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Abstract

Purpose of Review The mechanisms involved in the TNF-
mediated deregulated bone remodeling are little appreciated.
This review will discuss and summarize the impact of TNF,
Notch, and RBP-J signaling on bone remodeling.

Recent Findings The integrity of the adult skeleton undergoes
constant and dynamic remodeling throughout life to maintain
a proper bone homeostasis, which is achieved by the essential
tight control of coupling between osteoclast-mediated bone
resorption and osteoblast-mediated bone formation. The stud-
ies in this field include not only the differentiation and func-
tion of osteoblasts and osteoclasts, but also the mechanisms
that simultaneously control both cell types during bone re-
modeling. Chronic inflammation is one of the most evident
and common pathological settings that often leads to
deregulated bone remodeling. The resounding success of
TNF blockade therapy has demonstrated a key role for TNF
in inflammation and the pathogenesis of inflammatory bone
resorption associated with diseases such as rheumatoid arthri-
tis and periodontitis.
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Summary Recent studies have highlighted the function of
Notch and RBP-J signaling in both physiological and TNF-
mediated inflammatory bone remodeling.
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Introduction

Bone destruction is a major cause of morbidity and disability
in many inflammatory disorders, including rheumatoid arthri-
tis (RA), psoriatic arthritis, periodontitis, and peri-prosthetic
loosening [1-5]. Bone loss (osteolysis) significantly reduces
the quality of life (QOL) of patients and increases their risk of
mortality. Throughout life, bone tissues undergo constant re-
modeling and this provides a mechanism for adapting the
skeleton to changing biomechanical influences and repairing
bone damage. Bone remodeling requires a delicate balance
between the activities of two major cell types: bone-
resorbing osteoclasts and bone-forming osteoblasts/osteo-
cytes. Crosstalk exists between these cells that coordinately
couple their activities to ensure that osteoclast-generated re-
sorption lacunae are filled with new bone produced by osteo-
blasts in order to maintain bone homeostasis during bone
remodeling.

Bone remodeling is a complex and highly coordinated pro-
cess that involves osteoclasts and osteoblasts, the major cellu-
lar participants, and diverse coupling factors. The studies in
this field include not only the cell differentiation and function
for each cell type, but also the mechanisms that simultaneous-
ly control both cell types during bone remodeling. Typical
physiological coupling factors include local bone matrix-
derived growth factors, e.g., transforming growth factor
(TGF)-p and insulin-like growth factor (IGF)-1, osteoclast-
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derived factors, including bone morphogenetic protein
(BMP)6, sphingosine-1-phosphate (S1P), Wnt10b and
semaphorin-4D (sema4D), parathyroid hormone (PTH), the
receptor activator of nuclear factor kappa-B ligand
(RANKL)/ osteoprotegerin (OPG) axis, and cell membrane
bound molecules ephrinB2/EphB4 [6—-14]. Dickkopf-1
(DKK1) and sclerostin are two important factors that have
been shown to uncouple bone remodeling in RA [15-17].
There is still a limited understanding of the mechanisms that
impact deregulated bone remodeling in inflammatory
conditions.

In pathological conditions, bone remodeling is deregulated,
which results in unbalanced bone resorption and formation.
Notably, the uncoupling of osteoclasts and osteoblasts in path-
ological bone remodeling synergizes to alter the rate and ex-
tent of bone loss [1, 2]. This is clearly evident in the uncoupled
bone remodeling that occurs in RA and periodontitis, in which
there is excessive osteoclast formation accompanied by exten-
sive bone resorption but with a virtual absence of bone repair
and formation [1, 2, 16]. In contrast, ankylosing spondylitis
(AS), another form of inflammatory arthritis, is dominated by
local bone formation with few signs of local bone erosions;
whereas psoriatic arthritis (PsA) has unique features of in-
creased pathologic bone resorption accompanied by aberrant
new bone formation [18]. The underlying molecular mecha-
nisms driving these differences in bone remodeling between
these various inflammatory conditions are not well under-
stood. Tumor necrosis factor (TNF) plays an important role
in each of these inflammatory diseases; therefore, it is of great
interest to elucidate how TNF regulates the differentiation of
cell lineages involved in bone remodeling, including both os-
teoclasts and osteoblasts, and associated coupling factors.

