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NF-xB is a pleiotropic transcription factor, which regulates osteoclast formation, function, and survival.
The finding that the deletion of both NF-xB p50 and p52 subunits resulted in osteopetrosis due to the
absence of osteoclasts was followed by the observation that NF-«B is essential for RANK-expressing

osteoclast precursors to differentiate into TRAP+ osteoclasts in response to RANKL and other osteoclasto-
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genic cytokines. Thus, inhibitors of NF-xB should prevent osteoclast formation induced directly or indi-
rectly by RANKL or TNF. In this mini review, we discuss the research findings that revealed essential roles
of NF-xB signaling in osteoclasts.

© 2008 Elsevier Inc. All rights reserved.

Osteoclasts (OCs) are bone-resorbing cells of hematopoitic ori-
gin. Study of osteopetrosis (a family of diseases characterized by
a marked increase in bone mass due to OC absence or dysfunction)
and osteopetrotic mutant mice led to the identification of genes
that regulate osteoclast progenitor/precursor (OCP) differentiation
and the means by which OCs degrade bone. An essential role for
NF-kB in OC formation was discovered unexpectedly when NF-
KB p50 and p52 double-knockout (dKO) mice were generated
and found to have severe osteopetrosis [1,2]. NF-xB p50/p52 dKO
mice do not form OCs, whereas OC formation in p50 or p52 sin-
gle-knockout mice is normal. The dKO mice have increased num-
bers of CD11b*/RANK" OCP in their spleens, indicating that p50/
p52 expression is required for progression of these cells along
the OC differentiation pathway.

The pleiotropic NF-kB transcription factor is a family consisting
of five members and originally named because they were consid-
ered as essential regulators of B-cell Ig k light chain expression.
The subfamily, ‘Rel’ proteins includes Rel A (p65), Rel B, and c-
Rel (Rel) that contain transcription activation domain (TAD) and
synthesized as mature proteins (Fig 1). Unlike Rel A and c-Rel,
Rel B has a leucine zipper domain (LZ) which is required for full
transcriptional activity. NF-xB proteins consist of NF-xB1 (p105/
p50) and NF-xB2 (p100/p52). NF-xB1 and NF-kB2 are synthesized
as large precursors, p105 and p100, respectively, with long C-ter-
minal domains that contain multiple ankyrin repeats (Fig. 1). These
NF-kB proteins become shorter following post-translational pro-
cessing into p50 and p52, respectively. The Rel-homology domain
(RHD) which is shared by all NF-xB proteins contains a nuclear
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localization sequence and is involved in dimerization, DNA bind-
ing, and interaction with IxB inhibitory proteins. Whereas the pro-
cessing of p105 is constitutive upon activation, p100 processing is
tightly regulated and highly inducible. NF-xB proteins, p50 and
p52 are generally not activators of transcription unless they form
dimers with Rel family members. NF-kB family proteins can form
homodimers or heterodimers in vivo with the exception of Rel B
which only forms heterodimers. Of the 15 possible dimers at least
12 are able to bind to 9-10 bp DNA sites (kB sites) [3].

In most cells, NF-kB dimers are retained in the cytoplasm by
inhibitory IkxB proteins. These interactions cover the nuclear local-
ization signal of the dimers and prevent nuclear localization and
DNA binding. IxB proteins include IkBao, IxBB, and IkBe and con-
tain ankyrin repeats that mediate binding of the RHD. There are
two major signaling pathways named canonical (classical) and
non-canonical (alternative) (Fig 2).

