tnfa-tg/Nfkb2(+/-) mice. Collectively, 
these studies conclude that p100 acts as a 
negative regulator of TNFα-induced 
osteoclast formation under pathologic 
conditions.   
 
Yao et al. also present the interesting 
observation that TRAF3 is involved in the 
posttranslational regulation of p100 
expression (1). They found that TNFα 
increased the protein level of TRAF3 by 
suppressing TRAF3 degradation, which was 
reversed by RANKL. Previous studies have 
shown that TRAF3 binds to and promotes 
degradation of NIK by forming a complex 
with TRAF2 and cellular inhibitor of 
apoptosis protein (c-IAP)1/2, and therefore, 
stabilization of TRAF3 by TNFα may 
decrease the level of NIK, resulting in the 
upregulation of p100 (13-15). Conversely, 
knockdown of Traf3 using siRNA promoted 
TNFα-induced osteoclast formation through 
downregulation of p100 (13). Dejardin et al. 
(16) and Novack et al. (11) have reported 
that agonistic antibody against LT-β receptor 
or TNFα upregulated the expression of p100 
in an NF-κB-dependent fashion. Taken 
together, these studies have shown that the 
expression level of p100 is regulated 
transcriptionally by NF-κB and/or 
posttranslationally by TRAF3, although the 
detailed molecular mechanisms are not fully 
elucidated.   
 
In conclusion, Yao et al. have convincingly 
demonstrated that NF-κB2p100 plays a 
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negative role in suppressing TNFα-induced 
osteoclast formation under pathologic 
conditions using various animal models. 
Therefore, suppression of the processing of 
p100 might be a novel strategy to treat 
various bone diseases such as RA, in which 
TNFα-induced osteoclast formation plays a 
crucial role in the progression of disease. 
 
Conflict of Interest: None reported. 
 
Peer Review: This article has been peer-reviewed. 
 
References 
 
1. Yao Z, Xing L, Boyce BF. NF-kappaB 

p100 limits TNF-induced bone 
resorption in mice by a TRAF3-
dependent mechanism. J Clin Invest. 
2009 Oct;119(10):3024-34. 

 
2. Scott DL, Kingsley GH. Tumor necrosis 

factor inhibitors for rheumatoid arthritis. 
N Engl J Med. 2006 Aug 17;355(7):704-
12. 

 
3. Tanaka S, Nakamura K, Takahasi N, 

Suda T. Role of RANKL in physiological 
and pathological bone resorption and 
therapeutics targeting the RANKL-
RANK signaling system. Immunol Rev. 
2005 Dec;208:30-49. 

 
4. Azuma Y, Kaji K, Katogi R, Takeshita S, 

Kudo A. Tumor necrosis factor-alpha 
induces differentiation of and bone 
resorption by osteoclasts. J Biol Chem. 
2000 Feb 18;275(7):4858-64. 

 
5. Kim N, Kadono Y, Takami M, Lee J, Lee 

SH, Okada F, Kim JH, Kobayashi T, 
Odgren PR, Nakano H, Yeh WC, Lee 
SK, Lorenzo JA, Choi Y. Osteoclast 
differentiation independent of the 
TRANCE-RANK-TRAF6 axis. J Exp 
Med. 2005 Sep 5;202(5):589-95. 

 
6. Kobayashi K, Takahashi N, Jimi E, 

Udagawa N, Takami M, Kotake S, 
Nakagawa N, Kinosaki M, Yamaguchi K, 
Shima N, Yasuda H, Morinaga T, 
Higashio K, Martin TJ, Suda T. Tumor 
necrosis factor alpha stimulates 
osteoclast differentiation by a 

mechanism independent of the 
ODF/RANKL-RANK interaction. J Exp 
Med. 2000 Jan 17;191(2):275-86. 

 
7. Li J, Sarosi I, Yan XQ, Morony S, 

Capparelli C, Tan HL, McCabe S, Elliott 
R, Scully S, Van G, Kaufman S, Juan 
SC, Sun Y, Tarpley J, Martin L, 
Christensen K, McCabe J, Kostenuik P, 
Hsu H, Fletcher F, Dunstan CR, Lacey 
DL, Boyle WJ. RANK is the intrinsic 
hematopoietic cell surface receptor that 
controls osteoclastogenesis and 
regulation of bone mass and calcium 
metabolism. Proc Natl Acad Sci U S A. 
2000 Feb 15;97(4):1566-71. 

 
8. Bonizzi G, Karin M. The two NF-kappaB 

activation pathways and their role in 
innate and adaptive immunity. Trends 
Immunol. 2004 Jun;25(6):280-8. 

 
9. Franzoso G, Carlson L, Xing L, Poljak L, 

Shores EW, Brown KD, Leonardi A, 
Tran T, Boyce BF, Siebenlist U. 
Requirement for NF-kappaB in 
osteoclast and B-cell development. 
Genes Dev. 1997 Dec 15;11(24):3482-
96. 

 
10. Iotsova V, Caamaño J, Loy J, Yang Y, 

Lewin A, Bravo R. Osteopetrosis in mice 
lacking NF-kappaB1 and NF-kappaB2. 
Nat Med. 1997 Nov;3(11):1285-9. 

 
11. Novack DV, Yin L, Hagen-Stapleton A, 

Schreiber RD, Goeddel DV, Ross FP, 
Teitelbaum SL. The IkappaB function of 
NF-kappaB2 p100 controls stimulated 
osteoclastogenesis. J Exp Med. 2003 
Sep 1;198(5):771-81. 

 
12. Vaira S, Johnson T, Hirbe AC, 

Alhawagri M, Anwisye I, Sammut B, 
O'Neal J, Zou W, Weilbaecher KN, 
Faccio R, Novack DV. RelB is the NF-
kappaB subunit downstream of NIK 
responsible for osteoclast differentiation. 
Proc Natl Acad Sci U S A. 2008 Mar 
11;105(10):3897-902. 

 
13. He JQ, Zarnegar B, Oganesyan G, 

Saha SK, Yamazaki S, Doyle SE, 
Dempsey PW, Cheng G. Rescue of 



IBMS BoneKEy. 2009 December;6(12):477-480 
http://www.bonekey-ibms.org/cgi/content/full/ibmske;6/12/477 
doi: 10.1138/20090417 
 

   
480 

 
  Copyright 2009 International Bone & Mineral Society 
 

TRAF3-null mice by p100 NF-kappa B 
deficiency. J Exp Med. 2006 Oct 
30;203(11):2413-8. 

 
14. Liao G, Zhang M, Harhaj EW, Sun SC. 

Regulation of the NF-kappaB-inducing 
kinase by tumor necrosis factor 
receptor-associated factor 3-induced 
degradation. J Biol Chem. 2004 Jun 
18;279(25):26243-50. 

 
15. Skaug B, Jiang X, Chen ZJ. The role of 

ubiquitin in NF-kappaB regulatory 

pathways. Annu Rev Biochem. 
2009;78:769-96. 

 
16. Dejardin E, Droin NM, Delhase M, Haas 

E, Cao Y, Makris C, Li ZW, Karin M, 
Ware CF, Green DR. The lymphotoxin-
beta receptor induces different patterns 
of gene expression via two NF-kappaB 
pathways. Immunity. 2002 
Oct;17(4):525-35. 

 

 