Osteoclastogenesis induced by RANKL contributes to
physiological bone development and remodeling throughout
life. TNF plays a major role, mostly in synergy with RANKL,
in promoting pathologic osteoclastogenesis and bone resorp-
tion; however, TNF alone does not effectively induce osteo-
clast differentiation [4, 5, 19-24]. TNF may function in vivo
to increase osteoclast precursors [25-28], as well as indirectly
increasing osteoclastogenesis through augmentation of
RANK expression on osteoclast precursors and M-CSF and
RANKL expression in stromal cells including osteoblasts and
synovial fibroblasts [4, 29, 30].

A large body of literature shows that TNF inhibits bone
formation through suppressing osteoblast differentiation. It
does so, in part, by inhibiting the expression of IGF-1, osterix
(OSX), and runt-related transcription factor 2 (Runx2) [31,
32]. Recent studies indicate that TNF promotes bone erosion
and inhibits bone formation in rheumatoid arthritis (RA) by
demonstrating that TNF induces the production of two potent
inhibitors of the Wnt signaling, DKK1 and sclerostin (SOST),
that control both osteoclast and osteoblast differentiation [2,
17, 18]. Thus, TNF promotes bone destruction by increasing

osteoclastic bone resorption and generally decreasing osteo-
blastic bone formation.

The impact of TNF on the differentiation of mesenchymal
stromal cells (MSC) to osteoblasts remains controversial.
Some reports show that TNF inhibits MSC differentiation into
osteoblasts via the WW domain containing E3 ubiquitin pro-
tein ligase 1 (Wwpl) or Notch signaling in mice expressing
human TNF (TNF-Tg) [33, 34¢]. Many other studies, howev-
er, reveal that TNF can induce osteogenic differentiation of
MSC cells via upregulation of Runx2, Osx, osteocalcin
(OCN), BMP-2, and alkaline phosphatase (ALP) levels
[35—41]. The distinct roles of TNF in osteogenic differentia-
tion of MSCs are presumably due to the differing cellular
stages, the TNF concentration, and exposure time of TNF.

In this review, we will focus on and highlight recent dis-
coveries of the function of Notch and recombination signal
binding protein for immunoglobulin Kappa J region (RBP-J)
signaling in both physiological and TNF-mediated inflamma-
tory bone remodeling.

TNF and Notch/RBP-J Signaling-Mediated Bone
Remodeling

The canonical Notch signaling pathway regulates cell differ-
entiation, proliferation, survival, and cell fate decisions during
development and tissue homeostasis [42]. The Notch signal-
ing pathway is evolutionarily conserved including four Notch
receptors (Notch 1-4) and five Notch ligands (Jaggedl,
Jagged2, Delta-like 1 (DLL1), DLL3, and DLL4) in mamma-
lian cells. Binding of the Notch ligands to Notch receptors
induces a two-step cleavage of Notch by a disintegrin and
metalloprotease (ADAM) family protease and the intracellular
y-secretase complex that releases the Notch intracellular do-
main (NICD) that translocates to the nucleus. In the model of
canonical Notch signaling, RBP-J is bound to specific DNA
binding sites ((C/T)GTGGAA) and is thought to act as a tran-
scriptional repressor due to its ability to bind transcriptional
corepressors (NCoRs) and histone deacetylases (HDACs) in
the absence of NICD. Binding of NICD displaces corepressor
complexes and recruits co-activators including mastermind
proteins (MAML1-3), which in turn recruit transcription ac-
tivation complexes in order to induce transcription of Notch
target genes, such as Hes and Hey families.

