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Maintenance of skeletal integrity requires the coordinated activity of multinucleated bone-resorbing osteoclasts and bone-forming
osteoblasts. Osteoclasts form resorption lacunae on bone surfaces in response to cytokines by fusion of precursor cells. Osteoblasts
are derived from mesenchymal precursors and lay down new bone in resorption lacunae during bone remodeling. Nuclear factor-
kappa B (NF-«B) signaling regulates osteoclast and osteoblast formation and is activated in osteoclast precursors in response to the
essential osteoclastogenic cytokine, receptor activator of NF-kB ligand (RANKL), which can also control osteoblast formation
through RANK-RANKL reverse signaling in osteoblast precursors. RANKL and some pro-inflammatory cytokines, including tu-
mor necrosis factor (TNF), activate NF-«B signaling to positively regulate osteoclast formation and functions. However, these cyto-
kines also limit osteoclast and osteoblast formation through NF-«B signaling molecules, including TNF receptor-associated factors
(TRAFs). TRAF6 mediates RANKL-induced osteoclast formation through canonical NF-«xB signaling. In contrast, TRAF3 limits
RANKL- and TNF-induced osteoclast formation, and it restricts transforming growth factor  (TGFp)-induced inhibition of osteo-
blast formation in young and adult mice. During aging, neutrophils expressing TGFp and C-C chemokine receptor type 5 (CCRS5)
increase in bone marrow of mice in response to increased NF-kB-induced CC motif chemokine ligand 5 (CCLS5) expression by mes-
enchymal progenitor cells and injection of these neutrophils into young mice decreased bone mass. TGF causes degradation of
TRAF3, resulting in decreased glycogen synthase kinase-3p/B-catenin-mediated osteoblast formation and age-related osteoporosis
in mice. The CCR5 inhibitor, maraviroc, prevented accumulation of TGFB*/CCR5" neutrophils in bone marrow and increased bone
mass by inhibiting bone resorption and increasing bone formation in aged mice. This paper updates current understanding of how
NF-kB signaling is involved in the positive and negative regulation of cytokine-mediated osteoclast and osteoblast formation and
activation with a focus on the role of TRAF3 signaling, which can be targeted therapeutically to enhance bone mass.
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INTRODUCTION

Osteoclasts (OCs) are multinucleated cells that form by cyto-
plasmic fusion of precursors, which until recently were thought
to be derived exclusively from bone marrow (BM)-derived he-
matopoietic stem cells (HSCs) postnatally. However, recent re-
ports from several groups using in vivo lineage-tracing technol-
ogy have significantly changed understanding of the origin and
fate of OCs [1]. For example, OCs involved in bone modeling
and BM cavity formation during embryonic development and in
postnatal tooth eruption are derived from colony stimulating
factor-1 receptor (CSF1R)-expressing erythromyeloid progeni-
tors (EMPs) that migrate from the blood islands of the yolk sac
into embryos [2]. These EMP-derived OCs also resorb bone in
postnatal bone remodeling and fracture repair [3]. Studies using
parabiosis and lineage-tracing reported that after skeletal devel-
opment, mononuclear cells derived from HSCs not only give
rise to most OCs, but some of them also fuse with pre-existing
OCs derived from long-lived EMPs and thus increase the num-
ber of nuclei in these OCs [3]. Thus, EMP- and HSC-derived
monocytes can fuse to form embryonic and postnatal OCs [2,3].
Some postnatal OCs are also derived from dendritic cells since
deletion of tumor necrosis factor (TNF) receptor superfamily
member 11a (TNFRSF11a; encodes receptor activator of nucle-
ar factor-kappa B [NF-kB] [RANK]) in CD11c" cells inhibited
OC formation [4]. To further study the roles of RANK and CS-
FIR signaling in EMP- and HSC-derived OCs, Jacome-Galarza
et al. [2] generated mice deficient in the genes encoding these
proteins. Mice lacking either of these genes in EMPs developed
osteopetrosis that resolved during the early months after birth,
while mice with either gene knocked out in HSCs did not devel-
op osteopetrosis until several months after birth, indicating a
gradual shift in the source of osteoclast precursors (OCPs) [2].
Other lineage-tracing studies confirmed a hypothesis that OCs
can undergo fission in a process in which mononuclear cells,
called osteomorphs, can break away from multinucleated OCs
and subsequently fuse with other OCs to persist as long-lasting
cells [5]; these studies undermine decades of belief that OCs are
short-lived cells and also that they all die with simultaneous
apoptosis of all of their nuclei, which they still can do [6].

OCPs are attracted to sites on bone surfaces destined for deg-
radation (resorption) in response to signals derived from these
sites. These signals include receptor activator of NF-kB ligand
(RANKL), a multifunctional cytokine expressed by various cell
types in bone and BM, including osteocytes embedded in bone
matrix, stromal cells in BM, B and T lymphocytes [7] and adi-

Copyright © 2023 Korean Endocrine Society

pocytes [8]. Bone is continually remodeled in the growing and
adult skeleton in response to mechanical and other stimuli, and
remodeling removes microscopic foci of damaged or worn-out
bone. There are >1 million microscopic remodeling sites in the
normal adult skeleton and they increase in conditions in which
OC formation is increased, such as sex-steroid deficiency, in-
flammatory and metastatic bone disease, and hyperparathyroid-
ism [7]. In the first three of these conditions, expression levels
of pro-inflammatory cytokines, including TNF, interleukin 1
(IL-1), IL-6, and transforming growth factor B (TGFp) are in-
creased, and these, like parathyroid hormone, increase expres-
sion of RANKL to drive the increased osteoclastogenesis and
activity [7].

RANKL interaction with its receptor, RANK, activates NF-
«B signaling in OCPs and in OCs, which secrete protons, chlo-
ride ions, and collagenases from under the specialized ruffled
portion of their cell membrane that faces the bone surface to be
resorbed. Hydrochloric acid forms under this ruffled border
membrane and dissolves the mineral component of the bone
and cathepsin K is secreted to degrade the matrix [7]. OCs move
along bone surfaces in packs, enlarging resorption lacunae as
they progress until the resorption process has been completed.
Bone-forming osteoblasts (OBs) and osteocytes are derived
from mesenchymal precursors in the BM and attach to the re-
sorbed surface where they differentiate into OBs. Osteoblastic
and osteoclastic cells communicate directly and indirectly with
one another in resorption lacunae where they regulate the for-
mation and activities of each other [9]. For example, interaction
between ephrin B2, a ligand expressed on the surface of OCPs,
and its receptor, ephrin type-B receptor 4 (EPHB4), on the sur-
face of osteoblastic cells causes reverse signaling through eph-
rin B2 to suppress OC differentiation by inhibiting c-Fos/nucle-
ar factor of activated T cells c1 (NFATc1) signaling [10], while
forward signaling through EPHB4 into OBs promotes OB dif-
ferentiation [10]. Similarly, semaphorin 3A (SEMA3A) is ex-
pressed by osteoblastic cells and inhibits bone resorption by
binding to neuropilin 1 (NRP1) to inhibit RANKL-induced OC
functions, and it enhances bone formation by promoting wing-
less (WNT)/B-catenin signaling [11]. In addition, OCs secrete
vesicles containing RANK, which can bind to RANKL on OB
precursors and increase bone formation through reverse signal-
ing by activating runt-related transcription factor 2 (RUNX2)
signaling [12].