Canonical/classical NF-kB pathway

Canonical NF-xB pathway is typically activated through binding
of ligands to their receptors on the cell surface, like RANK, TNFR,
and IL-1R which in turn activates the IKK complex consisting of
catalytic subunits IKKa, IKKB, and the regulatory subunit IKKy
(NEMO) (Fig 2). Recent studies identified some additional compo-
nents of the IKK complex like ELKS and the heat shock protein
Hsp90/Cdc37 chaperone complex. ELKS seems to act as a regula-
tory subunit by recruiting IkB to the IKK complex for phosphoryla-
tion [4]. IKKy in contrast acts as a scaffold protein to assemble the
IKK complex and mediate NF-kB-inducing signals to the activation
of catalytic subunits. The activated IKK complex catalyzes its phos-
phorylation triggering its ubiquitination and subsequent degrada-
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Fig. 1. NF-xB family members.

tion of IxB by the 26S proteasome which in turn releases the NF-kB
dimmers (mostly p50-Rel A) facilitating their nuclear transloca-
tion, DNA binding, and gene transcription. Phosphorylation of
p65 stabilizes and inhibits it from binding to [kBa. Despite the sim-
ilarities, IKKo and IKKB play distinct roles within the canonical NF-
kB pathway. A recent report shows that TNF-induced NF-xB acti-
vation occurs via a NEMO-IKKpB dependent pathway, while IL-1-in-
duced IxBo degradation occurs through NEMO-IKKB or NEMO-
IKKo complexation and leads to nuclear translocation and DNA
binding of the classical NF-xB p50:p65 heterodimers [5]. There is
evidence to suggest that IKKa plays a crucial role in maintaining
the full classical pathway response that is independent of its func-
tion as an IkB kinase in macrophages [6]. In this regard, IKKo has a

negative regulatory role in macrophage activation and inflamma-
tion. The authors further observed that IKKa-induced NF-xB sup-
pression is through accelerating the turnover of the subunits Rel
A and c-Rel and their removal from pro-inflammatory gene
promoters.

The canonical pathway is rapidly activated by a large number of
stimuli and is regulated by auto-regulatory feedback mechanisms
to ensure transient activation. This is done by replenishing the pool
of IkB proteins via NF-kB activation itself. The newly synthesized
IKB proteins enter the nucleus and transport NF-kB dimers back
to the cytoplasm. In addition, inactivation of IKK catalytic activity
prevents degradation of newly synthesized IkB proteins.

Alternative NF-xB pathway

In contrast to the canonical pathway which depends on IKKB-
IKKy, IKKa is required for activation of the alternative pathway.
This pathway is activated by TNF cytokine family members, includ-
ing RANKL, B-cell activating factor (BAFF), CD40L, TWEAK, and
lymphotoxin-B, but not by TNF-a itself. Activation of NF-kB-induc-
ing kinase (NIK) results in activation of IKKo homodimers and the
phosphorylation and proteasome-induced processing of p100 (Fig
2). Ubiquitinated p100 is not completely degraded, instead it is
cleaved to generate an active p52 product. Hence this process is
slower than the activation of the classical pathway and leads to de-
layed activation and nuclear translocation of p52-Rel B under
physiological conditions.

Possible crosstalk exists linking the canonical and alternative
pathways at the level of both IKKs and transcription factors. For
example, activation of the classical NF-kB pathway may feed the
alternative pathway to ensure sufficient synthesis of p100 and pro-
duction of its cleaved product p52 [7]. In addition, p52 homodi-
mers could down-regulate the transcription of the nfib2 gene
under the control of p50/p65. Also, there is evidence that p52
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Fig. 2. The main NF-kB pathways in osteoclast.
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pre-bound with p65 or c-Rel is activated via the classical pathway
suggesting a hybrid pathway for activation of p52/p65 and p52/c-
Rel [7]. Further evidence of inter-pathway cross talk comes from
NIK-deficient mice. In NIK~/~ cells, p100 is shown to bind to a
p50:Rel A complex and prevents its nuclear translocation [8].

What can we learn from knockout and transgenic models?

Formation of a multitude of homodimers and heterodimers by
NF-kB family members results in a high degree of complexity
within this family of transcription factors. Targeted disruption of
family members demonstrated the importance of different pro-
teins, which play distinct biological roles even though the possible
existence of functional redundancy among the family members has
yet to be clarified.