Notch Signaling in Osteoblastic Differentiation
and Skeletal Homeostasis

Notch signaling pathway plays a critical role in skeletal devel-
opment and homeostasis. Skeletal cells mainly express
Notchl and 2 with low levels of Notch3 [43]. Genetic evi-
dence using various genetic mutant mouse models targeting
distinct Notch components show a stage-dependent role for
Notch signaling pathway in osteoblast lineage differentiation
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[44]. Notch maintains bone marrow mesenchymal progenitors
in an undifferentiated stage by repressing Runx2. Once com-
mitted to the osteoblastic lineage, Notch signaling induces
osteoblast proliferation but suppresses osteoblast differentia-
tion and maturation [45—48]. In contrast, activation of Notch1
in osteocytes dramatically increases bone mass by inducing
OPG and increasing Wnt/[3-catenin signaling via a suppres-
sion of DKK1 and SOST [43, 49-51]. Thus, activation of
Notch signaling pathway functions differently and plays
unique roles at distinct stages of osteoblastic lineage differen-
tiation. These studies support a complex but important role for
Notch signaling in cell fate and functional decision in osteo-
blastic lineage, which is tightly regulated temporally and
spatially.

Notch Signaling Pathway Functions as a Crosstalk
Between Bone Formation and Bone Resorption via
Interaction with RANKL-OPG Axis and Wnt/3-Catenin
Signaling Pathway

Notch activation in osteoblasts, osteocytes, and stromal cells
decreases RANKL/OPG ratio and inhibits M-CSF gene ex-
pression, resulting in reduction of their ability to support os-
teoclast development and bone resorption. Consequently,
Notchl1-deficiency promotes osteoclastogenesis indirectly by
enhancing the ability of osteoblast lineage cells to increase
RANKL/OPG expression ratio [43, 51]. Notch also markedly
suppresses the expression of Wnt antagonists, sclerostin, and
DKKI1, leading to an enhanced activation of Wnt/{3-catenin
signaling and increased osteoblastogenesis and bone forma-
tion [50, 51]. Additionally, the activated Wnt/3-catenin sup-
presses osteoclastogenesis and bone resorption by direct ac-
tion on osteoclast precursors and also indirectly by increasing
OPG expression [52-54].

Notch Signaling and TNF-Mediated MSC/Osteoblast
Differentiation and Bone Formation

In a TNF-mediated inflammatory setting, TNF stimulation of
mesenchymal stem cells (MSCs) induces the activation of
canonical Notch signaling in and inhibits their differentiation
into osteoblasts. TNF transgenic (TNF-Tg) mouse line 3647
exhibits low levels of TNF that drives chronic and persistent
inflammation in mice, representing a good model for studying
TNF effects on cell differentiation/function in an inflammato-
ry condition similar to RA. Dr. Lianping Xing’s group took
advantage of the CD45 SCA17CD105" MSCs isolated from
TNF-Tg 3647 mouse line and wild-type littermates, per-
formed RNA-seq followed by genome-wide screening, path-
way analysis, and a series of elegant cellular and molecular
experiments [34¢]. They found an increase in the Notch sig-
naling genes, including Hes1 and Heyl, in the MSCs from
TNF-Tg mice or MSCs treated with recombinant TNF. MSCs

@ Springer

isolated from TNF-Tg mice show markedly suppressed oste-
oblast differentiation. Consistently, the Notch inhibitors,
DAPT (an inhibitor of 'y-secretase) and thapsigargin, reverse
the inhibition of osteoblast differentiation in in vitro cultures
of TNF-Tg-MSCs and furthermore rescues bone loss, osteo-
blast numbers, and activity in TNF-Tg mice. TNF increases
the expression levels of non-canonical NF-kB proteins p52
and RelB, which interact with NICD on the Notch target
genes, such as Hes1, to enhance Notch target gene expression.
Thus, Notch signaling contributes to the TNF-mediated inhi-
bition of MSC differentiation into osteoblasts and suppresses
bone formation through enhanced non-canonical NF-«kB path-
way. In the TNF-Tg model, Notch activation is driven by a
chronic low-level of TNF signaling; this is different from ge-
netic mouse models but closely mimics chronic inflammatory
diseases such as RA. Exposure to different doses of TNF for
different time periods may have distinct effects on Notch ac-
tivity in MSCs. Taken into consideration of the complex role
of Notch signaling in osteoblast lineage differentiation in
physiological conditions, it would be of interest to investigate
the regulation of Notch signaling by TNF and vice versa the
impact of Notch signaling on TNF-mediated osteoblast line-
age differentiation at various stages. This will help to obtain a
broad view and insight into the pathological function of Notch
signaling in osteoblast lineage and bone formation and to pro-
vide novel/alternative therapeutic option for treatment of in-
flammatory bone loss.