All aspects of OC formation and activation are regulated by
NF-«B signaling, which also limits OC formation induced by
cytokines, including RANKL and TNF [7]. In this paper, we
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update our review of understanding of the role of NF-«kB signal-
ing in OC formation and functions and add current understand-
ing of'its role in OB formation and functions with a focus on the
roles of TNF receptor-associated factor 3 (TRAF3).

NF-kB SIGNALING PATHWAYS

NF-«B is a family of transcription factors, which regulate the
expression of many genes involved in inflammatory and other
responses by binding to gene promoters. They were initially
shown to be involved in innate and adaptive immune responses
to pathogens and autoimmune stimuli and play critical roles in
the initiation and maintenance of inflammatory conditions.
However, they also regulate many aspects of normal cellular
functions [13,14], and their activity is upregulated in many
common conditions, including diabetes, atherosclerosis, and
cancer [15]. The NF-kB protein family includes RelA (also
known as p65), p50, p52, RelB, and c-Rel. p50 and p52 are de-
rived from larger precursor proteins, p105, and p100, which are
encoded by NF-xkBI and NF-kB2, respectively [13]. All five
family members have an N-terminus Rel homology domain that
allows them to form homo- and heterodimers with one another
and to bind to specific DNA sequences on promoters. DNA
binding requires a C-terminal transcription activation domain
(TAD), which RelA, RelB, and c-Rel possess, but p50 and p52
do not; thus, p5S0 and p52 rely on interactions with these three
other family members to positively regulate gene transcription
[15]. RelA and c-Rel preferentially form heterodimers with p50,
and RelA/p50 activate most of the critical signaling in the ca-
nonical pathway, which occurs within minutes after activation is
initiated and lasts for 30 to 60 minutes. In OCs and many other
cells, this occurs in response to cytokines, including RANKL,
TNF, and IL-1, and is transient [16]. The non-canonical NF-kB
pathway is activated several hours after canonical signaling has
begun by translocation of RelB/p52 heterodimers to nuclei.
Non-canonical signaling lasts for many hours and occurs effi-
ciently in response to RANKL, but not to TNF in OCPs [17].
NF-kB signaling comprises several activation steps that re-
quire ubiquitination and proteasomal degradation or processing
of proteins that function as inhibitors of signaling in cells under
basal/unstimulated conditions by retaining inhibitory NF-«xB di-
mers in the cytoplasm of unstimulated cells. These inhibitory
NF-kB proteins are called [kBs and include the canonical IkBs:
IkBa, IkBp, and IxBe [18]. These have multiple ankyrin repeats
that allow them to bind to NF-kB dimers and interfere with the
function of their nuclear localization signals. RelA/p50 het-
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erodimers are held in an inactivate state in the cytoplasm mainly
by their interaction with IxBa, but they can also bind to IkBp.
RelA:RelA homodimers and c-Rel/RelA heterodimers preferen-
tially bind to IxBe [15]. The C-terminal portions of p105, called
IxBy, and of p100, called IkB§, also contain multiple ankyrin
repeats, which give them IkB-like functions [19,20]. The IxBy
portion of p105 binds to RelA and c-Rel, retaining them in the
cytoplasm, but it can also bind to p50 molecules in RelA/p50
heterodimers [15]. Proteasomal processing of p105 occurs con-
stitutively in unstimulated cells and excises the C-terminal por-
tion to generate p50 [21]. Stimulation by cytokines, such as
RANKL and TNF, causes phosphorylation of p105 and its rapid
degradation in the proteasome without release of p50. In addi-
tion, IkBa, which binds to RelA/p50 heterodimers, is phosphor-
ylated and degraded, which allows the translocation of existing
p50/RelA protein heterodimers from the cytoplasm to nuclei.
p100 also functions as an inhibitory protein in unstimulated
cells when it is bound to RelB. Non-canonical NF-kB signaling
causes p100 ubiquitination, but rather than degradation, it un-
dergoes processing in the proteasome to p52, which forms
RelB:p52 heterodimers that translocate to nuclei. Interestingly,
RelB also can function as an kB and can bind to RelA to pre-
vent it from activating canonical signaling [22,23].

ACTIVATION OF NF-kB CANONICAL
SIGNALING

In response to cytokines, such as TNF and RANKL, canonical
signaling is activated by a trimeric IkB kinase (IKK) complex,
which consists of two catalytic subunits (IKKa and IKKf) and
a regulatory subunit, IKKy, also called NF-xB essential modu-
lator (NEMO) [15,23]. This IKK complex phosphorylates IxBa,
leading to its polyubiquitination and degradation by the 26S
proteasome and nuclear translocation of RelA:p50 dimers (Fig.
1) [15]. Most of the IKK activity in the canonical pathway in
cells, including TNF- and RANKL-induced signaling in OCPs,
is mediated by IKKB. Two important additional inhibitory ef-
fects of canonical IKK signaling are that it up-regulates: (1) ear-
ly expression of IkBa, which initiates a negative feedback loop
and limits subsequent RelA/p50 translocation [15]; and (2) p100
expression later to limit signaling in the non-canonical pathway
(Fig. 1) [24]. As will be discussed later, p100 has important in-
hibitory effects to limit RANKL- and TNF-induced osteoclasto-
genesis.
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Fig. 1. Canonical and non-canonical nuclear factor-kappa B (NF-
«B) signaling induced by tumor necrosis factor (TNF) and receptor
activator of NF-xB ligand (RANKL) in osteoclast precursors.
RANKL and TNF induce canonical NF-«B signaling by recruiting
TNF receptor-associated factor 6 (TRAF6) and TRAF2/5, respec-
tively, to their receptors to activate a complex consisting of inhibi-
tory NF-xB (IkB) kinase o (IKKa), IKKf, and IKKy (NF-«xB es-
sential modulator [NEMOY). This complex induces phosphoryla-
tion and degradation of IkB-o and the release of p65/p50 heterodi-
mers, which translocate to the nucleus. p65/p50 induce expression
of c-Fos and nuclear factor of activated T cells c1 (NFATcl), two
other transcription factors necessary for osteoclast precursor differ-
entiation, as well as the inhibitory kB protein, NF-kB p100. In un-
stimulated cells, p100 binds to RelB to prevent its translocation to
the nucleus. RANKL induces the ubiquitination (Ub) and lysosomal
degradation of TRAF3, releasing NF-kB-inducing kinase (NIK) to
activate (phosphorylate) IKKa, which leads to proteasomal pro-
cessing of p100 to p52. RelB:p52 heterodimers then go to the nu-
cleus to induce target gene expression. TNF signaling does not de-
grade TRAF3, and thus NIK is degraded constitutively, leading to
the accumulation of p100 in the cytoplasm of osteoclast precursors
to limit their differentiation. TAK 1, TGFB-activated kinase-1; cIAP,
complex inhibitor of apoptosis.

