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Notch receptors are transmembrane receptors that regulate cell fate decisions. There are four Notch
receptors in mammals. Upon binding to members of the Delta and Jagged family of transmembrane proteins,
Notch is cleaved and the Notch intracellular domain (NICD) is released. NICD then translocates to the
nucleus, where it associates with the CBF-1, Suppressor of Hairless, and Lag-2 (CSL) and Mastermind-Like
(MAML) proteins. This complex activates the transcription of Notch target genes, such as Hairy Enhancer of
Split (Hes) and Hes-related with YRPF motif (Hey). Notch signaling is critical for the regulation of mesenchymal
stem cell differentiation. Misexpression of Notch in skeletal tissue indicates a role as an inhibitor of skeletal
development and postnatal bone formation. Overexpression of Notch inhibits endochondral bone formation
and osteoblastic differentiation, causing severe osteopenia. Conditional inactivation of Nofch in the skeleton
causes an increase in cancellous bone volume and enhanced osteoblastic differentiation. Notch ligands are
expressed in the hematopoietic stem cell niche and are critical for the regulation of hematopoietic stem cell
self-renewal. Dysregulation of Notch signaling is the underlying cause of diseases affecting the skeletal tissue,

including Alagille syndrome, spondylocostal dysostosis, and possibly, osteosarcoma.

Bone remodeling is a temporally and spatially regulated
process carried out in discrete multicellular units where osteo-
blasts form bone and osteoclasts resorb bone in a continuous
effort to renew skeletal tissue (14). Osteoblasts are derived
from mesenchymal cells, whereas osteoclasts are derived from
multipotent hematopoietic cells (13). The number of osteo-
blasts and osteoclasts is governed by extracellular and intracel-
lular signals that act in a coordinated fashion to maintain
skeletal homeostasis. Precursor mesenchymal cells differenti-
ate into cells of various lineages, including osteoblasts, chon-
drocytes, and adipocytes (9). The differentiation of mesenchy-
mal cells into cells of the osteoblastic lineage is regulated by
bone morphogenetic proteins (BMPs) and Wnt (36, 70). The
activity of BMPs and Wnt is controlled by extracellular and
intracellular proteins, often coexpressed with BMPs and Wnt.
The extracellular proteins preclude ligand-receptor interac-
tions by binding to BMPs or Wnt or to their receptors. Extra-
cellular and intracellular proteins are critical to temper the
activity of BMPs and Wnt and ensure coordinated skeletal
development and function.

Notch is a family of evolutionarily conserved receptors that
determine cell fate. As such, they play a role in the differen-
tiation of mesenchymal cells toward osteoblasts. Notch was
identified in Drosophila melanogaster, where its inactivation
causes notches in the wing blade. In mammals, there are four
receptors, termed Notchl through -4, which are activated fol-
lowing direct contact with their ligands. In vertebrates, there
are five Delta/Serrate/Lag-2 (DSL) ligands that are ortho-
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logues of Drosophila Delta and Serrate and Caenorhabditis
elegans Lag-2. They are known as Jagged 1 (Jagl) and Jag2 and
Delta-like 1 (DI11), D113, and D114 (76). Notch and DSL ligands
are single-pass transmembrane proteins that mediate cell-to-
cell signaling. Following ligand receptor interactions, Notch is
cleaved and the notch intracellular domain (NICD) is released
(107). In Notch canonical signaling, NICD translocates to the
nucleus, where it associates with the DNA binding protein
Epstein-Barr virus latency C promoter binding factor 1 (CBF1;
also known as RBP-Jk in mice), Suppressor of Hairless (iden-
tified in Drosophila), and Lagl (identified in Caenorhabditis)
(CSL) to activate transcription (64). In the noncanonical path-
way, NICD does not translocate to the nucleus and interacts
with Deltex to regulate transcription in a CSL-independent
manner (43). Notch interacts with Wnt signaling, and recently
Notch was found to be a determinant of osteoblastic cell fate,
chondrogenesis, and osteoclastogenesis. As a result, Notch has
emerged as an important signal that governs skeletal develop-
ment, skeletal cell fate, and bone remodeling.

