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Abstract The transcription factor NF-κB is a family of
proteins involved in signaling pathways essential for normal
cellular functions and development. Deletion of various
components of this pathway resulted with abnormal skeletal
development. Research in the last decade has established
that NF-κB signaling mediates RANK ligand-induced
osteoclastogenesis. Consistently, it was shown that inhibi-
tion of NF-κB was an effective approach to inhibit osteo-
clast formation and bone resorptive activity. Identification of
the molecular machinery underlying NF-κB activation per-
mitted osteoclast-specific deletion of the major components
of this pathway. As a result, it was clear that deletion of
members of the proximal IKK kinase complex and the distal
NF-κB subunits and downstream regulators affected skeletal
development. These studies provided several targets of ther-
apeutic intervention in osteolytic diseases. NF-κB activity
has been also described as the centerpiece of inflammatory
responses and is considered a potent mediator of inflamma-
tory osteolysis. Indeed, inflammatory insults exacerbate
physiologic RANKL-induced NF-κB signals leading to ex-
aggerated responses and to inflammatory osteolysis. These
superimposed NF-κB activities appear to underlie several
bone pathologies. This review will describe the individual
roles of NF-κB molecules in bone resorption and inflamma-
tory osteolysis.
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Introduction

The transcription factor family, nuclear factor κB (NF-κB),
consists of several factors capable of crossing the nuclear
membrane, binding to specific promoters and regulating
expression of numerous genes involved in normal and path-
ologic functions [1]. The founding members of this family
were NF-κB1 (p50), NF-κB2 (p52), RelA (p65), RelB, and
c-Rel [2]. These NF-κB subunits form homo and
heterodimers through their N-terminal Rel homology do-
mains that permit specific DNA binding [3–5].

Activation of NF-κB occurs in most cells upon stimula-
tion with a wide range of stimuli including cytokines, im-
mune modulators, and other stresses. The prominent
activators of NF-κB include receptor activator of NF-κB
ligand (RANKL), TNFα, lymphotoxin, bacterial endo-
toxins, Toll-like receptor (TLR) ligands, CD40L, interleukin-
1 (IL-1), and oxygen radicals. These stimuli induce assembly
of ligand/receptor-specific distal protein complexes, typically
anchored with adaptor proteins such as TNF receptor-
associated factors (TRAFs). These latter proteins facilitate
recruitment and formation of stable Map kinase and NF-κB
kinase complexes, notably TAK1, NIK, IKK1, IKK2, and
IKKγ/NEMO [6]. Activated kinase complexes phosphorylate
the NF-κB inhibitory protein, IκBα, which in turn undergoes
proteosomal degradation, thus allowing nuclear translocation
and activation of the various NF-κB dimers [3–7]. Other IκB
proteins have been described [8–10] but are considered not
critical for the focus of this review.

Classical activation of NF-κB by TNF, IL-1, and
RANKL entails stimulation of IKK2 and IKKγ/NEMO
pathway, which is considered as the primary mediator of
cell responses (Fig. 1). In contrast, NF-κB-inducing kinase
(NIK) activation of IKK1 mediates the alternative NF-κB
pathway that leads to formation of RelB/p52 complexes [11,
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12]. However, there is no clear signaling separation between
the classical and alternative NF-κB pathways. These path-
ways intersect in different cell types, yet the nature and
functional details of this “cross-talk” remain poorly
understood.

Role of individual NF-κB subunits and kinases
in osteoclasts and osteolysis

The role of NF-κB in bone homeostasis was first
unintentionally realized following combined deletion of
NF-κB1/p50 and NF-κB2/p52 subunits [13, 14]. These mice
displayed severe osteopetrosis owing to complete deficiency
of osteoclasts. Further analysis of these double knockout mice
established that NF-κB1 andNF-κB2 are crucial for osteoclast
precursor differentiation into osteoclasts rather than survival, a
hallmark of NF-κB activity [15]. It was further established

that none of the well-known osteoclastogenic cytokines, in-
cluding RANKL and TNF, is capable of inducing differenti-
ation of the NF-κB-null precursor cells into osteoclasts. This
realization was instrumental to establish new paradigm in
osteoclast biology, namely NF-κB is required for osteoclast
formation and activity. In the following years, as additional
components of the NF-κB pathway were unraveled, the spe-
cific role of each component in bone development was exten-
sively investigated and established.

