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Abstract
NF-κB is a set of multifunctional transcriptional factors that regulate expression of genes involved
in numerous normal cellular activities. They also are activated in many inflammatory and
neoplastic conditions in which their expression may be stimulated by pro-inflammatory cytokines.
NF-κB in turn, regulates the expression of cytokines and so can mediate autocrine, self-amplifying
cycles of cytokine release and NF-κB activation leading to maintenance of inflammatory reactions
beyond the initial stimulus, as seen in rheumatoid arthritis and asthma. Since discovery of the
requirement of NF-κB for basal and cytokine-induced osteoclast formation in the mid-1990s,
much has been learned about the role of NF-κB in bone. NF-κB has roles in skeletal development,
endochondral ossification, osteoclast and osteoblast functions, and common bone diseases. NF-κB
inhibitors have been developed, but none has made it to clinical trials for the treatment of common
bone diseases. Here we review the roles for NF-κB in bone and in common bone diseases.

INTRODUCTION
NF-κB (nuclear factor of activated B cells) is a family of transcription factors, which were
first identified as regulators of B cell differentiation by their ability to bind to the κB site of
the kappa light chain gene in B cells. They were shown subsequently to be involved in
innate and adaptive immunity in response to pathogens and auto-immune stimuli as well as
in many aspects of normal cellular functions (1,2). Further studies showed that NF-κB
activation is dysregulated in other common conditions, including cancer, diabetes and
atherosclerosis, further emphasizing the wide spectrum of roles it plays in normal and
disease states (3).

There are 5 original members of the NF-κB family: RelA (p65), p50, p52, RelB and c-Rel.
They all have an N-terminal Rel homology domain for formation of homo- and heterodimers
of family members and for sequence-specific DNA binding. RelA, RelB, and c-Rel also
have a C-terminal transcription activation domain (TAD). p50 and p52 do not have TADs
and must rely on interactions with other factors to positively regulate gene transcription (3).
p50 and p52 are formed as larger proteins, NF-κB1 consisting of p50 and its precursor p105,
and NF-κB2 consisting of p52 and its precursor p100 (1). RelA and c-Rel preferentially
heterodimerize with p50 and signal in the classical pathway (Figure 1) in response to many
influences, including RANKL, TNF and IL-1 (4). RelB preferentially heterodimerizes with
p100 and its processed smaller form, p52, in the alternative pathway also in response to
RANKL, but apparently not to TNF (5).

Given the protean functions of NF-κB to positively regulate gene expression, it is not
surprising that there is a family of NF-κB inhibitory proteins, called IκBs, which retain NF-
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κB dimers in the cytoplasm of un-stimulated cells. This family includes the classical IκBs:
IκBα, IκBβ, and IκBε (6). These all have multiple ankyrin repeats, which bind to NF-κB
dimers and thus interfere with the function of their nuclear localization signals (NLS). IκBα
predominantly regulates RelA:p50 heterodimers in the classical pathway. The p65/p50
heterodimeric complex is the most common form in mammalian cells and this is what is
commonly referred to as “NF-κB”. IκBε preferentially regulates RelA:RelA homodimers
along with c-Rel:RelA heterodimers (3). IκBβ also binds to RelA:p50 heterodimers. In
response to stimuli such as RANKL and TNFα, IκBα is degraded rapidly in the proteasome
to allow NF-κB heterodimers to translocate to nuclei. There they induce expression not only
of cytokines, enzymes and growth factors, but also of IκBα, which enters the nucleus and
shuttles RelA/p50 dimers back to the cytoplasm for subsequent activation in a negative
feedback loop (). There are other IκB-like proteins, including BCL3, IκBζ, and IκBNS,
which are regulated differently from classical IκB family members and have different
functions (3,7), but further discussion of them is beyond the scope of this review.

The C-terminal portion of p105, called IκBγ, and of p100, called IκBδ, also contain multiple
ankyrin repeats giving them IκB-like functions (8,9). IκBγ selectively binds to RelA and c-
Rel and retains them in the cytoplasm, but it can also bind to p50 molecules processed from
p105 (3). p105 processing occurs constitutively in the proteasome of un-stimulated cells and
removes the C-terminal portion to generate the p50 subunit (10). Upon stimulation by
cytokines, such as RANKL and TNF, p105 is phosphorylated and rapidly degraded in the
proteasome without release of p50 and this allows p50/Rel protein dimers to go to the
nucleus. The IκBδ portion of p100 binds preferentially to RelB to retain it in the cytoplasm,
but it also binds to and regulates RelA homodimers (11).