IKKp KO mice

IKKB kinase of the IKK complex activates Rel A, c-Rel, and p50-
containing dimers. Absence of IKKB leads to mouse embryonic
death as a result of TNF-o-induced hepatocyte apoptosis. Condi-
tional IKKBKO (IKKB”) mice have an osteopetrotic bone phenotype
with reduced OC numbers in vivo. These mice have increased num-
bers of trabeculae with obliterated bone marrow. IKKB deficient
bone marrow (BM) progenitors do not form OCs in vitro in response
to RANKL or when co-cultured with osteoblasts and this cannot be
complemented by adding TNF-a or IL-1, thus revealing the impor-
tance of IKKB in OC formation [9]. Further it has been shown that a
small peptide encoding the NEMO binding domain of IKKB could
disrupt IKKB-NEMO binding and thus prevent RANKL-induced
osteoclastogenesis and function [10], suggesting a critical role for
IKKB in osteoclastogenesis and inflammation-induced bone loss.
The importance of NF-kB signaling in OC activity was reported
by Soysa et al. [11]who used the same peptide against IKKB show-
ing that inhibition of NF-kB suppresses the pit forming activity of
OC through inhibiting osteoclast actin ring formation, migration,
and by reducing bone resorption-mediated gene expression.

IKKo KO mice

IKKo~/~ mice die at birth as a result of severe epidermal defects.
Analysis of embryonic OCs (E18.5 dpc) revealed reduced numbers
of multinucleated OCs with altered morphology. IKKo, ™/~ fetal liver
cells cultured in the presence of RANKL and CSF-1 generated few
multinucleated OCs. This correlated with the lack of p100 process-
ing into p52. In addition no difference in GM-CSF colony formation
assay revealed that the lack of OCs is due to an intrinsic defect in
OCs and is not due to a lack in myeloid progenitors. Addition of
TNF-a or TGF-B could rescue the osteoclastogenesis in these exper-
iments suggesting that RANKL in combination with TNF-o/TGF-B
could overcome the inhibition of OC differentiation by p100 [12].
These results were further confirmed by the study of Ruocco
et al. [9] who using mice homozygous for a knock-in mutant allele,
IKKo™ showed that IKKo has a redundant role in basic osteoclasto-
genesis in vivo and in inflammation-induced bone loss which could
be due to the other factors that activate IKKB-driven classical NF-
kB pathway.

NIK KO mice

The conversion of p105 to p50 is predominantly constitutive,
while the processing of p100 to p52 is tightly controlled by NIK.
Even though the defect in RANKL-mediated osteoclastogenesis
in vitro in NIK /- cultures is profound, NIK-deficient mice show
no major bone phenotype in vivo in the basal state (they have a

small, but significant increase in bone volume compared to litter-
mate controls) and are resistant to stimulated osteoclastogenesis
in response to injection of RANKL or parathyroid hormone [8]. In
the absence of NIK, NF-kB signaling in OCP is initially intact. How-
ever once sufficient p100 accumulates in the cytosol it binds to Rel
A/p50 dimers as they are released from IkBo. This cytoplasmic
retention of NF-kB combined with the lack of p52 reduces NF-
kB-mediated transcription in the nucleus and inhibits osteoclasto-
genesis. Reduced binding of Rel B to kB sites in the nucleus further
contributes to reduced osteoclastogenesis. On the other hand,
other factors in the bone microenvironment allow OC differentia-
tion to occur at a normal basal rate in NIK/~ mice, but these can-
not compensate for the inhibitory influence of accumulated p100
induced by exogenous RANKL or PTH. Hence it seems that NIK/
p100 effects on osteoclastogenesis are important in clinical condi-
tions of increased osteoclastogenesis. This was confirmed by the
observation that NIK~/~ mice showed reduction in bone erosion,
but not inflammation in a serum transferred arthritis model
(STA) [13].

NF-xB p50, p52, and double KO mice

Mice lacking p50 (nfkb1~/~) show no basal bone phenotype [1]
and co-culture studies showed reduced OC numbers in p50~/~
mice. IL-1-induced in vivo and ex vivo osteoclastogenesis was not
impaired in these mice compared to control mice [14]. Campbell
et al. [15] reported that nfkb1~/~ mice had a markedly diminished
response to methylated BSA-induced acute arthritis and collagen-
induced arthritis. Bone degradation in these mice was significantly
reduced compared to that of Wt mice.