With the discovery of the RANK/RANKL signaling sys-
tem in the late 1990s [16, 17], the critical pieces of the
NF-κB puzzle pertaining to osteoclast differentiation and
function are mostly in place [18–21]. To this end, it has
been established that RANKL binding to its cognate recep-
tor RANK triggers rapid increase and sub-cellular mobili-
zation of certain NF-κB components, beginning with
formation of a large IKK complex at distal RANK motifs.
Hetero- and homodimers of various kinases in this TRAF6,
TAK1, and IKKγ/NEMO-containing complex lead to phos-
phorylation and subsequent activation of IKK2. Active
IKK2 phosphorylates the inhibitory protein IκB, which in
turn undergoes rapid degradation by the 26S proteasome
resulting in rapid release and accumulation of p65/RelA
and p50. These NF-κB subunits form dimers and translocate
to the nucleus to activate target genes. This rapid response is
then followed by a slower and more transient response
entailing increased expression of alternative NF-κB compo-
nents such as RelB and p52 that persists for several days
post stimulation. Consistently, deletion of RANKL, RANK,
or inhibition of the RANKL-RANKL signaling diminishes
NF-κB activity, arrests osteoclastogenesis, and leads in mice
to osteopetrosis [16, 17, 22, 23].

The role of alternative NF-κB signaling subunits
in osteoclasts

The critical roles of IKK1 and IKK2 in bone and osteoclasts
were established using global and myeloid-specific gene
deletion studies. IKK1 acts by processing the inhibitory
protein p100 into p52, an event regulated by NF-κB-
inducing kinase (NIK), the activator of IKK1 [24]. As a
result, p52 dimerizes with RelB and translocates to the
nucleus. Therefore, the axis NIK, IKK1, and p52/RelB
marks the NF-κB alternative pathway. Whereas NIK-
deficient precursors failed to differentiate into osteoclasts
in vitro in response to RANKL, mice harboring deletion of
the NIK gene or the aly point mutation of NIK that in-
activates it did not display osteopetrosis [25–27]. Skeletal
abnormalities were apparent in germline IKK1-null mice
manifested by abnormal development and ossification of
limbs, vertebrae, sternum, and cranial bones [6, 28–30].
However, it was reported that bone development and
osteoclastogenesis were not affected by kinase-inactive

Fig. 1 Illustration of NF-κB signaling pathway depicting classical and
alternative arms. Ligand (L) binding to its cell membrane (CM) recep-
tor (R) initiates recruitment and formation of a signaling cluster at the
distal end of the receptor. Signaling complexes contain a large number
of proteins including TNF receptor-associated factors (TRAFs), the
tyrosine kinase c-Src, p62, cellular inhibitors of apoptosis (c-IAP),
and TNF receptor-interacting protein (RIP). This cluster utilizes lysine
63-linked polyubiquitination chains (K63-pUB) to recruit and activate
the MAP kinases TGF-β-activated kinase (TAK1) and NF-κB-inducing
kinase (NIK) which in turn activate the canonical and alternative IKK
complexes, respectively. Activated IKK1 and IKK2 phosphorylate (pp)
their respective p100/NF-kB and IkB targets, which are subsequently
degraded. Processed p52 along with RelB as well as liberated p50/p65
dimers translocate to the nucleus (Nuc), bind to DNA sequences, and
activate transcription. L ligand, R receptor, CM cytoplasmic membrane,
Nuc nucleus, p phosphorylation
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IKK1 [30, 31], suggesting that the kinase activity of IKK1 is
not essential for skeletal development. Further analysis
showed that the number of osteoclasts was reduced in
IKK1-null cells, and in vitro differentiation of hematopoietic
progenitors derived from these IKK1-null mice in response
to RANKL was partially, but not entirely, impaired. It was
also shown that whereas osteoclast progenitors from IKK1-
null mice fail to differentiate into osteoclasts when treated in
vitro with RANKL, they differentiated into osteoclasts when
exposed to TNF and IL-1β. These observations suggest that
IKK1 is dispensable for inflammatory cytokine-induced
osteoclastogenesis and inflammatory osteolysis.