ACTIVATION OF NF-kB NON-CANONICAL
SIGNALING

Non-canonical signaling is activated by IKKa following its
phosphorylation by NF-«kB-inducing kinase (NIK). However, in
unstimulated cells, NIK is constitutively ubiquitinated on recep-
tors, such as CD40 and RANK, by TRAF3 in a complex that in-
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cludes TRAF2 and the inhibitor of apoptosis (IAP) proteins,
cIAP1 and 2 [25]. Following stimulation by RANKL in OCPs,
cIAP1/2 and TRAF2 ubiquitinate TRAF3, leading to its degra-
dation in lysosomes and subsequent release of NIK from this
complex. NIK then phosphorylates IKKa resulting in protea-
somal processing of p100 to p52 and the formation of RelB:p52
heterodimers (Fig. 1) [26-28]. The IkB6 portion of p100 binds
preferentially to RelB to retain it in the cytoplasm of unstimu-
lated cells, but interestingly it also binds to and regulates RelA
homodimers [29].

As will be seen later, canonical [30] and non-canonical [31]
NF-kB signaling negatively regulates mesenchymal progenitor
cell (MPC) differentiation into OBs, suggesting that NF-xB in-
hibitors should be able to stimulate bone formation. In addition,
NF-«B is involved in certain aspects of endochondral ossifica-
tion during skeletogenesis [32].

NF-kB SIGNALING IN OSTEOCLASTOGENESIS

A role for NF-«B in bone cells was discovered unexpectedly in
the mid-1990s when two groups independently generated NF-
«B1/2 double knockout (dKO) mice to determine if they would
have more than the modest immune deficiencies that had been
detected in mice lacking NF-kB 1 or 2, RelB, or c-Rel. p65-/-
mice, in contrast, died during embryogenesis from TNF-induced
liver cell apoptosis [33]. These dKO mice had no tooth eruption
and developed osteopetrosis because they did not form OCs
[34,35]; they also had marked B cell and T cell differentiation
defects and had no lymph nodes [34,35]. The osteopetrosis and
immune deficiencies were reversed by wild-type (WT) mouse
hematopoietic cell transplantation, indicating that the defects
were not mesenchymal cell in origin [34]. These same defects
were found later in RANKL and RANK knockout (KO) mice
[16] in which the roles of RANKL/RANK signaling in OCs
were also largely unexpected [36-38]. The NF-«kB dKO and
RANKL KO mice had increased numbers of RANK" and tar-
trate-resistant acid phosphatase (TRAP), cathepsin K', and cal-
citonin receptor” OCPs in their spleens [39], indicating that
RANKL/NF-kB signaling is required for terminal differentia-
tion of RANK-positive cells. The osteoclastogenic cytokines,
RANKL, TNF, IL-1, and IL-6, did not rescue the OCP differen-
tiation defect in dKO mice, indicating a central role for NF-xB
in OC formation [40]. RANK expression in myeloid precursors
is promoted by CSF1, which also is required for OC formation
and regulates many aspects of OC formation and survival [41,
42].
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NF-«kB p100-/- and p105-/- mice have normal OC numbers
and function in vivo, and IL-1 induces similar numbers of OCs
from OCPs from these mice as it does from WT mice [40]. Mice
with RelA KO only in hematopoietic cells have a defective re-
sponse to RANKL in vivo [43]; and inhibition of RelA nuclear
translocation in OCPs in vitro inhibits osteoclastogenesis [43],
indicating an important role for RelA in OC formation. OC
numbers are near normal in RelB-/- mice, but their OCPs have
an impaired response to RANKL in vitro [44]. No bone pheno-
types have been reported in c-Rel-/- mice, and OCPs from these
mice form normal numbers of OCs in response to RANKL in
vitro [45].

CANONICAL NF-kB SIGNALING IN
OSTEOCLAST FORMATION

RANKTL rapidly activates canonical NF-«xB signaling in OCPs,
resulting in a transient increase in RelA and pS0 mRNA levels
within an hour [46] and their recruitment to the NFATc1 pro-
moter along with NFATc2, which, unlike NFATcl, is not re-
quired for OC formation; this induces transient auto-amplifica-
tion of NFATc1 expression [47]. The main role of NFATc1 at
this early stage of osteoclastogenesis appears to be to down-reg-
ulate expression of constitutively active repressors of RANK
signaling [48], rather than to induce expression of osteoclasto-
genic genes, which requires expression of NF-kB. These repres-
sors include Bcl6, which binds to the NFATc! promoter in un-
stimulated OCPs to inhibit osteoclastogenesis; upon RANKL
stimulation, NFATc1 replaces Bcl6 and facilitates NFATc1 auto-
amplification. Interferon regulatory factor-8 (IRF-8), Eos, and
v-maf musculoaponeurotic fibrosarcoma oncogene family pro-
tein B are additional constitutively-expressed transcriptional re-
pressors of RANK signaling in OCPs [48]. As will be seen later,
negative regulation of signaling pathways in response to osteo-
clastogenic cytokines can play significant roles to limit OC for-
mation and bone loss. The major role of RelA in OC formation
appears to be prevention of RANKL-induced OCP apoptosis,
which is mediated by c-Jun N-terminal kinase (JNK), Bid, and
caspase 3 [43].

Following the transient increase in NFATc1 expression in-
duced by RANKL, c-Fos and p52 levels increase in OCPs after
approximately 2 hours, and these remain increased through the
later stages of osteoclastogenesis without any further change in
RelA or p5S0 mRNA levels [49]. NFATc1 expression levels don’t
increase again until approximately 72 to 96 hours after RANKL
treatment when they induce expression of dendritic cell-specific
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transmembrane protein (DC-STAMP), cathepsin K, TRAP, and
other genes involved in OC resorptive functions. This increase
in NFATcl requires NF-kB-induced c-Fos expression because
over-expression of c-Fos in NF-kB dKO OCPs induces NFATc1
expression and OC formation without RANKL treatment [49].
Bcl6 also binds to the DC-STAMP and cathepsin K promoters
in unstimulated OCPs and presumably is removed from these
sites to facilitate NFATc1-induced OCP fusion and OC activa-
tion [50]. It is not known if c-Fos expression is also required for
the early transient induction of NFATc1 expression or why a
more sustained expression of NFATc1 is not required to keep
the constitutively active repressors of RANK signaling inactive.

RANK recruits several molecules, including the multifunc-
tional adaptor proteins, TRAFs 1, 2, 3, 5, and 6, and kinases,
such as TGFf-activated kinase-1 (TAK1) in OCPs in response
to RANKL. Of these, only TRAF6 appears to be required for
OCEP differentiation in the canonical NF-xB pathway [51] be-
cause TRAF6-/- mice are osteopetrotic. TAK1 activates IKKy
leading to phosphorylation and subsequent activation of IKKJ,
which phosphorylates IxB. The importance of this sequential
activation process is highlighted by the reports that mice with
IKKP deleted in OC lineage cells (IKKB";CD11b-Cre [52,53]
or IKKB";Mx1-Cre mice [52,53]) have defective OC formation
and osteopetrosis, and that OCPs from mice with a constitutive-
ly active IKKB (IKKB-SS/EE) form OCs in the absence of
RANK or RANKL treatment [54]. Expression of IKKJ, but not
IKKa, is required for basal osteoclastogenesis and OC survival
[52,53], and administration of a NEMO-binding domain pep-
tide, which inhibits IKKf} activation, prevents OC formation and
joint inflammation and erosion in mice with inflammatory ar-
thritis [55]. In addition, macrophages, OCPs, and immune cells
deficient in IKKf} undergo apoptosis in response to TNF, an ef-
fect that is mediated by activation of JNK signaling [52,53].
Thus, increased IKKf signaling mediates both joint inflamma-
tion and erosion in inflammatory arthritis.