Classical NF-κB signaling is activated upon stimulation by a trimeric IκB kinase (IKK)
complex consisting of the catalytic subunits, IKKα and IKKβ, and a regulatory subunit,
IKKγ (also called NEMO: NF-κB essential modulator) (3,12). The IKK complex
phosphorylates IκBα, leading to its polyubiquitination and degradation via the 26S
proteasome and allowing nuclear translocation of RelA:p50 dimers (3). IKKβ mediates most
of the IκB kinase activity in the classical pathway in most cell types, including RANKL-
induced signaling in osteoclast precursors. In contrast, signaling in the alternative NF-κB
pathway is activated by IKKα following its activation by NF-κB-inducing kinase (NIK) and
leads to processing of p100 and production of RelB:p52 heterodimers (13–15) (Figure 1).
An important additional effect of classical IKK signaling is that it also upregulates
expression of NF-κB2 in the alternative pathway (16). As will be seen later, this has
important inhibitory effects on TNF-induced osteoclastogenesis.

NF-κB is activated during embryogenesis to regulate certain aspects of endochondral
ossification and in a number of pathologic conditions affecting the skeleton, including
postmenopausal osteoporosis, inflammatory and osteoarthritis, infections, Paget’s disease,
and metastatic bone disease (17). Studies to date indicate that NF-κB affects the skeleton
predominantly by inducing enhanced osteoclast formation and activity, but it also has roles
in osteoblasts and chondrocytes, which will be reviewed later in this review.

NF-κB SIGNALING IN OSTEOCLASTOGENESIS
A role for NF-κB in bone was first identified in the mid-1990s when 2 groups of
investigators generated NF-κB1/2 double knockout (dKO) mice and discovered
unexpectedly that they had failure of tooth eruption and osteopetrosis due to absence of
osteoclasts (18,19). They had generated these mice because both NF-κB1 and -2 single KO
mice had modest immunodeficiencies and they wanted to determine the effect on immune
cell functions of removing all or most NF-κB signaling by eliminating these two pivotal
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genes. These dKO mice also had severe B cell and T cell differentiation defects (18,19) and
in that respect are similar to RANKL and RANK KO mice (4), which were generated later
after RANKL and RANK were discovered. The defect in osteoclastogenesis in NF-κB dKO
mice is similar to that in RANKL KO mice in that there is a halt in osteoclast precursor
(OCP) differentiation at the stage where OCPs express RANK, but fail to express other
markers of osteoclast differentiation, including TRAP, cathepsin K and the calcitonin
receptor (20). NF-κB is required for survival of many cell types, but surprisingly OCP
numbers are increased in the dKO mice and do not have increased apoptosis (20). The defect
in dKO OCP differentiation was not rescued by addition of cytokines, such as TNF, IL-1 or
IL-6 and RANKL (21). The osteopetrosis was reversed in the mice by transplantation of
hematopoietic cells from WT embryonic liver, indicating that the defect was osteoclast
precursor cell autonomous (18).

The mechanisms whereby NF-κB induces osteoclastogenesis downstream of RANKL/
RANK have been partly, but not completely explained. There is a rapid and transient (within
a hour) increase in RelA and p50 (22). This is followed after ~2 hours by an increase in c-
Fos and p52 expression, which is sustained during the subsequent 72–96 hours without any
further change in RelA or p50 mRNA levels (23). NFATc1 expression increases around 48–
72 after RANKL treatment (23) when OCP fusion takes place along with expression of
TRAP and cathepsin K. These changes in mRNA levels do not necessarily reflect changes in
NF-κB protein levels because, as stated above NF-κB dimers can be shuttled from the
nucleus back to the cytoplasm for further rounds of cytokine-induced signaling. Further
detailed time-course studies of levels of these proteins in nuclear and cytoplasmic extracts of
OCPs will be required to more accurately define how the transcription factors regulate
osteoclast formation and activity. Although NF-κB has been shown to activate c-Fos and
NFATc1 to induce expression of cathepsin K, TRAP and other genes involved in osteoclast
resorptive functions, the genes that are regulated by these transcription factors directly to
mediate OCP differentiation remain to be identified.