Consistently, RelB-null mice also display minimal skel-
etal abnormalities [32–34]. These mice have osteoclasts but
display limited response to inflammatory challenges. Thus,
NIK, IKK1, and RelB appear to be not essential for basal
osteoclastogenesis in the mouse. These observations raise
the question how osteoclasts form in vivo in the absence of
p100/NF-κB processing into p52, which has been shown
together with p50 as crucial for osteoclastogenesis. A pos-
sible answer for this question comes from our recent find-
ings that constitutively active IKK2 was capable of
producing p52 in wild type and IKK1-null cells. More
importantly, constitutively active IKK2 induced robust
osteoclastogenesis by IKK1 and RANK-null progenitors.
In a relevant study, Yao et al. [35] elegantly showed that
TNF increased expression of p100/NF-κB in osteoclast pre-
cursors in a TRAF3-dependent manner. They further
showed that deletion of p100/NF-κB contributed to robust
TNF-induced osteoclast formation and bone erosion. Thus,
NF-κB signaling and its contribution to osteoclastogenesis
is differentially regulated by various NF-κB subunits and is
signal specific.

The role of IKK2 in osteoclastogenesis

The skeletal role of IKK2 was investigated using myeloid-
specific deletion approaches in mice. Using inducible Mx-
cre deletion, Ruocco et al. [31] reported that IKK2 is re-
quired for osteoclastogenesis, in vitro and in vivo. We have
utilized CD11b-cre to delete IKK2 at early stages of osteo-
clast differentiation and found that IKK2-null progenitors
fail to differentiate into osteoclasts in vitro and that myeloid
deletion of IKK2 resulted with severe osteopetrosis and runt
skeletal development [36]. In keeping with its essential role
in osteoclastogenesis and its role as the prime mediator of
NF-κB activation, immense effort was focused on investi-
gating the potential osteolytic role of IKK2. In this regard,
we recently reported a novel finding whereby constitutively
active IKK2 [in which serine residues 177/181 were
substituted with glutamates (SS→EE)] was capable of in-
ducing RANKL-independent osteoclastogenesis [37]. This
phenomenon was independent of RANK proximal signaling

and did not require the traditional IKK partners, IKK1 and
IKKγ/NEMO. In fact, IKK2SSEE induced osteoclastogenesis
by cells lacking RANK, IKK1, NEMO, TNF-r1, IL-1r, as well
as in the presence of osteoprotegerin, NEMO-binding domain,
and TNF inhibitors. The physiological relevance of this find-
ing was demonstrated in vivo using a myeloid knock-in of the
transgene IKK2SSEE. Phenotypic assessment revealed that
expression of IKK2SSEE in the myeloid compartment in-
duced significant bone loss in vivo [38], manifested by sig-
nificant increase in the number and size of osteoclasts in
trabecular regions, elevated levels of circulating TRACP-5b,
and reduced bone volume. Mechanistically, IKK2SSEE in-
duced high expression of not only p65/RelA but also p52 and
RelB; the latter two molecules are considered exclusive mem-
bers of the alternative NF-κB pathway. Interestingly, RelB and
p52 were both required to mediate the osteoclastogenic effect
of IKK2SSEE, and co-expression of these two proteins was
sufficient to recapitulate osteoclastogenesis in the absence of
RANKL or IKK2SSEE. Furthermore, we reported that
NF-κB2/p100 is a potent inhibitor of IKK2SSEE-induced
osteoclastogenesis, deletion of which enabled more robust
osteoclast formation by the active kinase. Thus, molecular
activation of IKK2 plays a role in conditions of pathologic
bone destruction, which may be refractory to therapeutic in-
terventions targeting the proximal RANKL/RANK signal,
such as osteoprotegerin and denosumab. In addition, the ap-
parent cross-talk between classical and alternative NF-κB
signaling pathways during osteolysis suggests that both sig-
naling arms should be considered when treating osteolysis.