Notch Signaling and Osteoclastogenesis in Physiological
Conditions

The role of Notch in RANKL-induced osteoclastogenesis is
complex too. During bone marrow-derived osteoclastogenesis
induced by RANKL, Notchl and 2 are expressed, while the
expression levels of Notch3 and 4 are low. Notch ligands,
including DII1, Jagged 1, and Jagged 2 are induced in the
osteoclast precursors. The structure of Notch3 is diverged
from that of Notchl and 2, and although the structures of
Notchl and Notch2 are similar and the NICD functions of
Notchl and 2 seem to be equivalent, their biological functions
are not redundant [43]. Notchl and 3 inhibit osteoclastogene-
sis and bone resorption in vitro and in vivo, while Notch2 has
opposite effects. Notch1 and 3 directly inhibit osteoclast pre-
cursor proliferation and differentiation as well as the expres-
sion of M-CSF receptor, c-Fms [55, 56]. Association of
Notch2 and NF-«kB protein p65 promotes RANKL-induced
osteoclastogenesis [57, 58]. The nonsense mutations and de-
letions of NOTCH2 in Haidu-Cheney syndrome result in a
truncated stably constitutively active Notch2 signaling in
these patients [59]. Notch2 constitutive activation in mice en-
hances in vitro osteoclast differentiation [60]. Thus, the
Notchl/Jaggedl axis seems to suppress while the Notch2/
DII1 axis enhances RANKL-induced osteoclast
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differentiation, presumably attribute to a preferential activa-
tion of Notchl by Jagged 1 and Notch 2 by DIII.
Accumulating evidence shows the cell-type and context-
dependent interaction between specific Notch receptors and
ligands [61, 62]. For example, a preferential Notchl/Jagged1
interaction has been implicated in the maintenance of bone
marrow hematopoietic stem cells [63, 64]. Notch2/DIl1 plays
a key role in the marginal zone B cell development [65].
DIlI1/4/Notch1/2 is specific to induce Thl development,
whereas Jagged 1/2/Notch1/2 is specific for the differentiation
of Th2 or Treg [66—69]. The mechanisms that regulate this
preferential combination between specific ligands and recep-
tors are not clear. It is an enigma that the NICD functions of
Notchl and 2 seem to be equivalent, but their biological func-
tions are not redundant. The underlying molecular mecha-
nisms are far from well understood and additional complexity
involves differing transcriptional partners that may contribute
to the diverse biological effects of NICDs.

RBP-J Signaling and TNF-Mediated Osteoclast
Differentiation and Bone Resorption

TNF is a key pathogenic factor driving inflammation and in-
flammatory bone resorption. It is well established that TNF
plays a key role in RA pathogenesis and is a validated drug
target of RA. Mechanisms that restrain TNF-induced osteo-
clast differentiation and bone resorption are not well under-
stood [70]. We recently identified the transcription factor
RBP-J that is activated by TNF stimulation in bone marrow-
derived macrophages/osteoclast precursors and dramatically
suppresses TNF-induced osteoclastogenesis and bone resorp-
tion in vitro and in vivo [71ee, 72ee].