These sequential changes in NF-κB, c-Fos and NFATc1 gene expression levels are also
observed in response to TNF (23–25), which can induce OCP differentiation independently
of RANKL/RANK signaling (26). However, TNF induces the formation of significantly
fewer osteoclasts from WT OCPs than RANKL in vitro (23), which we have attributed
recently to the inhibitory effects of TNF-induced p100 expression and inadequate p100
processing to p52 (25) and see below). RANKL and TNF, as members of the TNF
superfamily, mediate signaling through their receptors by means of TRAFs (TNF receptor
associated factors), adaptor molecules that recruit kinases for signaling because neither of
their receptors has intrinsic kinase activity (27). Several TRAFs associate with RANK, but
of these only TRAF6 appears to be essential for OCP differentiation (27). TNF/TNFR-
induced osteoclastogenic signaling appears to be mediated predominantly by TRAF2 (28)
and occurs in the absence of TRAF6 (our unpublished data).

RANKL activates both canonical and alternative NF-κB signaling in OCPs through TRAF6
and NIK, leading to activation of IKKβ and IKKα, respectively (4). Expression of IKKβ, but
not IKKα, is required for basal osteoclastogenesis. Targeted deletion of IKKβ in myeloid
cells in IKKβf/f;CD11b-Cre mice or IKKβf/f;Mx1-Cre mice eliminates osteoclastogenesis in
vitro and in vivo (29,30). Inhibition of IKKβ activation through a NEMO-binding domain
peptide abolishes osteoclastogenesis, osteolysis, and inflammatory arthritis in various animal
models of inflammation (31). These findings link IKKβ-mediated signaling to
osteoclastogenesis, osteolysis, and inflammation. IKKβ also affects cell survival. Deletion of
IKKβ renders immune cells, macrophages and OCPs susceptible to TNF-induced apoptosis
through a gain of function in the JNK pathway. This is evident by the findings that inhibition
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of TNF or JNK restores the osteoclastogenic and inflammatory potential of these cells
(29,30).

In contrast to IKKβ−/− mice, IKKα−/− mice have normal bones and osteoclast numbers in
vivo. OCPs from IKKα−/− mice do not differentiate into osteoclasts in response to RANKL
in vitro, but they do form osteoclasts in response to TNF or IL-1 (30). Similar to IKKα,
expression of NIK is not required for basal osteoclast formation in vivo, although NIK−/−
OCPs have severely defective RANKL-induced osteoclast formation in vitro (32). NIK−/−
mice also have decreased joint inflammation in response to TNF-induced arthritis (32). NF-
κB1 and -2 single knockout mice have normal basal osteoclastogenesis in vivo and have
increased osteoclastogenesis in response to IL-1, similar to WT mice (21). RelA−/− mice
die early during embryogenesis due to TNF-mediated massive hepatocyte apoptosis, but
mice generated with deficiency of RelA only in hematopoietic cells have defective response
to RANKL in vivo (33). Furthermore, inhibition of RelA nuclear translocation in OCPs in
vitro inhibits osteoclastogenesis (33). RelB−/− mice have mild osteopetrosis with near
normal numbers of osteoclasts, but like NIK−/− mice their OCPs have an impaired response
to RANKL in vitro (34). Also similar to NIK−/− mice, they have an impaired response to
stimulated osteoclastogenesis in vivo in that unlike WT mice, they do not develop osteolysis
around melanoma cells injected directly into their tibiae (34).

No bone phenotypes have been reported in c-Rel−/− mice. C-Rel expression is not required
for RANKL-induced osteoclast formation in vitro (34). However, most c-Rel−/− mice are
resistant to collagen-induced arthritis and have significantly reduced joint inflammation and
bone erosion. In contrast, c-Rel−/− mice develop acute arthritis in response to intra-articular
injection of mBSA/IL-1. These findings led to the conclusion that c-Rel expression is
required for systemic but not local joint disease (35). In the same study, NF-κB1−/− mice
were reported to be resistant to both forms of arthritis. Furthermore, c-Rel binding activity is
unchanged in RelA−/− OCPs (33), suggesting that c-Rel does not perform the same function
as Rel A in osteoclasts