Similarly p52-deficient mice (nfkb2~/~) also show no basal
bone phenotype [1]. Despite unaltered osteoclastogenesis in
p52~/~ splenocytes in co-culture, BM from these mice showed
enhancement of RANKL-mediated osteoclastogenesis in vitro [8].
However, IL-1-induced in vivo and ex vivo osteoclastogenesis in
p52~/— is similar to p50~/~ or wild-type mice [14]. Subtle
changes in bone phenotype and slightly reduced in vitro osteo-
clast differentiation were observed in p50~/~/p52~/* mice indicat-
ing that only a minimal number of functional osteoclasts are
enough for bone remodeling and that osteoclast precursors in
these mice may produce sufficient numbers of OCs for bone
resorption [14]. FACS analysis of dKO mice showed a threefold in-
crease in RANK-expressing splenocytes suggesting that NF-xB p50
and p52 is not required for RANK-expressing progenitor forma-
tion, but is necessary for RANKL-RANK-induced osteoclastogene-
sis [16]. Interestingly, IL-1-induced in vivo as well as ex vivo
osteoclastogenesis was drastically reduced in p50~/~p52~/* mice.
Unlike single KO mice, the nfkb1~/~ and nfkb2~/~ dKO mice are
osteopetrotic and show growth retardation, craniofacial abnor-
malities with unerupted incisor teeth. Incomplete rescue of these
mice with marrow transplantation hints at an additional defect in
the marrow microenvironment in addition to hematopoietic cell
defects [1]. A similar study using the dKO mice showed that
adoptive transfer of hematopoietic precursors from wild-type
mice rescued osteopetrosis in these mice implying that the mice
harbor a defect that tracked with the OC lineage rather than the
osteoblast lineage [2]. Even though this phenotype mirrors that of
c-fos-deficient mice, immunocytochemistry demonstrated that c-
fos could be readily induced in p50~/~/p52~/~ splenocytes raising
the possibility of failure in expression of c-fos at the right time in
the appropriate cell type. This deduction may be acceptable, as a
recent study showed that neither RANKL nor TNF could induce c-
fos in dKO M-CSF dependent splenocytes [17]. Hence, the overall
phenotype of the dKO mice and the in vitro data narrow the de-
fect closely to the point in macrophage-OC differentiation control
by c-fos [1,17].
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Recently, characterization of mice with a novel mutation in nfkb2
has beenreported [18]. This mutant allele encodes a non-processible
form of p100 (p100"¥Y™?), preventing p52 formation. Histomorpho-
metric analysis of homozygous mice (Nfkb2W™/Lym1y revealed a
mild osteopetrotic phenotype with significantly increased trabecu-
lar bone volume and number, indicating a defect in basal osteo-
clastogenesis. In vitro RANKL-induced osteoclastogenesis was
significantly reduced in Nfkb2W™/* and Nfkb2Wm/Wml mice,
However, no obvious defect in tooth eruption was observed in
Nfkb2ml/Lyml  mjce. The similarities between NIK~/~ and
Nfkb2m1/Lyml mice suggest that NIK function is mainly responsible
for p100 processing. Furthermore, nuclear transport of Rel A and p50
in response to LPS stimulation through the canonical pathway ap-
peared to be inhibited in Nfkb2"¥Y™!/%™1 ce|ls suggesting the inabil-
ity to process p100 Y™ in Nfkb2™!/Lym! cells results in a “super
repressor” form of p100 that not only prevents the formation of
P52, but also continually inhibits Rel A activation and nuclear trans-
location, regardless of stimulation with ligands that activate either
the canonical or non-canonical pathway [18].