RBP-J, a nuclear DNA-binding protein, can function as
either a transcriptional repressor or activator depending on
the partner proteins with which it interacts [42]. Most cell
types express a basal level of RBP-J that can be activated by
interaction with other proteins. RBP-J is originally identified
and best known as a key transcription factor in the canonical
Notch signaling pathway [42], where Notch receptor cytoplas-
mic domains translocate to the nucleus, bind to RBP-J, and
induce RBP-J-mediated transcriptional activation of Notch
target genes. Now, it is also established that RBP-J is a critical
transcriptional regulator in other signaling pathways, such as
the TNF [71e¢], TLR [73, 74], Wnt/(-catenin [75], NF-xkB
[76, 77], TAK1 [78], and ITAM signaling pathways [72¢]
and is also targeted by viral proteins [77, 79] and cellular
proteins of unknown function [80, 81]. Thus, RBP-J functions
as a central transcription factor that receives inputs from sev-
eral signaling pathways. RBP-J regulates cell differentiation,
proliferation, and survival, and plays important roles in cell
fate decisions and diverse cellular functions, such as stem cell
maintenance, neurogenesis, and lymphocyte development
[42, 82]. In myeloid lineage cells, RBP-J has been implicated

in inflammatory macrophage activation and function [73, 74,
83], dendritic cell (DC) differentiation, and maintenance of
CD8 DC populations [62, 84]. Although many of these func-
tions are related to its role in Notch signaling, RBP-J function
is context-dependent, and under inflammatory conditions
RBP-J plays a key role in expression of immune response
genes not related to canonical Notch signaling [74].

Notably, RBPJ allelic variants have been linked with RA.
In parallel with these findings, we found that RBP-J expres-
sion level was suppressed in RA patients’ synovial fluid mac-
rophages, which can function as osteoclast precursors,
supporting a pathological relevance of RBP-J to RA.
However, the role of RBP-J signaling in pathological osteo-
clastogenesis and bone resorption has not been well under-
stood. RBP-J modestly suppresses RANKL-induced osteo-
clastogenesis in vitro [71ee, 85]. Notch-RBP-J signaling plays
a minor role in homeostatic bone resorption based on genetic
evidence that mice with a myeloid-specific deletion of RBP-J
(RBP-J"" LysM-Cre), mice with deletion of Notch 1/2/3, or
mice with constitutively active NICD1 expression in the my-
eloid compartment (NICD1™) do not exhibit significant bone
defects under physiological conditions [55, 71¢e]. In striking
contrast, myeloid-specific deletion of RBP-J driven by
LysMCre dramatically increases TNF-induced osteoclasto-
genesis, comparable to that induced by RANKL in control
cells, and leads to severe bone destruction in a TNF-induced
inflammatory bone resorption model. TNF can induce osteo-
clast differentiation and inflammatory bone resorption in
RBP-J-deficient cells and mice even in the absence of
RANK signaling. Thus, the absence of RBP-J reveals the full
osteoclastogenic potential of TNF. Complementary evidence
shows that forced activation of RBP-J suppresses inflamma-
tory arthritic bone resorption. Mechanistically, RBP-J defi-
ciency results in increased TNF-induced NFATc1 transcrip-
tion and RNA Pol II occupancy at the NFATc1 gene locus.
RBP-J suppresses NFATc!1 induction by attenuating c-Fos ac-
tivation and suppressing induction of Blimpl, thereby
preventing downregulation of transcriptional repressor, IRF-
8, that blocks osteoclast differentiation [71e¢] (Fig. 1). These
studies shed new insight into a less well-characterized field of
negative regulation of osteoclastogenesis, in which RBP-J
functions as a critical transcriptional repressor to suppress in-
flammatory and TNF-mediated osteoclastogenesis and bone
resorption.