The central role of IKK2 in inflammatory osteolysis has
invited more attention to develop regulatory modalities to
curb its activity. To this end, a wide range of inhibitors
targeting the kinase activity of IKK2 has been described
[12, 39–41]. These inhibitors include NSAIDs, CyPG, tha-
lidomide, flavonoids, antioxidants, and specifically
designed selective inhibitors. Another widely described
IKK2 inhibitor is NBD decoy peptide which prevents bind-
ing of IKKs to NEMO and bifurcates formation of the IKK
complex [42]. This peptide was reported to block a wide
spectrum of inflammatory responses including inflammato-
ry osteolysis [43–49]. IKK2 activation also relies on intact
intrinsic domains. In this regard, selective approaches
targeting inactivation of IKK2 kinase activity by mutating
its kinase domain (K44M) or preventing its phosphorylation
by mutating its phosphorylation sites (S177/181A) are ef-
fective in blocking its activity. Recent work has also shown
that certain mutations in the ubiquitin-like domain (ULD) of
IKK2 ablate its activity [50]. Likewise, mutation of tyro-
sines 188/199 located in close proximity to serines 177/181
in the activation loop also muted activation of IKK2. In fact,
we have reported that IKK2 devoid of tyrosines 188/199
acts as a dominant-negative inhibitor of osteoclastogenesis
and osteolysis [51].
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The role of IKKγ/NEMO in osteoclastogenesis

Mechanistically, NEMO provides a regulatory platform for
the IKK complex. Oligomerization of NEMOmonomers at its
coiled-coil2 (CC2) and leucine zipper (LZ) domains is crucial
for its function. Deletion of these domains interferes with IKK
complex assembly and NF-κB activation [52–55]. Structure–
function studies decrypted the functional significance of the
various NEMO domains and unveiled that the process of post-
translational polyubiquitination of NEMO is crucial in phys-
iological and pathologic responses (Fig. 1). Several lysine
residues in the UBAN (encompassing CC2-LZ domains)
and zinc finger domains of NEMO were identified as targets
for lysine-63 (K-63)-linked polyubiquitinations as well as
linear ubiquitinations [52, 56–64]. These post-translational
modifications occur in response to physiological and inflam-
matory stimuli at a sophisticated pattern and modulate cellular
localization, facilitate signal recognition, and augment signal-
ing cascades.

The NEMO ubiquitin binding domain has been mapped to
66 amino acids spanning the boundaries of the coiled-coil2
and leucine zipper motifs of NEMO. This is the same domain
that has been described previously as essential for NEMO
oligomerization, suggesting that K63 polyubiquitination
chains may mediate oligomerization of NEMO. Indeed, mu-
tations within this region abrogate binding of K63
polyubiquitination chains (Fig. 1) to NEMO and attenuate
activation of NF-κB. Equally important, other key K63
polyubiquitin-dependent events including TAK1 binding and
activation of IKK are attenuated. Several other stimuli are now
also known to induceNEMOubiquitination, including TNFα,
T-cell receptor (TCR) signaling, and genotoxic stress.
Consistent with a fundamental role in IKK signalosome acti-
vation via these stimuli, NEMOubiquitination is necessary for
full NF-κB activity. In the case of TCR-induced ubiquitination,
which was also demonstrated to trigger K63-linked
polyubiquitin chains on NEMO, oligomerization of key signal-
ing proteins (Bcl10–paracaspase/MALT1–TRAF6) leads to the
assembly of a ubiquitin ligase complex that specifically targets
K399 of NEMO [56, 65]. The staging of various signaling
pathways by NEMO in a polyubiquitination-dependent manner
strongly suggests that specific ubiquitin profiles onNEMOmay
integrate various responses, orchestrating a specific repertoire
of gene activation.