NON-CANONICAL NF-kB SIGNALING IN
OSTEOCLAST FORMATION

NIK-/-, p100-/-, and RelB-/- mice all have normal numbers of
OCs and no or minimal osteopetrosis in vivo [34,40,44,56], indi-
cating that non-canonical signaling is not required for basal OC
formation. IKKa functions downstream of NIK in non-canonical
signaling, and thus it is not surprising that IKKa-/- mice have
normal OC numbers and bone volume. OCPs from IKKa-/-
mice, like those from NIK-/- mice, do not form OCs in response
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to RANKL in vitro [56], but they do form OCs in response to
TNF or IL-1 [53]. In addition, mice lacking both p52 and RelB
[57] as well as p100/RelB dKO mice that we generated [58]
have normal OC formation and bone volume. Other investiga-
tors have suggested that NIK and RelB-mediated non-canonical
signaling is required for the increased osteoclastogenesis in-
duced by metastatic cancer in bone and in inflammatory arthritis
because, unlike in WT control mice, OC numbers did not in-
crease in the affected bones of RelB-/- mice in these models
[44]. However, we found that RelB-/- mice responded similarly
to WT littermates and generated large numbers of OCs, associ-
ated with marked bone loss in response to daily injections of
RANKL (unpublished observation). Metastatic cancer cells and
tissues in inflamed joints produce several factors in addition to
RANKL, some of which can inhibit OC formation. Thus, the
discrepancy between the above findings might reflect differenc-
es in the balance between stimulators and inhibitors of OC for-
mation in the RelB-/- mice with different metastatic tumors or
models of inflammatory arthritis. Furthermore, RelB-/- mice
have increased expression levels of several inflammatory cyto-
kines and develop multi-organ inflammation as they age
[59,60], indicating that the inflammatory milieu in the BM of
these mice is abnormal.

RANKL-induced degradation of TRAF3 in OCPs is mediated
by TRAF2/cIAP1/2 in the non-canonical pathway (Fig. 1)
[61,62]. This stops TRAF3-mediated constitutive degradation
of NIK, resulting in proteasomal processing of p100 to p52 and
subsequent p52/RelB nuclear translocation. TRAF3 is typically
degraded through the ubiquitin-proteasome pathway in B cells
by E3 ubiquitin ligases, such as pellino E3 ubiquitin protein li-
gase 1 (Pelil) [63] and the RING-between-RING (RBR)-type
ubiquitin ligase RNF216, also known as Triad3A [64], while
deubiquitinases, such as OTU deubiquitinase 7B (OTUD7B),
inhibit TRAF3 proteolysis and limit aberrant non-canonical NF-
kB activation [65]. However, in OCPs, TRAF3’s degradation is
autophagosomal, rather than proteasomal, and is prevented in
vitro by chloroquine [61], which raises the pH in lysosomes,
and thus inhibits lysosomal enzymes that function in acidic con-
ditions [66]. Chloroquine has been used for many decades to
treat malaria. It and hydroxychloroquine are used also to damp-
en immune responses in inflammatory diseases, including rheu-
matoid arthritis and lupus erythematosis [67,68]. By preventing
TRAF3 degradation, chloroquine dose-dependently inhibited
RANKL-induced OC formation in vitro and prevented parathy-
roid hormone-induced bone resorption and ovariectomy-in-
duced bone loss in mice in vivo [61].

Copyright © 2023 Korean Endocrine Society

TRAF3-/- mice die within the first week or two after birth
with multi-organ inflammation, associated with uncontrolled
NIK activity. This was rescued by crossing the KO mice with
p100™ mice [69], consistent with p100 acting as a negative reg-
ulator of inflammatory signaling in the non-canonical pathway.
This early lethality limited study of the role of TRAF3 in OC
formation and bone remodeling during aging. To circumvent
this hurdle, we generated mice with TRAF3 conditionally delet-
ed in OC lineage cells. The mice developed osteoporosis before
they aged as a result of increased OC formation and bone re-
sorption [61], providing further evidence that TRAF3 is a sig-
nificant negative regulator of OC formation. These studies sug-
gest that chloroquine could be given to humans to prevent age-
and sex-steroid deficiency-related osteoporosis. However, chlo-
roquine has side-effects, which would limit its use in these dis-
eases and thus strategies such as targeting it to bone and away
from other tissues could be considered [70].

RANKL and TNF activate NF-«B, c-Fos, and NFATc1 sequen-
tially in vitro in OCPs in a very similar manner (Fig. 1) [16,49,
62]. However, TNF induces many fewer OCs than RANKL from
WT OCPs in vitro [49]. Interestingly, TNF induces similar num-
bers of OCs from RANK-/- and WT OCPs in vitro, but it does
not induce OC formation when administered to RANK-/- mice
in vivo [62], suggesting that it induces inhibitors of osteoclasto-
genesis in the bone microenvironment. TNF and RANKL in-
duce expression of the inhibitory NF-kB p100 protein [17],
which is processed efficiently to p52 by RANKL, but not by
TNF [62]. TNF and RANKL induced similar numbers of OCs
from p100-/- OCPs in vitro [62] and TNF induced the formation
of numerous OCs in pl00/RANK dKO and pl00/RANKL dKO
mice in vivo, indicating that TNF can induce OC formation in
the absence of RANKL signaling when the inhibitory protein,
p100, is absent [62]. In addition, TNF-transgenic mice lacking
p100 developed more severe joint erosion and inflammation
than TNF-transgenic mice, providing evidence that p100 limits
not only TNF-induced osteoclastogenesis, but also inflamma-
tion [62]. The importance of non-canonical signaling in TNF-
induced inflammatory arthritis is further supported by the find-
ing that NIK-/- mice have decreased joint inflammation in a
model of TNF-induced arthritis [56]. These studies suggest that
strategies to increase TRAF3 or p100 levels or prevent their
degradation in OCPs and inflammatory cells should reduce joint
inflammation and erosion in patients with TNF-mediated in-
flammatory arthritis.
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NF-kB SIGNALING IN OSTEOBLAST
FORMATION

OBs are derived from skeletal stem cells (SSCs), which give
rise to chondrocytes, OBs, and adipocytes in developing and
mature bones. Lineage-tracing studies carried out over the past
decade have revealed that there are distinct populations of pro-
genitor cells in the developing and mature skeleton that give rise
to OBs in the various compartments of bone. For example, it is
now evident that chondrocytes within the cartilage templates
that precede bone during embryogenesis can transform into
OBs and BM stromal cells [71,72]. They form the earliest bone
in marrow spaces, while cells on the perichondrium give rise to
OBs that form cortical bone and trabecular bone in the marrow
space postnatally [73]. Progenitor-enriched mesenchymal stem
cell (MSC) populations marked by leptin receptor-Cre and os-
terix (Osx)-Cre estrogen receptor (ER) arise from perivascular
cells in BM and give rise to postnatal OBs [74,75]. However,
more recent studies using a homeobox A1l (Hoxall)-CreER™
lineage-tracing system reported that Hoxall lineage-marked
cells give rise to all skeletal/mesenchymal cells, including OBs,
chondrocytes, and adipocytes, from E13 to 1-year-old and per-
sist as MSCs that co-express the MSC markers, platelet-derived
growth factor receptor o (PDGFRa)/CD51 and leptin receptor
[76]. Hox genes play important roles in patterning the embryon-

ic skeleton and the findings in this study suggest that Hox-ex-
pressing cells are SSCs that arise from the earliest stages of
skeletal development and self-renew throughout life.

