Chapter 13
NF-xB Signaling in Osteoclastogenesis

Yuu Taguchi, Jin Gohda, and Jun-ichiro Inoue

Abstract Osteoclasts are unique multinucleated cells that can resorb bone. Bone
mass is determined by a tightly regulated balance between osteoclasts and osteo-
blasts, which generate bones. Thus, the excessive formation of osteoclasts leads to
the pathological bone resorption observed in postmenopausal osteoporosis, rheuma-
toid arthritis, Paget’s disease, and bone tumor metastases. During osteoclast differ-
entiation, NF-xB is activated by TRAF6-mediated signals from RANK expressed
on the surface of osteoclast progenitor cells upon RANKL stimulation, activating
NFATc1, a master transcription factor in osteoclastogenesis. However, in contrast
regular NF-kB activation, sufficient NFATc1 activation requires long-term activa-
tion of NF-kB, which can be induced uniquely by RANK but not by CD40, a recep-
tor that also uses TRAF6 to activate NF-kB. Through analysis of various RANK
mutants, we identified the 60-amino-acid HCR domain (mouse RANK) in the cyto-
plasmic tail of RANK. HCR is highly conserved among vertebrates and is crucial
for long-term NF-kB activation. Interestingly, when HCR was attached to the cyto-
plasmic tail of CD40, the chimeric receptor promoted osteoclast formation, even
though CDA40 itself cannot. In this chapter, we explore the molecular mechanisms of
HCR-mediated signals and the possible application of the HCR peptide as an anti-
bone-resorptive drug.
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13.1 Activation of the Transcription Factor NF-xB

Nuclear factor k-light-chain enhancer of activated B cells (NF-kB) is a family of
transcription factors that consists of five members, viz., p50, p52, RelA, RelB, and
c-Rel, which form homo- and heterodimers to induce the expression of target genes
that are crucial for inflammation, immunoregulation, and cell differentiation
(Hayden and Ghosh 2008). NF-kB is usually transcriptionally inactive because it
is sequestered in the cytoplasm, where it complexes with members of the IxB fam-
ily, including IxBa, IxBp, IxkBe, p105 (a precursor to p50), and p100 (a precursor
to p52), which can mask the nuclear localization signal (NLS) of NF-kB. Two
distinct activation pathways for NF-kB have been reported (Fig. 13.1). In the
canonical pathway, the p5S0/RelA heterodimer is sequestered in the cytoplasm upon
binding to IxkBa. Various stimuli, including cytokines and bacterial and viral prod-
ucts, activate IkB kinase § (IKKf}), which phosphorylates IkBa. This phosphoryla-
tion in turn induces Lys48-linked polyubiquitination of IxkBa and its subsequent
degradation, which allows nuclear translocation of p50/RelA (Hacker and Karin
2006; Liu and Chen 2011). In the non-canonical pathway, RelB is sequestered in
the cytoplasm by binding to p100, whose N-terminal half becomes p52 after stim-
ulation-dependent degradation of the C-terminal half of p100, which acts as an IxkB
protein to mask the NLS of RelB. The non-canonical pathway is activated by
receptors that are required for the formation of lymphoid organs and the maturation
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Fig. 13.1 Schematic model illustrating the canonical and the non-canonical NF-kB pathways (see
text for details)
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of immune cells, such as the lymphotoxin (LT)  receptor, the receptor activator of
NF-xB (RANK), and the CD40 and BAFF receptor. Activation of these receptors
by their specific ligands leads to activation of IKKa, which phosphorylates the
C-terminal half of p100 (Sun 2010). This phosphorylation induces the polyubiqui-
tination-dependent degradation of the C-terminal half, which allows nuclear trans-
location of the p52/RelB heterodimer.