Since RANKL and TNF activate NF-κB, c-Fos and NFATc1 in a very similar manner
(4,23,25), it has been surprising that, while TNF induces osteoclast formation from RANK−/
− OCPs in vitro, it fails to induce osteoclastogenesis when given to RANK−/− mice in vivo
(36). Like RANKL (5), TNF induces expression of p100, but unlike RANKL it induces
processing of only a small amount of the protein to p52, resulting in high p100 cytoplasmic
concentrations (16). We hypothesized that p100 induced by TNF, but inadequately
processed to p52 in response to it in OCPs, acts as an NF-κB inhibitory protein limiting
signaling in the alternative pathway in these cells and thus their differentiation. We found
that treatment of NF-κB2−/− OCPs with TNF induced similar numbers of osteoclasts as
RANKL (25), supporting our hypothesis. To determine if p100 inhibited TNF induction of
osteoclastogenesis in RANK−/− mice in vivo, we generated NF-κB2/RANK dKO mice and
gave them daily local injections of TNF into the subcutaneous tissues overlying their
calvariae. In contrast to the effects in RANK−/− mice in which only occasional osteoclasts
were observed in response to TNF, numerous bone resorbing osteoclasts formed in calvarial
bones of the dKO mice (25). To determine if p100 also limited osteoclastogenesis in an
animal model of rheumatoid arthritis, we crossed TNF-transgenic mice with NF-κB2−/−
mice. We found that the TNF-Tg/NF-κB2−/− mice developed more severe bone erosions
and increased inflammation in their joints one month earlier than TNF-Tg mice, further
supporting a role for p100 to limit TNF-induced osteoclastogenesis (25).

To further explore the mechanism whereby p100 limits TNF-induced osteoclastogenesis, we
examined its interactions with TRAFs and NIK in OCPs in response to TNF and RANKL.
NIK activity is regulated negatively by its constitutive proteasomal degradation. This results
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from its association with TRAF3 (3,13), which mediates NIK degradation and thus limits
p100 processing and non-canonical NF-κB signaling. TRAF3 degradation is induced in B
cells by CD40 or BAFF-R activation and its ablation in B cells prevents NIK degradation.
This leads to progressive accumulation of NIK and processing of p100 to activate non-
canonical NF-κB signaling (3,13). TRAF3−/− mice have uncontrolled NIK activity resulting
in early postnatal lethality, which is rescued by crossing the mice with nfkb2−/− mice (37).
Thus, one potential mechanism to limit TNF-induced bone erosion in conditions, such as RA
and postmenopausal osteoporosis, would be to induce stabilization of p100 or prevent its
degradation by inhibiting the production or activity of NIK.

ROLES FOR NF-κB IN ENDOCHONDRAL OSSIFICATION AND ARTHRITIS
Most vertebrate bones are formed during fetal development from mesenchymal cell
differentiation into chondrocytes, which form cartilage moulds of the bones followed by
endochondral ossification (38,39). These moulds are invaded by blood vessels typically in
their mid-regions where chondrocytes become hypertrophic and the matrix around them
calcifies. This calcified cartilage is removed and replaced by bone and a medullary cavity by
poorly understood mechanisms that require Runx2 expression (39)) and appear to function
most efficiently when osteoclasts are present. However, the whole process can proceed in
the absence of osteoclasts, as seen in RANKL−/−, RANK−/−, and NF-κB dKO mice (4), all
of which typically are dwarfed. In the absence of osteoclasts, hypertrophic chondrocytes
could secrete matrix metalloproteinases to dissolve the matrix around them, undergo
apoptosis and be replaced by new bone formation. Alternatively, the matrix could be
removed by chondroclasts, which have not been characterized, but if chondroclasts exist, in
rank−/− and rankl−/− mice they are TRAP- mononuclear cells (personal observation by
BFB). Cartilage in the embryonic bones of these KO mice is thus removed by an as yet
unexplained process and is replaced by bone matrix, which is not removed subsequently
resulting in osteopetrosis. These mice have thickened zones of hypertrophic cartilage at their
growth plates. The thickening of the hypertrophic zone is transient and disappears between
2–3 weeks postnatally in RANKL−/− and RANK−/− mice (our unpublished observations)
similar to the phenotype in MMP9−/− mice (40). The thickened hypertrophic zone is
corrected between 5 and 6 weeks in NF-κB dKO mice. The transient nature of this defect in
all of these mice has not been adequately explained, but since MMP expression is regulated
by NF-κB in many cell types, it presumably is related to defective NF-κB signaling in
chondrocytes or other cell types, which is compensated for by some mechanism.