As it stands, the direct role of NEMO in osteoclastogenesis
has been suggested but awaits confirmation using gene dele-
tion studies. Nonetheless, consistent with its role as a scaffold
for the IKK complex, inhibition of IKKγ/NEMO binding to
IKK by using a specific NEMO-binding domain peptide
effectively abolished NF-κB signaling in response to
RANKL, TNF, TLR4, and subsequently inhibited
osteoclastogenesis, inflammatory osteolysis, and arthritic
bone erosion in mice. Similarly, buttressing the key role of

IKKγ/NEMO in the formation and signaling of the IKK
signaling complex in response to RANKL in osteoclast pre-
cursors, administration of short peptides that interfere with
NEMO ol igomer iza t ion and assembly impeded
osteoclastogenesis and inflammatory osteolysis in mice.
Clinical case reports confirm that NEMO is crucial for
osteoclastogenesis and bone resorption. In this regard, it was
reported that loss of function mutations in NEMO cause X-
linked-dominant incontinentia pigmenti. Several reports de-
scribed boys with X-linked osteopetrosis, lymphoedema,
anhidrotic ectodermal dysplasia, and immunodeficiency
(OL-EDA-ID) owing to NEMO mutations [66–71].

Regulation of NF-κB signaling by deubiquitination
enzymes (DUBs) in osteoclasts

If K63-linked polyubiquitination is viewed as an “on” switch
for TAK1, IKK, NEMO, RIP, and other kinases, then
deubiquitination serves as an “off” switch to restore the ki-
nases to the basal states and attenuate heightened inflamma-
tory responses. The tumor suppressor cylindromatosis
(CYLD) and the NF-kB negative regulator A20 (TNFAIP3)
are two of the best-studied deubiquitinating (DUB) enzymes
that negatively regulate NF-κB upstream of the IKK complex.
CYLD is a tumor suppressor protein implicated in the devel-
opment of familial cylindromatosis, a human skin tumor [72].
CYLD contains a ubiquitin carboxy-terminal hydrolase
(UCH) domain. Through this UCH domain, CYLD removes
K63-linked polyubiquitin chains from several proteins, such
as TRAF2, TRAF6, and NEMO, thereby suppressing NF-κB
activation. Like CYLD, A20 is a potent inhibitor of IKK and a
target gene of NF-κB [73, 74]. The induction of CYLD and
A20 by NF-κB provides a negative feedback loop to regulate
NF-κB activity. A20-deficient mice developed spontaneous
inflammation in multiple organs, owing to hyper-activation of
IKK and NF-κB signaling [75]. A20 contains an ovarian
tumor type DUB domain (OUT) in its N-terminal region and
seven zinc-finger domains in the C-terminal region. Although
the OUT domain is involved in removing K63-linked
polyubiquitin chains from TRAF6 and RIP1 [65], the zinc-
finger domains were reported to have E3 ubiquitin ligase
activity to attach K48-linked polyubiquitin chains to RIP1
[65]. Thus, A20 suppresses IKK activation by first removing
K63-linked ubiquitin chains and then targeting RIP1 for deg-
radation. The direct role of DUBs in osteoclastogenesis and
skeletal development has been described. Jin et al. have
shown that CYLD deficiency accelerates osteoclastogenesis,
and knockout mice develop osteoporosis [76]. The authors
found that CYLD interacts directly with the adaptor protein
p62 and is recruited to TRAF6 thereby leading to its
deubiquitination and subsequent inhibition. Thus, deletion of
CYLD results with constitutive K63-linked polyubiquitination
of TRAF6 and hyper-activation of NF-κB. This phenotype is
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consistent with p62 loss of function mutations that lead to
osteolysis, as is the case in Paget's disease of bone [77–79]. In
a different study, Matmati et al. [80] show that animals lacking
A20 inmyeloid cells develop severe erosive polyarthritis owing
to high serum levels of circulating inflammatory cytokines and
sustained high NF-κB activation in macrophages. Consistently,
A20 deficiency also led to heightened osteoclastogenesis.