Rel A KO mice

Although knockout of p65 was embryonic lethal because of
massive TNF-induced hepatocyte apoptosis [19], this phenotype
was rescued by the generation of p65/TNFR-1 dKO mice, which
lack TNF signaling [20] and seem to have no skeletal defect. In or-
der to analyze the role of Rel A in osteoclast biology, radiation chi-
meras were generated by injecting bone marrow cells from rela—/-/
tnfr~/~ to C57BL/6] mice. Histomorphometric analysis of these chi-
meric mice revealed a 50% reduction in osteoclast numbers and
surface compared to Wt mice, although bone volume was not
changed in these mice. In addition, RANKL-induced osteoclasto-
genesis was blunted in these mice in vivo. Further in vitro analysis
demonstrated that Rel A is necessary for OCP survival, but not for
OC differentiation [21,22]. Bone marrow macrophages (BMM) of
rela”/~ mice cultured in the presence of a JNK inhibitor
(SP600125) and siRNA for Bid (siBid2) could rescue the OC differ-
entiation defect, suggesting that Rel A opposes a pro-apoptotic
pathway mediated by JNK and Bid in OCPs. The retroviral expres-
sion of Rel B did not affect the levels of apoptosis and did not res-
cue osteoclastogenesis in rela~/~ BMM, despite the ability of this
construct to rescue the relb~/~ BMM defect [22]. Activation of
the alternative pathway in these mice was not affected as
RANKL-induced RelB-kB binding activity was similar in the pres-
ence or absence of Rel A. Furthermore, fetal liver cells from p65/
p50 dKO and p65/c-Rel dKO mice have been used to reconstitute
lethally irradiated mice, and there has been no mention of bone
abnormalities in these reconstituted animals [23,24].

Rel B KO mice

Rel B, which was originally identified as an immediate-early
gene in growth factor-induced fibroblasts, [25] acts in the late
phase of RANKL-induced osteoclastogenesis. Rel B-deficient mice
have multi organ inflammation, myeloid hyperplasia and sple-
nomegally due to extramedullary hematopoiesis [26]. In relb~/~
mice there is a small but significant increase in trabecular bone
volume compared with wild-type littermates at base-line [22].
relb~/~ mice show no difference in OC number or OC surface. In
contrast relb~/~ BMMs fail to differentiate into OCs in the presence
of RANKL in vitro, and TNF-induced inflammatory osteolysis is
blunted in relb~/~ mice, suggesting an important role of Rel B in
inflammatory-induced osteoclastogenesis.

It has been reported that relb=/~/p50~/~ mice have markedly in-
creased myeloid hyperplasia in bone marrow and spleen compared

to single KO relb~/~ animals [27]. Heterozygous relb~/* mice that
also lack p50~/~ show qualitatively similar but moderate patholog-
ical changes supporting the notion that the lack of Rel B is partially
compensated by other p50-containing complexes [27]. This could
be the reason for the absence of a marked bone phenotype in
relb~/~ mice at the basal level.

c-Rel KO mice

Abbadie et al. [28] reported that over expression of c-Rel-in-
duced apoptosis of avian BM cells. A study of murine models of
acute and chronic arthritis using c-Rel /- mice showed that these
mice did not develop CIA, whereas they did develop acute arthritis
comparable to Wt mice [15]. Inflammation-induced cartilage and
bone degradation was similar in both Wt and c-Rel '~ mice. There-
fore data from this study suggested that c-Rel is needed for sys-
temic but not local joint disease. EMSA revealed presence of p50/
p65 heterodimers and p50 homodimers in nuclear extracts of cells
isolated from acutely inflamed joints of c-Rel-deficient mice. A re-
cent study revealed that the kB DNA binding activity of c-Rel is un-
changed in rela’~ BMM cultures compared to that of rela"’*
cultures suggesting that c-Rel does not perform the same function
as Rel A in osteoclasts [21].

Conclusion

The importance of NF-kB in osteoclastogenesis and function has
been highlighted by several mouse models. Given the fact that NF-
KB pathway is necessary for most cells, the inhibition of this path-
way may result in undesirable side effects as a result of non-spe-
cific inhibition. Therefore, selective inhibition of its members
may be a good approach in pharmacological drug development.
Alternative pathway is a more attractive drug target as it is limited
to a subset of TNF family of cytokines. Moreover more studies are
required to see the feasibility of IxB like inhibitor p100 as a drug
target.
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