13.2 Physiological and Pathological Roles of Osteoclasts

Osteoclasts are multinucleated large cells that form sealed zones with the bone, fol-
lowed by acidification of the zones by proton transport activity (Blair et al. 1989;
Vaananen et al. 1990; Teitelbaum et al. 1995). The osteoclasts then secrete proteases
such as cathepsin K, which has optimal enzymatic activity in acidic conditions, into
the zone. Because cathepsin K degrades type I collagen and other noncollagenous
proteins, osteoclasts can resorb bones. Therefore, osteoclasts have a crucial role in
bone homeostasis in concert with osteoblasts, which mediate bone formation
(Takayanagi 2007). The excessive formation of osteoclasts in humans leads to path-
ological bone resorption, such as that found in postmenopausal osteoporosis, rheu-
matoid arthritis, Paget’s disease, and bone tumor metastases (Rodan and Martin
2000; Takayanagi et al. 2000). Therefore, to develop drugs or therapeutic strategies
to treat such diseases, a precise understanding of the signal transduction pathways
that promote osteoclastogenesis is needed.

13.3 NF-xB Activation Induced by the RANK-TRAF6 Signal
Pathway Is Crucial for Osteoclastogenesis

Mice lacking NF-kB subunits p50 and p52 display osteopetrosis and do not have
osteoclast-like cells, which express tartrate-resistant acid phosphatase (TRAP), an
enzyme that is highly expressed in osteoclasts (Franzoso et al. 1997; Iotsova et al.
1997). Moreover, when primary osteoblasts derived from calvaria of wild-type new-
born mice were co-cultured with either wild-type or double-knockout (KO) spleno-
cytes, mature osteoclasts were not formed with splenocytes of p50/p52 double-KO
mice, whereas mature osteoclasts were formed with wild-type splenocytes. These
results clearly indicate that NF-kB is essential for osteoclastogenesis.

As already described, activation of NF-xB requires stimuli that activate either
IKKa or IKKp. What types of receptors and ligands are crucial for NF-kB activation
during osteoclastogenesis? Studies of KO mice revealed that the expression of
RANK (also known as the TRANCE receptor, a member of the TNF receptor super-
family (TNFRSF)) on the surface of osteoclast precursor cells, and the expression of
its ligand RANK (RANKL, also known as ODF, OPGL, and TRANCE) on the sur-
face of osteoblasts are essential for osteoclastogenesis (Dougall et al. 1999; Kong
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Fig. 13.2 Schematic model illustrating the osteoclastogenic signal transduction pathways (see
text for details)

etal. 1999) (Fig. 13.2). The intracellular signaling pathways of TNFRSF are primar-
ily mediated by members of the TNFR-associated factor (TRAF) family (Galibert
et al. 1998; Wong et al. 1998; Darnay et al. 1999; Hsu et al. 1999). Seven members
of the TRAF family have been identified to date (Inoue et al. 2000; Bouwmeester
et al. 2004). We and others (Lomaga et al. 1999; Naito et al. 1999; Kobayashi et al.
2001; Kim et al. 2005) previously demonstrated that TRAF6-deficient mice display
severe osteopetrosis resulting from lack of multinucleated functional osteoclasts.
This defective osteoclast formation results from abrogated RANK signaling because
RANK-induced activation of NF-kB and MAPKSs is abrogated in osteoclast progeni-
tor cells derived from TRAF6 deficient mice (Kobayashi et al. 2001). These results
are consistent with previous findings that NF-xB and MAPKSs are crucial in osteo-
clastogenesis (Matsumoto et al. 2000; Yamamoto et al. 2002; Takayanagi 2007).