The differentiation of mesenchymal cells into chondrocytes is promoted by a number of
genes, including Nkx3.2, which also maintains chondrocyte proliferation and negatively
regulates their maturation (41). Nkx3.2 also inhibits chondrocyte apoptosis by direct or
indirect modulation of NF-κB signaling (42). Nkx3.2 recruits RelA–IκBα heteromeric
complexes into the nucleus through direct protein–protein interactions, and induces IκBα
phosphorylation, ubiquitination and proteasome-dependent degradation, which ultimately
leads to functional activation of RelA in chondrocytes (42). Sox9, a master regulator of
chondrocyte differentiation, induces transcription of type II collagen and two other cartilage
extracellular matrix molecules, aggrecan and link (43). TNF down-regulates Sox9
expression through NF-κB activation and in this way can inhibit chondrocyte differentiation
in a number of pathologic settings in which its expression is increased (44). These include
rheumatoid and osteoarthritis and fracture repair in which expression of TNF and IL-1 are
increased (45). These cytokines are catabolic for cartilage. They reduce type II collagen
production and stimulate the expression of metalloproteinases and aggrecanases, which
induce cartilage degradation (46). They also inhibit mesenchymal stem cell differentiation to
chondrocytes associated with marked activation of NF-κB (47). These anti-chondrogenic
responses are rescued by a dominant-negative IκB super-repressor (47). IL-1 also activates
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NF-κB p65 in human chondrocytes to enhance the transcription of the inhibitory Smad7,
which competes with Smad2 and Smad3 to bind activated TβRI to inhibit its anabolic role in
chondrocytes (48). IL-1 receptor expression is increased in chondrocytes of OA patients,
suggesting that they may be more sensitive to IL-1 than normal articular chondrocytes and
more susceptible to injury (49). Since NF-κB regulates TNF and IL-1 expression (3),
activation of NF-κB by these cytokines can in turn stimulate their production in RA and OA,
forming a positive regulatory cycle that may amplify and maintain the disease process.

NF-κB can also be activated in articular cartilage during strenuous exercise that induces
excessive compressive dynamic forces (50). Compressive force appears to be essential for
maintenance of cartilage integrity during normal physical activities (50), but when excessive
it could induce inflammation and promote damage to cartilage leading to osteoarthritis. NF-
κB is a key mediator of mechanical signals applied to chondrocytes (50), and dynamic
compressive strain (DCS) applied to chondrocytes grown in 3-D scaffolds regulates the
expression of nitric oxide synthase (50), an NF-κB-inducible pro-inflammatory enzyme.
Low DCS inhibits IL-1β-induced pro-inflammatory gene expression by attenuating NF-κB
signaling through the regulation of IκBα and IκBβ degradation and subsequent NF-κB p65
nuclear translocation (50). In contrast, high DCS stimulates NF-κB signaling. These studies
support a role for classical NF-κB signaling in inflammation-induced arthritis. Our
observation that the inflamed joints of TNF-Tg/nfkb2−/− mice have more severe erosion
and inflammation than those of TNF-Tg control mice (25) suggest that the alternative
pathway can also dampen inflammatory cytokine-induced joint inflammation.