NF-«kBp50/p527, RANKL", and RANK” mice all evelop
marked osteopetrosis with unresorbed trabecular bone filling
their BM cavities. This phenotype indicates that these proteins
are not required for OB formation or function during embryonic
development. Incisor teeth do not erupt in the mice, which are
kept alive after weaning if they are fed softened regular mouse
chow. They continue to grow, but, like other osteopetrotic mice,
they are smaller than their WT littermates, consistent with
slightly defective endochondral ossification and associated ab-
normally thickened growth plates [32].

Although early studies using mice with global KO of NF-xB
components indicate that expression of NF-«B is not required
for skeleton formation, information from mouse models with
genetically modified NF-kB activation status in OB lineage
cells demonstrate that both the canonical and non-canonical NF-
kB signaling pathways are involved in OB functions postnatally.

CANONICAL NF-kB SIGNALING IN
OSTEOBLASTIC CELLS

Canonical NF-kB signaling is activated by a wide array of com-
mon inflammatory factors and is largely mediated by the inhibi-

Canonical NF-kB pathway

Col2-cre;
constitutively active IKKf3

T KK —>T p50/RelA —>l OB/chondrocyte

Osteochondroprogenitor

l IKKB —>l pSO/RelA —>T OB

Non-canonical NF-kB pathway

ATKAF3—>T NIK —>T p52/RelB —VT OB

Bglap2-cre;
dominant negative IKKf3

Mature OB
Prx1-cre;
Traf3 flox/flox

MSC
Osx-cre;

constitutively active NIK

TNIK —»T p52/RelB —»T OB

Osx-cre;
IKKa flox/flox

AIKKa —»l p52/RelB —»l adipocyte

Osteoprogenitor

Fig. 2. Mouse models with genetically modified nuclear factor-kappa B (NF-«kB) activation status in osteoblast lineage cells demonstrating
that both canonical and non-canonical NF-kB signaling pathways are involved in osteoblast functions postnatally. Col2, collagen 2; IKK,
inhibitory IxB kinase; OB, osteoblast; Bglap2, bone gamma-carboxyglutamate protein 2; Prx1, paired related homeobox 1; TRAF3, TNF
receptor-associated factor 3; NIK, NF-kB-inducing kinase; MSC, mesenchymal stem cell; Osx, osterix.
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tor of kB kinase, IKK, and a regulatory subunit, IKKy/NEMO,
which phosphorylates IkBa, leading to its degradation and nu-
clear translocation of NF-kB p65/p50 heterodimers [77]. Early
studies reported that activation of canonical NF-kB signaling
inhibits bone formation, based on an inhibitory effect of TNF
induction of p65 on OB differentiation [78-81]. The NF-kB in-
hibitor, S1627, which inhibits the NF-kB DNA binding activity
of p65 and p50 in OBs, promotes murine calvarial defect repair
and increased bone mineral density in ovariectomized mice
[82], providing additional evidence that canonical NF-kB sig-
naling negatively regulates bone formation. However, several
other groups reported that TNF-induced activation of canonical
NF-xB signaling in MPCs promotes their differentiation into
OBs [83] through bone morphogenic protein 2 (BMP2)-mediat-
ed upregulation of Runx2 and Osx expression [84]. These find-
ings indicate that there are complex interactions involving cyto-
kines and canonical NF-kB signaling that can have positive or
negative regulatory effects on OBs to influence bone mass, de-
pending upon the form of stimulation and the state of osteoblas-
tic cell differentiation. This concept is further supported by data
from mice that carry genetically modified canonical NF-kB sig-
naling components in OB lineage cells.

Mice carrying a constitutively active form of IKK in type-II
collagen-expressing cells have abnormal bone and cartilage de-
velopment, and decreased bone formation and expression of OB
and chondrocyte marker genes [85]. This mouse model was
generated by crossing R26StopIKKp constitutive activation
mice with type-II collagen-Cre mice that label OB and chondro-
cyte precursors [85]. In contrast, mice carrying a dominant-neg-
ative mutant of IKKy under control of the bone gamma-carbox-
yglutamate protein 2 promoter that has been shown to be specif-
ically activated in mature or differentiated OBs have increased
bone mass and increased bone formation after ovariectomy (Fig.
2) [30]. Thus, activation of canonical NF-kB signaling in osteo-
progenitors perturbs OB and chondrocyte maturation, while in-
hibition of it in mature OBs increases OB functions.

Dedifferentiation is a process in which cells lose their special-
ized morphology, functions, and biochemistry to initiate cell di-
vision and revert to a less differentiated state in order to re-dif-
ferentiate again [86]. For OBs, dedifferentiation is a process in
which mature OBs down-regulate expression of differentiation
markers, upregulate pre-OB markers, and become proliferative.
OB dedifferentiation does not appear to occur in mammals be-
cause OB precursors are derived from mesenchymal lineage
cells and not from dedifferentiated mature OBs [87]. However,
genetic lineage-tracing studies indicate that OB dedifferentia-
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tion is an important cell source for bone tissue regeneration after
amputation, fracture, and skull injuries in zebrafish [88].

Retinoic acid and NF-kB signaling regulate OB dedifferentia-
tion in zebrafish, and retinoic acid signaling must be downregu-
lated for OBs to dedifferentiate [89]. NF-kB signaling works
upstream of retinoic acid, and it also plays an important role in
OB dedifferentiation in zebrafish [90]. For example, inhibition
of canonical NF-kB signaling by over-expression of an IkBa
super repressor or a constitutively active form of IKKp in OBs
via the Osx-creER system in zebrafish enhances OB dedifferen-
tiation [90]. Treatment of zebrafish with the canonical NF-xB
signaling inhibitor, Bay11-7085, which inhibits IkBo phosphor-
ylation, or SH-23, which blocks nuclear translocation of NF-kB
p65, results in mature OB dedifferentiation in response to am-
putation [90]. OB dedifferentiation serves as a source of new
OB precursors for bone regeneration in zebrafish. However,
since most studies in mice indicate that NF-xB negatively regu-
lates OB differentiation, further studies will be needed to deter-
mine why NF-kB signaling appears to have different functions
in zebrafish and mammalian OBs.

NON-CANONICAL NF-kB SIGNALING IN
OSTEOBLASTIC CELLS

Non-canonical NF-kB signaling depends on NIK and IKKa-
mediated processing of the precursor p100 to p52 to allow nu-
clear translocation of NF-kB RelB/p52 heterodimers [91]. NIK
functions as a central signaling component in this pathway, or-
chestrating signals from multiple stimuli and activating the
downstream kinase, IKKa. This triggers phosphorylation of
p100 and its partial processing to p52, subsequently leading to
persistent translocation of p52/RelB heterodimers to nuclei [91].