13.4 HCR, a Unique Domain in RANK, Plays a Critical Role
in Osteoclastogenesis

We originally identified TRAF6 as a protein binding to the cytoplasmic tail of
CD40, another member of TNFRSF, by yeast two-hybrid cloning (Ishida et al.
1996). In addition, we demonstrated that TRAF®6 is essential for the activation of
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NF-kB and MAPKs induction by signaling through CD40, which is expressed in
osteoclast progenitor cells (Gohda et al. 2005). Interestingly, although RANK and
CDA40 activate NF-xB and MAPKSs to a similar level in a TRAF6-dependent man-
ner, stimulation of CD40 in osteoclast progenitor cells does not result in osteoclast
formation (Gohda et al. 2005). These results led us to hypothesize that RANK, but
not CD40, can trigger unique events essential for osteoclastogenesis in addition to
NF-xB and MAPKs activation. Although we attempted to elucidate the unique
activity of RANK, Koga et al. reported that RANK induces oscillations in Ca*',
which are required for the induction of NFATc1, a master transcription factor dur-
ing osteoclastogenesis (Takayanagi et al. 2002; Koga et al. 2004; Asagiri et al.
2005). Oscillations in Ca** are mediated by phospholipase Cy 2 (PLCy2) (Mao
et al. 2006) downstream of immunoreceptor tyrosine-based activation motif
(ITAM)-harboring adaptors, such as the DNAX-activating protein (DAP)12 and
the Fc-receptor common y-subunit (FcRy) (Koga et al. 2004), which associate with
various immunoglobulin (Ig)-like receptors. DAP12 associates with triggering
receptor expressed in myeloid cells 2 (TREM-2) and signal-regulatory protein {1
(SIRPP1), whereas FcRy associates with OSCAR and paired immunoglobulin-like
receptor A (PIR-A) (Kim et al. 2002; Kubagawa et al. 1997; Colonna 2003; Dietrich
et al. 2000; Tomasello et al. 2000; Kaifu et al. 2003; Takai et al. 1994). Because
signals from these Ig-like receptor/ITAM adaptor complexes are crucial for
NFATc1 induction but cannot induce osteoclastogenesis without the activation of
NF-xB and AP-1, they are considered to be co-stimulatory signals (Koga et al.
2004; Takayanagi 2007) (Fig. 13.2). The activation of NF-xB and MAPKs begins
during the first hour after RANKL stimulation (early phase of osteoclastogenic
signals). NF-xB activation, but not MAPKSs activation, is sustained for up to 24 or
48 h after stimulation (late phase of osteoclastogenic signals) (Taguchi et al. 2009).
The co-stimulatory signals also begin to induce PLCy2 activation in the early
phase, which is sustained in the late phase, whereas Ca** oscillations and NFATc1
activation begin approximately 12 h after stimulation and reach a maximum during
the late phase. Interestingly, we found that CD40 is not capable of activating
PLCy2 and NF-kB in the late phase, although it can activate NF-kB and AP-1 in
the early phase (Taguchi et al. 2009).

To elucidate the molecular mechanism by which RANK, but not CD40, activates
the late-phase RANK signals, which are essential for osteoclastogenesis, we com-
pared the primary structure of the cytoplasmic tails of RANK and CD40. The cyto-
plasmic tail of RANK is 391 amino acids long (mouse RANK) and contains three
TRAF6-binding sites, while that of CD40 is 74 amino acids long (mouse CD40) and
has one TRAF6-binding site. We then tested the hypothesis that three TRAF6-binding
sites are required for late-phase RANK signals and that one TRAF6-binding site is
insufficient. Our series of studies using mutants of the RANK cytoplasmic region
revealed that a single TRAF6-binding site is sufficient to promote osteoclastogen-
esis (Gohda et al. 2005). Therefore, the inability of CD40 to induce late-phase sig-
nals is not because it has fewer TRAF6-binding sites. These results led us to
hypothesize that RANK, but not CD40, may harbor a specific domain that cooper-
ates with the TRAF6-binding site to induce the late phase of osteoclastogenic sig-
nals by sustaining activation of NF-kB and PLCy2 up to 48 h after stimulation.



202 Y. Taguchi et al.

- HCR
48|7 N EI>08 :
Mouse ASMAEAGVRPQDRAD---~-~-~ ERGASGSGSSPSDQPPASGNVTGNSNSTFISSGQVMNFKGDIIVVYVSOTSOEGP-GSAEPESEP--VGR
Human ASRTEARDQPEDGADGRLPSSARAGAGSGSSPGGQSP NVTGI S ----AAAAAEP--MGR
Dog -GAADGAGQPLDGADVRLPGSMRGGPGSASASGDQPPASGNVTGI St AAGPGGGAGEP--VGR

Chicken ASDHGMEDAPSDGTNTKYQNTNRSTSGTNSSTSDLPPAS!
Puffer fish

SNVTG

-AASGAAEEN-VSS

mRANK =« « « ®H e o o TITHGRTH .COOH
Transmembrane [ i i
domain TRAFG®6 binding site TRAF2/5 binding site