Regulation of NFATc1 and c-Fos

NF-κB activation, in response to RANKL or TNF, has been
also shown to activate the osteoclast differentiation factors
c-Fos and NFATc1, both of which are crucial for terminal
osteoclast differentiation and activity [81–84]. C-Fos is a
component of the activator protein (AP-1) which is also
comprised of Jun, Fra, and ATF proteins [85]. These pro-
teins are induced by RANKL and TNF in osteoclast pro-
genitors. Deletion of c-Fos in mice leads to osteopetrosis
owing to lack of osteoclastogenesis [85]. On the other hand,
NFATc1 is considered a hallmark of terminal osteoclast
differentiation. Deletion of the gene encoding NFATc1 and
inhibition studies clearly demonstrated the necessity of this
protein to osteoclastogenesis [84, 86]. These studies further
established that NFATc1 is a target for NF-κB and c-Fos [83,
87]. Specifically, NF-κB activation provides the initial trig-
ger for induction of NFATc1 transcription. Activity and
amplification of NFATc1 is regulated by c-Fos. In fact,
NFATc1 induction by RANKL is halted under conditions
of c-Fos deficiency [81, 88]. Direct evidence establishing
regulation of NFATc1 and c-Fos by NF-κB was provided by
Yamashita et al. [87]. In this study, it was clearly shown that
c-Fos and NFATc1 expression and activity in response to
RANKL and TNF require intact NF-κB activation. This was
supported by experiments in which the authors demonstrate
that RANKL and TNF successfully induced osteoclastogenic
differentiation of osteoclast progenitor cells derived from
NF-κB p50/p52-deficient mice which were reconstituted with
c-Fos and NFATc1 [87, 88]. At the transcriptional level, it was
shown that the NFATc1 promoter encompasses κB and c-Fos
binding sites, and ChIP assays demonstrated that NF-κB and
c-Fos are recruited to the NFATc1 promoter [84].

NF-κB in osteolytic and metabolic bone disorders

NF-κB is considered a central culprit in the pathogene-
sis of osteolysis in inflammatory diseases, including
rheumatoid arthritis, periprosthetic osteolysis, periodon-
titis, low-grade systemic inflammation, Paget's disease
of bone (PDB), and other bacterial infections [79,
89–91]. This transcription factor also mediates the ac-
tion of several cytokines that mediate post-menopausal
osteoporosis.

Inflammatory arthritis

Inflammatory arthritis is an autoreactive immune disease
highlighted with recruitment of activated immune cells in-
cluding T and B cells, macrophages, and neutrophils to joint
spaces [92–95]. The ensuing inflammatory response entails
elevated levels of inflammatory cytokines such as TNF, IL-
1β, IL-17, and IL-6, which is readily detectable in synovial
fluids and serum. These cytokines are potent activators of
NF-κB signaling and often synergize with RANKL-
activated cascades to exacerbate osteoclastogenesis and
osteolysis. Consistently, therapies targeting inhibition of
TNF, IL-1, and IL-6 have shown promise over the years in
treating inflammatory aspects of rheumatoid arthritis and
had beneficial effects on bone health [96–103]. However,
inhibitory approaches targeting NF-κB directly such as ad-
ministration of NEMO-binding peptide (NBD), dominant-
negative form of IκB (also known as super-repressor IκB),
compounds that directly inhibit IKK2, and agents that block
nuclear activation of NF-κB displayed anti-inflammatory
and anti-osteolytic benefits [44–46, 104].