NF-κB SIGNALING IN OSTEOBLASTS
The role of NF-κB signaling has been studied less in osteoblasts than in osteoclasts. As
stated earlier, nfkb1/2 dKO mice have a severe form of osteopetrosis resulting from a lack of
osteoclasts. Their bone marrow cavities are largely filled with unremodeled bone trabeculae,
suggesting that osteoblastic function during endochondral ossification is not impaired. To
test this, we examined calvarial cells from neonatal dKO mice and found that bone nodule
formation and alkaline phosphatase activity was similar in cells derived from their WT
littermates (our unpublished observations). However, a recent study has identified an anti-
anabolic function for p65 in the classical signaling pathway in mice. Inhibition of NF-κB
p65 by a dominant-negative mutant IKKγ (IKK-DN) and a super IκBα repressor (SR-IκBα)
enhanced osteoblastic differentiation of mesenchymal C2C12 cells in vitro (51).
Furthermore, young transgenic mice with specific inhibition of NF-κB by a dominant-
negative IKK driven by Bglap2, the osteocalcin promoter, in mature osteoblasts had
significantly increased trabecular bone mass compared with WT littermates, with no effects
on osteoclast activities (51). In addition, adult transgenic mice were protected from
ovariectomy-induced bone loss. Further evidence of a role for NF-κB in osteoblasts is a
report that 17 β-estradiol significantly antagonized TNF-induced NF-κB activity in MC3T3
osteoblastic cells associated with reduced osteoblastic function, although 17 β-estradiol had
no effect on basal NF-κB activity (52). Suppression of NF-κB prevents TNF-induced
inhibition of TGFβ-mediated Smad signaling and therefore potently stimulates
differentiation and mineralization of MC3T3 pre-osteoblastic cells and primary murine bone
marrow stromal cells (53). In addition, NF-κB has also been reported to repress osteoblast
differentiation in Saos2 osteosarcoma cells by a mechanism involving Smad7 (54). In
contrast to these catabolic effects in osteoblasts, NF-κB has been reported recently to have a
pro-survival role in osteoblastic cells (55).

Hematopoietic stem cells (HSCs) and primitive hematopoietic progenitor cells (HPCs)
reside in bone marrow adjacent to endosteal bone surfaces lined by osteoblasts. The
specialized microenvironment or niche created by osteoblasts and other cells plays a critical
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role in hematopoiesis by providing survival, proliferation and differentiation signals (55,57).
HSCs and HPCs are very sensitive to injury, such as ionizing radiation (IR), which induces
them to undergo apoptosis, while osteoblasts are more radiation-resistant (58). In response
to IR, NF-κB p65 was activated through its phosphorylation at ser536 in osteoblasts to
release many cytokines to support the survival of HSCs and HPCs (55). Inhibition of NF-κB
p65 by siRNA not only induced the apoptotic death of osteoblastic cells, but also suppressed
cytokine release from these osteoblasts in response to IR and thereby disrupted the
supporting role of osteoblasts for HSC survival (55). In addition, previous studies have
shown that NF-κB inhibitors had no adverse effects on osteoblast functions in vitro (59).
Thus, further studies will be required to better define the role of NF-κB in osteoblastic cell
functions.

SUMMARY
Studies to date have indicated that classical and/or alternative NF-κB signaling plays
essential roles in certain aspects of osteoclast, osteoblast and chondroblast activities. These
include the proliferation of precursors and the functions of differentiated cells. Some of
these functions appear to be essential during embryonic development, such as the role of
NF-κB 1 and 2 in osteoclastogenesis, while others, such as RelB are restricted to activation
of NF-κB signaling in osteoclasts in disease states. NF-κB activation appears to play
important roles in endochondral ossification to prevent dwarfism in mice and in cartilage
destruction in animal models of RA and OA. There clearly are opportunities for
development of drugs to promote or inhibit NF-κB activation to treat or prevent common
bone diseases, but to date none is in clinical trials. The only drug that has been developed to
target NF-κB-induced signaling for the treatment or prevention of bone disease is
Denosumab, a human monoclonal antibody which binds to RANKL and prevents RANKL
interaction with RANK and thus activation of NF-κB signaling (60).
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Figure 1. Canonical and Non-canonical NF-κB signaling induced by TNF and RANKL
Both TNF and RANKL activate canonical signaling through IKKβ leading to
phosphorylation of IκBα and release of p65/p50 heterodomers and their translocation to the
nucleus. This results in activation of c-Fos and NFATc1, two other transcription factors
necessary for osteoclast precursor differentiation. In addition, p65/p50 induce expression of
NF-κB p100, which acts as an inhibitory κB protein by binding to RelB and preventing its
translocation to the nucleus. RANKL induces activation of NIK and IKKα, which leads to
proteasomal processing of p100 to p52, which then goes along with RelB to the nucleus to
induce target gene expression. TNF increases NIK cytoplasmic levels in osteoclast
precursors, but does not appear to activate it and thus p100 levels are increased in these cells
and limits their differentiation (25).
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