Fig. 13.3 Primary structure of HCR (“highly conserved domain in RANK”) in RANK. Upper:
The amino acid sequences of HCR in RANK derived from mouse, human, dog, chicken, and puffer
fish were aligned with CLUSTALW (version 1.83). Lower: Schematic diagram of RANK. Numbers
indicate the amino acid position from the N-terminus in the mouse sequence. Amino acids that
were identical among the four species, except for puffer fish, are shown in red; those that were
identical among all five species are shown in purple. HCR, N-, C-, GY-peptides, and the region
corresponding to RRI-peptides are indicated

To identify the specific domain in the cytoplasmic tail of RANK, we introduced
various deletions into the cytoplasmic tail followed by analyzing the osteoclastogenic
activity of each mutant (Taguchi et al. 2009). We identified a 60-amino-acid sequence
in the RANK cytoplasmic tail that is highly conserved among vertebrates and whose
deletion abrogates activation of the late-phase signals, thereby blocking osteoclast
differentiation, without affecting the activation of the early-phase signals. We called
this region “highly conserved domain in RANK” (HCR) (Figs. 13.3, 13.4).

Because the conservation of HCR is extremely high, we examined whether HCR
could act as a functional domain to induce late-phase osteoclastogenic signals
(Taguchi et al. 2009). To test this hypothesis, we generated chimeric receptors in
which HCR was added to the cytoplasmic domain of human CD40, which by itself
cannot induce osteoclast formation, to generate a chimeric receptor, hCD40/
HCR. Surprisingly, stimulation of h40/HCR resulted in osteoclastogenesis, even
though its efficiency was lower than that of RANK signals, indicating that HCR
itself can render CD40 capable of inducing osteoclastogenesis. Collectively, HCR is
a novel functional protein motif that induces long-term osteoclastogenic signals in
concert with the TRAF6-binding site, leading to induction of Ca®* oscillations and
NFATc]1 activation.

What is the molecular mechanism by which HCR induces the sustained signals?
To answer this question, we determined whether the RANK cytoplasmic tail could
bind to any proteins reported to be involved in osteoclastogenesis. Transient overex-
pression of each candidate protein and the RANK cytoplasmic tail in 293T cells
followed by immunoprecipitation revealed that Gab2 and PLCy2 specifically asso-
ciated with the RANK cytoplasmic tail (Taguchi et al. 2009). Interestingly, only
Gab2 bound RANK in an HCR-dependent manner, whereas PLCy2 bound RANK
in the absence of HCR. However, when we analyzed the stimulation-dependent
association, an association of Gab2 with RANK was not detected in the early phase,
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Fig. 13.4 Model illustrating the early and late phases of RANK signaling (see text for details)

although its association was clearly detected in the late phase. Recruitment of
PLCy2 to RANK was clearly observed in the early phase and their significant inter-
action was sustained up to the late phase. Interestingly, the PLCy2/RANK associa-
tion in the early phase was HCR independent while that in the late phase was HCR
dependent. In addition, the stimulation-dependent association of Gab2 with PLCy2
was observed in both the early and the late phases, although their association during
the early phase was significantly weaker than in the late phase. Collectively, PLCy2
is likely to interact directly with RANK in an HCR-independent manner, and Gab2
indirectly associates with RANK via PLCy2 in the early phase (Fig. 13.3). In con-
trast, in the late phase, Gab2 is likely to bind RANK through HCR, and PLCy2
indirectly associates with RANK via Gab2 (Taguchi et al. 2009) (Fig. 13.3). Kim
et al. reported that Vav3 binds HCR, which could be crucial for osteoclast matura-
tion (Kim et al. 2009). Given that TRAF6 binds to Gab2, HCR is crucial for the
maintenance of the late phase of osteoclastogenic signals by sustaining activation of
NF-«xB and PLCy2-mediated Ca?* signaling in concert with TRAF6.