Interestingly, our results revealed that RBP-J predominant-
ly suppresses TNF-induced osteoclastogenesis compared to
that induced by RANKL. Subsequent studies found an impor-
tant clue for the relatively modest regulation of RANKL-
induced osteoclastogenesis by RBP-J, which is likely attribut-
ed to immunoreceptor tyrosine-based activation motif
(ITAM)-mediated calcium signaling in osteoclasts [72e°].
ITAM-mediated signaling pathways play important roles in
various cellular activities, including immune response and

@ Springer



130

Curr Osteoporos Rep (2017) 15:126-134

TGF-B
signaling

RBP-J ——|

CaMKK/Pyk2
Ca++

NFATc1

Osteoclastogenesis

Bone resorption
1

Blimp1

Fig. 1 RBP-J functions as a key negative regulator of osteoclastogenesis
and inflammatory bone resorption. RBP-J suppresses NFATc1 induction
by attenuating c-Fos activation and suppressing induction of Blimpl,
thereby preventing downregulation of transcriptional repressor, IRF-8,
that blocks osteoclast differentiation. RBP-J also restrains ITAM

cancer activation. The main ITAM-containing adaptors
expressed by myeloid osteoclast precursors are DNAX-
activating protein 12 (DAP12) and Fc receptor common y
subunit (FcRy). These adaptors associate with and mediate
signaling by various receptors, including DAP12-associated
triggering receptor expressed in myeloid cells 2 (TREM?2) and
signal-regulatory protein 3 1 (SIRP1), FcRy-associated os-
teoclast-associated receptor (OSCAR), paired
immunoglobulin-like receptor-A (PIR-A), and FcRs.
Osteoclasts require ITAM-mediated costimulation of RANK
signaling for their appropriate differentiation during bone ho-
meostasis [86]. RBP-J deficiency almost completely reverses
the defects of this RANK/ITAM-driven osteoclast differentia-
tion program and significantly rescues the osteopetrotic bone
phenotype of Dapl2 KO or Dapl2/Fcrg double knockout
(DKO) mice by bypassing the requirement for costimulation
of osteoclastogenesis during bone homeostasis. In inflamma-
tory settings, RBP-J limits crosstalk between RANK or TNFR
and ITAM-associated receptors and restrains ITAM signaling
by suppressing PLCy2 expression and keeping PLCy2-
calcium signaling in a repressed basal state. RBP-J deficiency
enables TNF to induce osteoclast formation and bone resorp-
tion in Dap 12 KO mice. These data show that RBP-J deficien-
cy allows osteoclast differentiation to occur independently of
ITAM-mediated costimulation during homeostatic bone re-
modeling and inflammatory bone destruction. Thus, RBP-J
imposes the requirement for ITAM-mediated costimulation.
Our data suggests a model (Fig. 1) where the balance between
ITAM-mediated induction and RBP-J-mediated suppression
determines the level of basal PLCy2/calcium signaling, which
further determines whether stimulation of osteoclast precur-
sors with factors such as RANKL or TNF induces sufficient
calcium signaling to cross the threshold required to effectively
activate NFATc1 and osteoclastogenesis. These studies pro-
vided an important inhibitory mechanism mediated by RBP-
J that can at least partially explain the longstanding enigma in
the field, why TNF alone is not able to induce osteoclast
differentiation as effectively as the same superfamily member
RANKL. The balance between these opposing pathways fine
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signaling and limits crosstalk between RANK or TNFR and ITAM-
associated receptors by suppressing PLCy2 expression and keeping
PLCy2-calcium signaling in a repressed basal state in a TGF-3-
dependent pathway

tunes osteoclastogenesis and determines the strength of acti-
vating signals required for osteoclastogenesis in physiological
and various pathological settings. Accumulating evidence
shows that the expression and function of RBP-J can be al-
tered by various environmental cues. For example, we ob-
served that RBPJ expression level was significantly sup-
pressed in synovial fluid macrophages derived from RA pa-
tients [72¢], indicating that RBP-J expression can be altered
in response to environmental cues in pathological states.