The efficacy of targeting NF-κB in rheumatoid arthritis
was investigated in various mouse models of the disease. In
collagen-induced arthritis (CIA), antigenic stimulation and
activation of T cells leads to their differentiation and pro-
duction of inflammatory factors such as TNF and IFNγ that
support tissue breakdown and bone erosion. These cyto-
kines are regulated by NF-κB and some reciprocally regu-
late NF-κB. Thus, intervention at the NF-κB level has
proven beneficial in combating CIA. For example, transgen-
ic mice harboring T-cells expressing super-repressor IκB did
not develop severe CIA and expressed low levels of circu-
lating IFNγ and TNF in their serum [105]. In another mouse
model of antigen-induced rheumatoid arthritis, we have
shown that NF-κB expression levels and activity were ele-
vated in synovial tissue retrieved from affected joins.
Consistently, we demonstrated that blockade of NF-κB
using virally expressed and cell-permeable peptide-
conjugated super-repressor IκB and NBD ameliorates rheu-
matoid arthritis [44, 45, 106].

Periprosthetic osteolysis

The principal causes of inflammatory osteolysis that attend
orthopedic implant failure are implant-derived wear debris
that activate and recruit macrophages and osteoclasts around
and at the implant–host interface [107–109]. These cells
mediate and accelerate the inflammatory and osteolytic re-
sponses leading to loosening and failure of bone implants.
Subsequent revision surgery of the failing joint implant is
often more difficult and associated with increased morbidity
and mortality especially among aging patients with
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compromised bones. The pathological response to implant
wear debris entails recruitment and activation of a wide
range of cells responsive to immune and inflammatory cues,
such as macrophages, neutrophils, megakaryocytes, and
osteoclasts. Recent work by several groups including ours
has identified important cellular entities and secreted factors
that contribute to inflammatory osteolysis. Using cell cul-
ture and in vivo animal models, it was established that
orthopedic particles such as polyethylene (PE), titanium
alloy, and polymethylmethacrylate (PMMA) particles con-
tribute to inflammatory osteolysis through stimulation of
major pathways in monocytes/macrophages, i.e., osteoclast
precursors, primarily NF-κB and MAP kinase pathways
[107–109]. Specifically, we reported that PMMA particles
activate the upstream transforming growth factor beta-
activated kinase-1 (TAK1) which is a key regulator of signal
transduction cascades leading to activation of NF-κB and
AP-1 factors. Further, we found that PMMA particles in-
duce binding of TAK1 to NEMO and UBC13, PMMA
particles induce TRAF6 and UBC13 binding to NEMO,
and that lack of TRAF6 significantly attenuates NEMO
ubiquitination [110]. Altogether, these observations suggest
that PMMA particles induce ubiquitination of NEMO, an
event likely mediated by TRAF6, TAK1, and UBC13.
Consistent with these findings, using a knock-in mouse
model of NEMO-K392R (in which lysine 392 was switched
to arginine) , we demonstrated that intact K392
polyubiquitination is essential to mediate inflammatory
osteolysis, and mice expressing NEMO-K392R resisted or-
thopedic particle-induced calvarial osteolysis [111].
Similarly, we have shown that interfering with the NF-κB
and MAPK activation pathways, through introduction of
inhibitors and NEMO decoy molecules, impedes PMMA-
induced osteolysis in mouse models of experimental
calvarial osteolysis.