13.5 Peptides Derived from the HCR of the RANK
Cytoplasmic Tail Are Anti-Osteoclastogenic

A human-type monoclonal antibody that targets RANKL (Denosumab) is used to
treat cancerous bone lesions with multiple myeloma and bone metastasis (Hageman
et al. 2013; Fizazi et al. 2009). Denosumab also inhibits pathogenic bone resorp-
tion in osteoporosis, theumatoid arthritis, and Paget’s disease (Cummings et al.
2009; Cohen et al. 2008; Schwarz et al. 2012). Moreover, because of the long
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half-life of this antibody, its subcutaneous administration every 6 months is suffi-
cient to inhibit bone resorption. However, it is an expensive injectable product with
adverse effects, including hypocalcemia and osteonecrosis of the jaw. Therefore,
inexpensive orally administered agents that show inhibitory effects on bone resorp-
tion need to be developed.

It is difficult to propose any of the intracellular signaling proteins involved in
RANK signaling as a suitable target for developing drugs for pathogenic bone
resorption because these proteins are commonly used in other signaling pathways
and may lead to adverse effects. For example, NF-xB is crucial for osteoclastogen-
esis but is ubiquitous and required for various physiological processes, including
inflammatory and immune responses (Hayden and Ghosh 2008). Thus, targeting
NF-kB may not be the best strategy. In contrast, HCR may be a good target for
developing anti-bone-resorptive drugs. The HCR peptide may work as a specific
inhibitor of osteoclastogenesis with minimal adverse effects, because our search of
the GenBank database did not identify any proteins homologous to the primary
structure of HCR. We demonstrated that ectopic expression of the complete HCR
peptide can inhibit RANK-induced osteoclast differentiation by blocking differen-
tiation of TRAP* mononuclear cells (Taguchi et al. 2009, 2012), which led us con-
sider using the HCR peptide as an anti-osteoclastogenic drug. Therefore, we further
analyzed the molecular mechanisms of the HCR peptide-mediated inhibition of
osteoclastogenesis and also narrowed down the inhibitory domain in HCR to iden-
tify shorter inhibitory peptides. From a therapeutic perspective, peptide length is
important because smaller peptides tend to enter into cells when added to cell-
penetrating peptides, such as the TAT-peptide and the oligo-arginine peptide (Futaki
et al. 2001; Brooks et al. 2005; Kosuge et al. 2008).

Based on the conservation of amino acid sequence, HCR peptides can be divided
into two subdomains, the less conserved N-terminal region (N-peptide, aa 487-507)
and the highly conserved C-terminal region (C-peptide, aa 508-548) (Fig. 13.4).
Within the C-region, GQVMNF (aa 525-530) and IVVY (aa 535-538) were identi-
cal among various species, including puffer fish. Thus, we constructed a retroviral
vector expressing peptides corresponding to aa 525-538 (GY-peptide), which cov-
ers both the GQVMNF and IVVY regions, in addition to the N-region and the
C-region. Ectopic expression of the GY-, N- or C-peptides resulted in a 40 %, 60 %,
or 75 % reduction in osteoclast formation, respectively (Taguchi et al. 2012)
(Fig. 13.5). These results indicate that the C-peptide is the most potent among the
HCR derivative peptides. Surprisingly, the N-peptide also significantly inhibits
osteoclastogenesis, even though the N-region is much less conserved than the
C-region (Figs. 13.4, 13.5). It is also interesting that the GY-peptide significantly
inhibits osteoclastogenesis even though it is only 14 residues long (Fig. 13.5).