Of interest, deficiency of Notch1/2/3 or AMADI10 in oste-
oclast precursors does not enhance TNF-induced osteoclasto-
genesis (Zhao B, unpublished data), suggesting that the ca-
nonical Notch-mediated osteoclastogenesis does not recapitu-
late RBP-J-suppressed osteoclastogenesis in response to TNF
signaling. The pan-inhibition of canonical Notch signaling
may compromise the function of each specific Notch receptor.
Although we cannot exclude the possibility that specific indi-
vidual Notch receptors may function upstream of RBP-J to
inhibit TNF-induced osteoclastogenesis, RBP-J may also acts
in a Notch-independent manner in this scenario. Furthermore,
we did not find that TNF was able to induce osteoclast differ-
entiation in the Hes1 and/or Hey1 deficient osteoclast precur-
sors (Zhao B, unpublished data). This suggests that the targets
of RBP-J other than the canonical Notch targets presumably
control the negative regulation of TNF-induced osteoclasto-
genesis. Indeed, modern genome-wide analysis using RBP-J
or NICD ChIPseq identifies a distinct set of sites where RBP-J
recruits neither NICD nor p300 and binds DNA statically,
irrespective of Notch activity [§7-89]. These findings signif-
icantly modify the current paradigm of canonical Notch/RBP-
J signaling pathway and provide genomic evidence of Notch-
independent RBP-J signaling pathway.

Notch affects many cell types and is involved in primary
and metastatic bone tumors, such as leukemias, lymphomas,
and osteosarcoma [43, 90]. The important role of Notch sig-
naling in the immune system is well established, for example,
the differentiation of lymphoid T and B cell lineages as well as
T cell activation. Recently, accumulating evidence show the
close interaction between Notch signaling and innate
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immunity and inflammation [62]. Active Notch signaling has
been observed in a variety of inflammatory conditions includ-
ing RA where Notch receptors and ligands are expressed in
synovial tissues [91, 92]. Compelling evidence suggest that
Notch pathway is activated in RA and may modulate disease
activities [62, 93, 94]. As their extensive expression and di-
verse functions, it is considered to be challenging to target the
canonical Notch receptors/ligands or RBP-J. It would be of
great interest and importance to identify the downstream tar-
gets of RBP-J in different cell types and context, including
those NICD dependent and independent. Appropriate manip-
ulation of Notch and RBP-J activity in inflammatory arthritis
mouse models has significant impact on bone but discernable
implications on TNF-mediated inflammation [34e, 71e¢], sug-
gesting a possibility of selective control of Notch and RBP-J
activities in inflammatory bone destruction without affecting
inflammation induced by TNF. Identification of RBP-J targets
induced by TNF would provide selective therapeutic strategy
to prevent TNF-mediated bone resorption associated with in-
flammatory diseases, without significantly affecting physio-
logical bone remodeling.

Conclusions

Similarly as in other systems, Notch effects in skeletal remod-
eling are highly dependent on cell types, cell differentiation
stages, and context. Preferential activation of distinct Notch
receptors seems to be a common phenomenon in various cell
types and tissues; such as the distinct role of Notchl and
Notch2 in RANKL-induced osteoclast differentiation.
Recent studies have highlighted novel functions of the
Notch/RBP-J signaling pathway in TNF-mediated inflamma-
tory bone remodeling. TNF-induced canonical Notch activa-
tion in mesenchymal stem cells (MSCs) inhibits their differ-
entiation into osteoblasts and suppresses bone formation.
RBP-J also plays a prominent inhibitory role in TNF-
mediated osteoclastogenesis and inflammatory bone resorp-
tion. Interaction of RBP-J and ITAM-calcium signaling path-
ways fine tunes both physiological and inflammatory bone
resorption. Appropriate manipulation of Notch and RBP-J ac-
tivity in inflammatory arthritis mouse models selectively has
significant impact on bone but discernable implications on
TNF-mediated inflammation. Mounting evidence, particular-
ly recent genome-wide analysis, show that Notch can signal
independently of RBP-J, and RBP-J can be activated by alter-
native signaling pathways. Thus, identification of targets spe-
cific for different NICDs, RBP-J, or both NICD/RBP-J in
physiological or TNF-mediated bone remodeling would shed
insight into the mechanisms of the diversity of Notch effects
and would obtain knowledge of non-canonical Notch- or
RBP-J-dependent pathways. These targets would also have
potential to provide selective therapeutic strategy to prevent

TNF-mediated bone resorption associated with inflammatory
diseases, without significantly affecting physiological bone
remodeling.
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