Mice generated to have accumulation of a non-processable
form of p100 have enhanced OB differentiation [92], and mice
with deletion of p100, but retaining a functional p52, have osteo-
penia owing to increased OC activity and impaired OB parame-
ters [57]. RelB loss of function mice in which RelB expression
is inactivated by an insertional mutation in the RelB gene have
regionally increased bone mass as they age [60]. At 4 weeks old,
RelB mutant mice have normal trabecular bone volume in both
metaphyseal and diaphyseal regions. Mean diaphyseal bone vol-
ume is increased 2-fold in 6 to 8-week-old mice and is further
increased by 4-fold in 10 to 14-week-old mice compared to WT
littermates. Interestingly, mean metaphyseal bone volumes re-
main similar between RelB mutant and WT mice as they age.
RelB mutant mice have increased bone formation rates (BFRs)
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and serum bone formation markers at 4 weeks old prior to a de-
tectable increase in diaphyseal trabecular bone, and these return
to WT levels at 6 to 8 weeks old. The cellular and molecular
mechanism for this transient increased diaphyseal trabecular
bone volume is unknown, but MPCs from RelB mutant mice
grow faster and have increased OB differentiation in vitro and
form more new bone in a tibial cortical defect model [31]. Since
OB defects observed in these mice may be due to secondary ef-
fects of global p100 or RelB KO, it will be important to examine
OB function and bone phenotype in mice with abnormal NF-xkB
non-canonical signaling specifically in OB lineage cells.

To investigate the role of NIK in OBs specifically, mice carry-
ing a constitutively active NIK allele lacking the regulatory
TRAF3 binding domain (NT3) were crossed with Osx-Cre mice.
The resulting Osx-Cre;NT3 mice have inactive NIK in their
Osx-expressing OB precursors, elevated serum bone turnover
markers, and increased cortical and trabecular bone mass and
anabolic responses to mechanical loading (Fig. 2) [93]. RNA-
Seq and pathway analysis of tibiae from Osx-Cre;NT3 mice re-
vealed distinct upregulation of receptor, kinase, and growth fac-
tor activities, including Wnts, as well as a calcium-response sig-
nature [93]. These Osx-Cre;NT3 mice also developed malignant
subcutaneous soft tissue tumors, starting from 6 weeks old, with
100% penetrance. Large and cystic tumor masses were detected
in the submandibular region, on the trunk, perineal area, and
rarely on the limbs, with a predominance in females. Develop-
ment of soft tissue tumors is related to constitutive activation of
the alternative NF-«kB pathway, including RelB in mesenchymal
lineage cells [94].

Conditional knockout (cKO) of IKKa specifically in OBs in
mice was achieved by crossing Osx-Cre mice with IKKa™"
mice. IKKa ¢cKO mice have normal trabecular and cortical bone
volume at basal levels or following mechanical loading (Fig. 2)
[95]. However, they lose body weight as they age with marked
reductions in fat mass and adipocyte size. Young IKKa cKO
mice have less weight gain and improved glucose metabolism
following high fat diet. Osx-Cre;TdT reporter mice have in-
creased Osx-Cre-mediated recombination in peripheral adipo-
cytes from 6 weeks to 18 months, indicating that the Osx-Cre
driver is also active in these adipocytes. Thus, fat loss in IKKa
cKO mice is most likely due to progressive deficits of IKKa in
adipocytes [95].

Men and women have markedly different bone mass. Estro-
gen deficiency leads to rapid bone loss, and estrogen regulates
both OC and OB functions [96]. The ER interacts with NF-kB
proteins [97], and mice deficient in alternative NF-kB proteins,
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including NIK global KO [98] and RelB loss of function mice
[60], have sexual dimorphism in bone mass. For example, fe-
male, but not male NIK- or RelB-deficient mice have signifi-
cantly higher bone volume and lower OC forming potential than
their WT littermates [99].

NIK is negatively regulated by cIAPs, which promote NIK
proteasomal degradation [100]. Thus, blockage of cIAPs acti-
vates the non-canonical NF-kB pathway by stabilizing NIK.
The TAP antagonist, bivalent 6 (BV6), reduces bone volume and
increases OC numbers in male, but not in female WT mice [99].
However, BV6 has a similar stimulatory effect on RANKL-me-
diated osteoclastogenesis from BM cells from both male and fe-
male mice, and it does not affect ovariectomy-induced bone loss
or OB differentiation [99]. These data suggest that active estro-
gen signaling is not responsible for the sexual dimorphism ef-
fects of BV6 on bone.

MOLECULAR MECHANISMS BY WHICH
NF-kB SIGNALING REGULATES
OSTEOBLAST FORMATION AND
FUNCTIONS

Although the impact of NF-kB on bone formation is profound,
most mechanistic studies have reported that NF-kB mediates its
action on OBs indirectly. However, recent studies have demon-
strated direct roles of NF-«xB signaling to regulate OB differen-
tiation and function. Critical signaling pathways and transcrip-
tion factors are involved in embryonic osteoblastogenesis, in-
cluding BMPs/Runx2 and Wnt-B-catenin, which interact with
both canonical and non-canonical NF-kB signaling proteins
[101-103]. The BMP2 promoter contains NF-«kB responsive el-
ements, which can be activated by acetylation of p65 and p50
proteins in OBs [102]. BMPs are members of the TGF-
superfamily, and binding of BMP to its receptor phosphorylates
Smad1/5 or forms a Smadl/Smad4 complex to activate down-
stream signaling. NF-kB p65 associates with Smad4, but not
Smad1/5 [104]. Disruption of p65 and Smad4 interactions using
a site-specific peptide promotes alkaline phosphatase activity
and matrix calcification by OBs induced by BMP2 in vitro and
BMP-induced bone formation in vivo [104]. Runx?2 is an essen-
tial transcription factor for OB differentiation and maturation,
and its promoter contains two putative NF-kB binding sites to
which NF-kB RelB binds directly [31]. RelB” MPCs have in-
creased OB differentiation, which is inhibited by Runx2 siRNA.
Thus, RelB negatively regulates OB differentiation by inhibit-
ing Runx2 transcription/activation in MPCs [31].
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Wnt/B-catenin signaling regulates many crucial biological
processes, including MPC fate and OB differentiation. In the
absence of Wnt, B-catenin is phosphorylated by glycogen syn-
thase kinase-3p (GSK3[) within a protein degradation complex.
Phosphorylated B-catenin then undergoes ubiquitination and
degradation in the cytosol. Wnts recruit this protein degradation
complex to the cell membrane. B-Catenin cannot be phosphory-
lated when it is associated with GSK3p, and non-phosphorylat-
ed B-catenin accumulates in the cytosol and enters nuclei to reg-
ulate target genes [105,106]. In MPCs, NF-kB p65 promotes
degradation of phosphorylated -catenin by affecting its ubiqui-
tination via stimulation of transcription of the ubiquitin E3 li-
gases, Smurfl and Smurf2 [76].