To elucidate the molecular mechanisms by which the HCR derivative peptides
inhibit osteoclastogenesis, correlations between the expression levels of the HCR
derivative peptides and the extent of differentiation were analyzed by TRAP stain-
ing and mono/multinucleated phenotypes. For cells expressing the N- or C-peptides,
more than 80 % of the cells highly expressing the HCR derivative peptides did not
express TRAP, whereas most of the cells expressing few or no HCR derivative
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Fig. 13.5 HCR derivative peptides block osteoclastogenesis. a Expression of HCR derivative pep-
tides. Bone marrow-derived macrophages were infected with retroviruses expressing TAP (tandem
affinity purification tag: FLAG-Strept-Strept-FLAG-)-HCR-, TAP-N-, TAP-C-, or TAP-GY-
peptides. Cell lysates were subjected to immunoblot analysis using anti-FLAG and anti-a-tubulin
antibodies. b Inhibition of osteoclastogenesis by various HCR derivative peptides. Cells were
stimulated with RANKL for 3 days, fixed with formaldehyde, and stained with tartrate-resistant
acid phosphatase (TRAP). Representative images of osteoclastogenesis at 25 ng/ml RANKL
stimulation in the presence of various HCR derivative peptides (/eff). TRAP* multinucleated cells
containing more than five nuclei were classified as osteoclasts and were counted (right)
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Fig. 13.6 Two distinct modes of inhibition of osteoclastogenesis by HCR derivative peptides.
Bone marrow-derived macrophages were stimulated with 25 ng/ml RANKL for 3 days, then fixed
with formaldehyde and stained with TRAP. Cells were further immunostained using anti-FLAG
and Alexa Fluor 488 goat anti-mouse IgG to visualize the HCR derivative peptides. Yellow arrows
indicate cells expressing high levels of TAP-HCR derivative peptides; blue arrows indicate cells
with low or undetectable levels of TAP-HCR derivative peptides

peptides were positive for TRAP and had multiple nuclei (Taguchi et al. 2012)
(Fig. 13.6, upper and middle). These results strongly suggest that the N- and
C-peptides inhibit pre-fusion osteoclastogenic signals in a cell-autonomous manner.
In contrast, most of the cells highly expressing the GY-peptides expressed TRAP,
and most of the cells expressing little or no TAP-GY peptide were also positive for
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TRAP staining. More importantly, more than half of the TRAP* cells that highly
expressed the GY-peptide were mononuclear whereas most of the TRAP* cells that
expressed little or no TAP-GY peptide in the same culture well were multinuclear
(Taguchi et al. 2012) (Fig. 13.6, lower). These results strongly suggest that the
expression of the GY-peptide does not inhibit pre-fusion events but does inhibit
cell—cell fusion in a cell-autonomous manner. These results are consistent with the
finding by Kim et al., who reported that the RRI peptide, which covers a sequence
similar to the GY-peptide, inhibits cell-cell fusion (Kim et al. 2009).

RANK has been reported to be an important molecule not only in osteoclasto-
genesis but also in lymph node development (Dougall et al. 1999), fever regulation
(Hanada et al. 2009), thymus organogenesis (Akiyama et al. 2008), mammary gland
development (Fata et al. 2000), and activation of dendritic cells (DC) (Josien et al.
2000), suggesting that therapeutic methods targeting the RANK-RANKL interac-
tion, such as RANK-Fc or anti-RANKL antibody (Denosumab), may have various
side effects. It is possible that the HCR derivative peptides might affect only osteo-
clastogenesis and not other functions of RANK signaling, which is partially sup-
ported by a study showing that the RRI peptide did not inhibit the production of
cytokines from DCs upon RANKL stimulation (Kim et al. 2009). Further investiga-
tion of HCR peptide-mediated inhibition of osteoclastogenesis is required to develop
therapeutic drugs aimed at inhibiting osteoclastogenic signals with the goal of
treating pathological bone resorption with minimum adverse effects.

13.6 Conclusions

During osteoclast differentiation, NF-kB is activated by a signal from RANK expressed
on the surface of osteoclast progenitor cells upon RANKL stimulation. Activation of
NFATcl1, a master transcription factor in osteoclastogenesis,
requires long-term activation of NF-kB and the PLCy2-mediated Ca?* signal to activate
calcineurin, a phosphatase that dephosphorylates NFATc1 for its nuclear translocation.
HCR, a unique region in the cytoplasmic tail of RANK, is highly conserved among
vertebrates and is crucial for the long-term activation of NF-kB and the PLCy2 by
forming a signal complex composed of TRAF6, Gab2, and PLCy2. Because expres-
sion of HCR or HCR derivatives inhibits osteoclastogenesis, HCR is likely to be a
molecular target to develop anti-bone-resorptive drugs that block pathogenic bone
resorption, as observed in osteoporosis, rheumatoid arthritis, and Paget’s disease.
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