Paget's disease of bone (PDB)

Patients presenting with PDB suffer from osteolytic lesions
owing to localized hyperactivity of osteoclasts. The disease
is also associated with poorly remodeled deformed bones
prone to fractures [78, 112]. The underlying mechanism of
PDB remains not fully resolved, yet it involves abnormal
activation of TRAF6-distal signaling cascades primarily
NF-κB. As mentioned elsewhere in this review, it has been
established that polyubiquitinations play a major role in
regulating NF-κB signaling and osteoclastogenesis. In this
regard, it was further established that the adaptor protein
p62, also known as sequestosome, recruits DUBs to TRAF6
to regulate polyubiquitination of the NF-κB pathway. P62 or
DUB deletions or loss of function mutations leads to hyper-
and sustained activity of NF-κB and subsequently leads to

inflammatory osteolysis. A number of p62 mutations have
been described; the majority of which have been mapped to
the ubiquitin binding domain buttressing the fact that abnor-
mal polyubiquitination is central to this disease [79, 113,
114].

Periodontitis

NF-κB signaling also mediates oral infections and periodon-
titis. The hallmarks of this disease are inflammation and
destruction of alveolar bone and ligaments [79, 115]. Oral
pathogens activate NF-κB in macrophage and epithelial
cells [116]. It has been established that oral pathogens such
as Porphyromonas gingivalis and Fusobacterium nucleatum
activate NF-κB in epithelial cells and upregulates pro-
inflammatory gene transcripts [117–119]. Furthermore, bac-
terial lipopolysaccharides activate NF-κB, osteoclastogenesis,
and osteolysis in mice [120]. Inhibition of NF-κB using
various methods abolished LPS-induced accumulation of
pro-inflammatory mediators and attenuated osteolysis [104].

Osteoporosis

Osteoporosis is among the most common metabolic diseases
affecting the skeleton and characterized by generalized sys-
temic bone loss due to hormonal imbalance, aging, and in-
flammation. Post-menopausal osteoporosis is the most
clinically studied form of the disease and develops primarily
following sex hormone deficiency [121–124]. Sex steroids are
considered key modulators of skeletal metabolism through
regulation of osteoblasts and osteoclasts. Estrogen acts as an
anabolic hormone by increasing recruitment of osteoblast pool
from marrow stromal niche, increasing osteoblast differentia-
tion and inhibiting their apoptosis. Estrogen also modulates
osteoclasts by suppressing production of RANKL and in-
creasing production of osteoprotegerin. An important aspect
of estrogen activity is regulation of cytokines that contribute to
bone loss including TNFα, IL-1β, IL-6, M-CSF, GM-CSF,
and prostaglandins [122, 125, 126]. This is evident by elevat-
ed levels of these cytokine in post-menopausal subjects and
supported by studies in which pharmacologic intervention
with anti-cytokine therapy or with hormone replacement ther-
apy alleviated bone loss. Mechanistically, the transcription
factor NF-κBmediates the osteolytic function of most of these
cytokines and controls their production. It was reported that
estrogen receptors can inhibit NF-κB non-genomically (cyto-
solic signaling) and block binding of NF-κB to DNA ele-
ments, and attenuates transcriptional activity in osteoclasts
[127]. Osteoporosis also develops in response to systemic
low-grade inflammation, inflammatory bowel disease, and ac-
cumulation of reactive oxygen species with advanced aging
[122, 128–130]. >NF-κB activation has been associated with
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these phenomena and cont r ibu ted to enhanced
osteoclastogenesis, the underlying cause of bone loss.
Administration of ROS inhibitors such as simvastatin [131]
and a-tocopherol [132] inhibited NF-κB and osteoclasts [133].

Closing remarks

The summation of findings to date implicates several
members of the NF-κB pathway, both classical and
alternative, in osteoclast development and activity.
Although a clear separation can not be drawn, it is fair
to state that members of the classical NF-κB pathway
are essential during development, osteoclast differentia-
tion, and during early inflammatory responses, whereas
members of the alternative NF-κB pathway are impor-
tant during late and pathologic responses. However, this
separation may not hold true in all cases. Nevertheless,
research in this area has positioned NF-κB as a major
culprit of bone abnormalities and pathologies. As a
result, numerous studies have exploited NF-κB as a
target for bone therapies.
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