Osteocalcin and bone sialoprotein are also important proteins

deposited in bone matrix by mature OBs. Their promoters have
consensus binding sequences for NF-kB, Runx2, and B-catenin
[103]. NF-xB p65/p50, but not RelB/p52, mediate stimulatory
effects of Runx2 and f-catenin on osteocalcin or bone sialopro-
tein transcription by preventing binding of Runx2 and B-catenin
to nearby binding sites. Thus, canonical NF-«B signaling direct-
ly regulates expression of bone matrix proteins [103]. Mature
OBs derived from calvariae of bone gamma-carboxyglutamate
protein 2/IKK dominant-negative mice in which canonical NF-
kB signaling is inhibited have increased expression of Fos-relat-
ed protein-1 (Fra-1), but levels of other Fos and Jun family pro-
teins are normal in the cells [30]. Fra-1 is an essential factor for
bone matrix deposition and bone formation by positively regu-
lating transcription of bone matrix proteins [107,108].

RelA  RelB

Lysosomal
degradation

Lysosomal
degradation

. Q0
Q ’ (5)

GSK-3p

MPC

NF-kB
T216

Fig. 3. Tumor necrosis factor (TNF) receptor-associated factor 3 (TRAF3) functions in osteoclast and osteoblast precursors in bone resorp-
tion and bone formation. In aged mice, increased levels of receptor activator of nuclear factor-kappa B (NF-kB) ligand (RANKL) induce (1)
TRAF3 ubiquitination and subsequent lysosomal degradation in osteoclast (OC) precursors to stimulate bone resorption through NF-«kB sig-
naling. As a result, (2) transforming growth factor B1 (TGFp1) is released from bone matrix and activated in the acid environment in resorp-
tion lacunae. Activated TGFf1 binds to its receptor complex on mesenchymal progenitor cells (MPCs) to which TRAF3 is recruited and
subsequently ubiquitinated and degraded in lysosomes. As a result, (3) NF-kB signaling is activated and both RelA and RelB bind to the
RANKL promoter to further promote RANKL production, enhancing bone resorption. In young and adult mice, TRAF3 inhibits glycogen
synthase kinase-3f (GSK3p) activation in MPCs to prevent B-catenin degradation, allowing -catenin accumulation and nuclear transloca-
tion to maintain osteoblast [OB] differentiation). In aged mice, TRAF3 degradation also leads to (4) increased NF-kB-induced secretion of
CC motif chemokine ligand 5 (CCL5) by MPCs, which attracts increased numbers of TGFB1/C-C chemokine receptor type 3 (CCR3)-ex-
pressing neutrophils (TCN) to the bone marrow where they release TGFp, leading to further degradation of TRAF3 and (5) phosphorylation
of GSK3p on T216. This phosphorylation mediates degradation of 3-catenin, leading to (6) inhibition of OB precursor differentiation, in-
creased production of osteoprotegerin (OPG) and decreased bone mass.
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ROLES FOR TRAF3 IN OSTEOBLAST
FORMATION AND AGE-RELATED
OSTEOPOROSIS

Recent studies have revealed that, in addition to negatively reg-
ulating RANKL/NF-«B signaling in OCPs, TRAF3 plays im-
portant roles to maintain bone mass in the adult mouse skeleton.
In addition, TRAF3 degradation by TGFf} in MPCs contributes
to age-related osteoporosis [109], which is caused by a combi-
nation of increased bone resorption and reduced bone forma-
tion, associated with low-grade chronic inflammation (inflam-
maging) [110], fragile bones and increased risk of fractures
[111]. Inflammaging is accompanied by increased production of
pro-inflammatory cytokines, including TNF, IL-1, IL-6, and
TGEFp [112,113], which induce increased RANKL expression,
resulting in increased bone resorption and release of TGF from
the resorbed bone matrix (Fig. 3).

Having identified a role for TRAF3 in OCs, we investigated a
possible role for TRAF3 in OB lineage cells by crossing paired
related homeobox 1 (Prx1)-Cre mice with Traf3™/" mice to
generate Traf3"Prx1” (cKO) mice, which have TRAF3 condi-
tionally deleted in MPCs. The Prx1 gene is expressed predomi-
nantly in appendicular bones in embryos [114], but it is also ex-
pressed in developing vertebrae, and Prx1-/- mice have defects
in skull, limb, and vertebral bone [115], indicating that it is more
widely expressed in the skeleton than just long bones. We found
that the cKO mice appear normal at birth, and at 3 months old
they had normal tibial metaphyseal and vertebral trabecular
bone volumes and bone formation rates (BFRs) [109]. Howev-
er, at 9 months old, bone volumes at these sites were signifi-
cantly lower than in control mice, associated with decreased
BFRs and serum levels of the bone formation marker, osteocal-
cin, and increased OC numbers and surfaces and serum levels
of the bone resorption marker, TRAP [109]. Therefore, this ear-
ly onset osteoporosis in the TRAF3 ¢cKO mice is a consequence
of decreased bone formation and increased bone resorption, and
in this regard is similar to age-related osteoporosis in WT mice
[116] and humans [117]. MPCs from 9 to 12-month-old TRAF3
cKO mice had reduced differentiation potential and alkaline
phosphatase colony formation, suggesting that the phenotype of
the cells and reduced BFRs in the cKO mice could have been
the result of long-term exposure to increasing concentrations of
a factor(s), such as TGFp, being released from bone matrix
[118].

TGFpI recruits MPCs [113] to support bone formation, but it
also inhibits OB differentiation [119]. We speculated that

www.e-enm.org

TGFB1 might mediate the inhibition of bone formation in the
cKO mice and found that TGFB1 serum levels were significant-
ly increased in 9-month-old cKO mice [109]. TRAF3 protein
levels were significantly lower in tibial metaphyseal bone of 18-
than 3-month-old WT mice and in vertebral bone samples from
older (53 to 80-year-old) adults than in children (8 to 18-year-
old) [109]. TGFB1 treatment increased TRAF3 ubiquitination
and degradation and decreased TRAF3 protein levels in WT
mouse MPCs, associated with direct binding of both cIAP1/2
and TRAF3 to TGFp receptor I and II [120]. This binding was
reduced by an IAP inhibitor, which degrades cIAP1 and cIAP2,
and decreased TGFB1-induced inhibition of OB differentiation,
suggesting that cIAP1/2 and TRAF3 form a complex with
TGFpRI resulting in TRAF3 ubiquitination. TRAF3 directly as-
sociated with AKT and phosphoinositide 3-kinase (PI3K),
which phosphorylates B-catenin [121,122], and TGFp1 in-
creased this association. Our findings suggest that in young and
adult mice TRAF3 forms a complex with PI3K to prevent AKT
phosphorylation and degradation of B-catenin to enhance OB
differentiation and maintain bone mass (Fig. 3), which is sup-
ported by our finding that TRAF3 over-expression increased
OB differentiation [120].

B-Catenin also induces osteoprotegerin (OPG) expression
[123], which restricts bone resorption, while increased expres-
sion of cytokines in response to inflammaging [112,113] in-
creases RANKL expression by osteoblastic [124] and immune
cells [125], resulting in RANKL-induced TRAF3 lysosomal
degradation in OCPs and NF-«kB-induced increased bone re-
sorption [109]. Consequently, TGFf1 released in increased
amounts from bone matrix during aging is activated in the acid
environment in resorption lacunae and induces TRAF3 ubiquiti-
nation through cIAPs and subsequent lysosomal degradation in
MPCs. This leads to activation of AKT, phosphorylation and
degradation of B-catenin, inhibition of OB differentiation and
increased OPG expression [123]. As a result of TRAF3 degra-
dation in MPCs, RelA and RelB are released from their inhibi-
tory p105 and p100 proteins and translocate to nuclei to induce
RANKL expression [109], which enhances osteoclastogenesis
(Fig. 3).

Although these findings reveal important novel roles for
TRAF3 in MPCs during aging, there are very small numbers of
MPCs in BM, and bone resorption decreases in mice and hu-
mans during aging [116,117]. Thus, there are lower levels of
TGFp1 released from bone matrix in aged than in young mice
overall, suggesting that there may be other more common
sources of TGFB1 in BM contributing to age-related osteoporo-
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sis, for example immune cells. HSCs regenerate immune and
blood cells, and their numbers increase in BM during aging,
when they generate more myeloid than lymphoid cells [126].
Neutrophils are candidates as another source of TGFp1 to cause
bone loss during aging. They are the most abundant sub-popula-
tion of leukocytes in the blood and BM and express TGFf1 in
tumor cells [127], normal intestinal cells [128] and in respirato-
ry cells in asthmatic subjects [129].

Our most recent studies have identified a subset of neutro-
phils that express TGFB and C-C chemokine receptor type 5
(CCRS5). We called these TGFB/CCR5-expressing neutrophils
(TCNs). TCN numbers are increased in BM of 12-month-old
TRAF3 ¢cKO mice and in 18 to 22-month-old WT mice, associ-
ated with low bone mass, and they are decreased in blood,
lymph nodes and spleens of these mice [120]. In contrast,
15-month-old mice with TGFp RII conditionally deleted in
MPCs (TRII-cKO mice) have low numbers of TCNs in BM and
high bone mass [120]. In addition, when TCNs from aged male
mice were injected into young non-obese diabetic (NOD) scid
gamma (NSG) mice or implanted into NSG mice along with
MPCs from WT mice they inhibited bone formation, supporting
our posit that TCNs cause age-related osteoporosis [120]. We
propose that during aging TCNs are the major source of TGFf1,
which induces TRAF3 degradation in BM MPCs through TGFf
receptor 11 signaling. This leads to increased NF-«B signaling in
MPCs in BM and increased production of CCLS5, which attracts
more TCNs to BM, resulting in higher TGFf1 levels and osteo-
porosis. Our findings support a model in which young and adult
male mice have physiological levels of TGFp, low TCN num-
bers in BM and restricted NF-kB-mediated production of
RANKL and CCLS by MPCs. These conditions keep bone re-
sorption and formation at optimal levels and maintain skeletal
integrity. During aging, TCNs are attracted to BM where they
release increased amounts of TGFB1, which degrades TRAF3
in MPCs, leading to increased NF-kB RelA/RelB-mediated
production of RANKL and CCL5 (Fig. 3). This results in more
TCNs in BM during aging, increased resorption, decreased
bone formation, and osteoporosis in male mice.

Maraviroc is an U.S. Food and Drug Administration-ap-
proved small molecule CCRS antagonist used to treat human
immunodeficiency virus (HIV)-AIDS [130]. It binds to CCR5
and blocks interaction between HIV-1 and CCRS, thus prevent-
ing HIV-1 entry into host T cells and macrophages [130]. To de-
termine if maraviroc could have beneficial effects in osteopenic
aged mice, we treated 22-month-old male WT mice with mara-
viroc for 4 weeks and found that it reduced TCN numbers in
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BM and increased vertebral bone volume, associated with in-
creased bone formation, and decreased resorption [120]. We
also gave it for 10 days to 3-month-old male NSG mice that had
been injected with TCNs from aged mice and found that it had
similar effects. These findings suggest that maraviroc could be a
novel treatment for osteoporosis.

These are the first reports of an important regulatory role for
TRAF3 in MPCs to regulate bone mass, of RANKL expression
being regulated directly by NF-kB canonical (RelA) and non-
canonical (RelB) signaling, and of binding of TRAF3 to TGFf
receptor | to regulate downstream signaling in any cell type;
they raise the possibility that TRAF3 has important negative
regulatory functions in TGFp signaling in other cell types.
TRAF3 has important negative regulatory roles in immune and
other cells [131], and these differ from those of other TRAFs,
which typically promote NF-«B activation [132,133]. These in-
clude, TRAF3 limiting NF-kB non-canonical activation in T
and B cells and inhibiting B cell survival [134], while inactivat-
ing mutations of TRAF3 are associated with human B cell lym-
phomas [135] and multiple myeloma [136], suggesting that
TRAF3 is a tumor suppressor in B cells. In addition, mice with
TRAF3 conditionally deleted in myeloid cells have early onset
osteoporosis [61], multiple inflammatory diseases, infections,
and tumors [137], indicating that TRAF3 is an inflammation
and tumor suppressor in myeloid cells. These findings suggest
that maintenance of TRAF3 levels in immune cells during aging
could be a novel therapeutic approach to prevent or reduce the
incidence of common age-related diseases, and not only osteo-
porosis.

CONCLUSIONS

The canonical and/or non-canonical NF-kB pathways play es-
sential roles in certain aspects of OC, OB, and chondroblast ac-
tivities, including the proliferation of precursors and the func-
tions of differentiated cells. Some of these functions are essen-
tial during embryonic development, such as NF-kB 1 and 2 sig-
naling in osteoclastogenesis, while others, such as RelB are re-
stricted to activation of NF-kB signaling in OCs in disease
states. NF-kB activation plays important roles in endochondral
ossification to prevent dwarfism in mice and in cartilage de-
struction in animal models of rheumatoid arthritis and osteoar-
thritis, and in general negatively regulates OB formation. Al-
though these findings suggest that drugs that promote or inhibit
NF-kB activation could be developed to treat or prevent com-
mon bone diseases, only denosumab, a human monoclonal anti-
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body, which binds to RANKL and prevents RANKL interaction
with RANK and thus, indirectly, downstream NF-kB signaling,
has come through clinical trials successfully to date [138]. Re-
cent studies suggest that TRAF3 has important regulatory func-
tions in OCs and OBs to maintain skeletal integrity in adult
mice, and that during aging its degradation in OCPs by RANKL
and in OB precursors by TGF [} contributes to age-related osteo-
porosis. Inflammaging causes increased production of RANKL
by osteoblastic and immune cells in the BM and TGFf} released
from resorbing bone and by TGFB/CCR5" neutrophils, which
are attracted to BM by CCL5-expressing mesenchymal cells are
two major sources of TGFP. TRAF3 degradation could be pre-
vented by lysosomal inhibitors, such as chloroquine and hy-
droxychloroquine, and it and the CCRS5 antagonist, maraviroc,
could prevent the return of TGFB/CCL5" neutrophils to BM.
Both drugs could be repurposed to treat age-related osteoporo-
sis.
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