NOTCH RECEPTORS, LIGANDS, AND SIGNALING

Notch receptors. Notch receptors are highly conserved sin-
gle-pass transmembrane proteins consisting of an extracellular,
a transmembrane, and an intracellular domain (Fig. 1). In the
Golgi network, mammalian Notch is cleaved by furin-like pro-
protein convertases, and the Notch precursor matures into a
heterodimer where the C terminus of the extracellular region
binds the N-terminal end of the transmembrane domain. The
extracellular domain contains multiple epidermal growth fac-
tor (EGF)-like tandem repeats that mediate interactions be-
tween Notch and its ligands. EGF repeats bind to calcium ions,
and these determine the conformation and affinity of Notch for
its ligands (16). The C terminus of the extracellular domain is
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FIG. 1. Domain organization of the four mammalian Notch receptors. Abbreviations: ANK (ankyrin domains), EGF (epidermal growth
factor-like), HD (heterodimerization domain), NLS (nuclear localization sequence), PEST (proline-, glutamic acid-, serine-, and threonine-rich
domain), RAM (Rbp-Jk association module), TD (transmembrane domain). The number of EFG repeats is 36 in Notchl and Notch2, 34 in
Notch3, and 29 in Notch4. The dotted lines represent interactions between the 2 halves of the Notch heterodimer; the yellow segment represents

an additional NLS.

characterized by a negative regulatory region which prevents
receptor activation in the absence of ligands. Point muta-
tions in this region cause unregulated activation of Notch
and lead to T-cell acute lymphoblastic leukemia in humans
(79, 130). The N terminus of the transmembrane domain of
Notch is extracellular and is constituted of a stop translo-
cation signal and the heterodimerization domain. The trans-
membrane domain is followed by the intracellular domain,
which consists of an RBP-Jk association module (RAM)
domain linked to seven ankyrin repeats by a nuclear local-
ization sequence. The ankyrin repeats are followed by an
additional nuclear localization sequence and a transactiva-
tion domain that differs among the four Notch paralogues.
The C terminus of the intracellular region contains the
proline (P)-, glutamic acid (E)-, serine (S)-, and threonine
(T)-rich motifs (PEST) domain that acts as a signal peptide
for ubiquitinylation and degradation of NICD (Fig. 1).

Notch receptors have both redundant and unique functions
(131). Notchl and Notch2 share the highest degree of similar-
ity and are necessary for survival, since inactivation of Notchl
leads to early embryonic death and a hypomorphic allele of
Notch2 causes perinatal lethality due to kidney defects (82,
118). Notch3 has a slightly different structural organization
than Notch1 and Notch2, and it is characterized by a less active
transactivation domain. Notch3 expression is limited to vas-
cular smooth muscle cells, the central nervous system, and
selected populations of thymocytes and osteoclasts. Because
of its restricted distribution, Notch3 deletion in mice is not
lethal, but its constitutive activation phenocopies the cere-
bral autosomal-dominant arteriopathy with subcortical in-
farcts (CADASIL) syndrome in humans (7, 86). Activating
mutations of Notch3 have been identified in human ovarian
and lung carcinomas (59, 100). Notch4, also known as Int3,
plays a role in embryonic vascular morphogenesis, but it is
dispensable for development since its functions overlap with
those of Notchl (69). Notch4 overexpression targeted to
endothelial cells causes brain arteriovenous malformations
in mice (88).

Canonical Notch ligands. Canonical Notch ligands are trans-
membrane proteins characterized by multiple tandem EGF
repeats in the extracellular domain. Canonical ligands are Jagl
and Jag2, which contain a cysteine-rich (CR) domain, and DII1,
-2, and -3, which lack the CR domain. The Notch binding
domain comprises an N-terminal domain followed by a Delta/
Serrate/Lag2 (DSL) motif and two characteristic tandem EGF
repeats termed Delta and OSM11-like (DOS) protein domains

(Fig. 2) (58). The intracellular regions of the canonical ligands
are less conserved, and the C-terminal domain can interact
with the cytoskeleton (101) (Fig. 2). With the exception of
DI13, the inactivation of Notch ligands causes developmental
defects and embryonic lethality, indicating that DSL ligands
have no overlapping functions (35, 44, 49, 136). Mice with
mutations in DII3 are viable and present a “pudgy” phenotype,
characterized by vertebral and rib deformities secondary to
defects in somite patterning (71).

Noncanonical notch ligands. Additional Notch ligands, of-
ten termed noncanonical ligands, are structurally heteroge-
neous transmembrane or soluble proteins that can regulate
canonical and noncanonical Notch signaling (19) (Fig. 2). Delta
homologue-like 1 (DIk1), also known as Prefl, is similar to DIl
ligands but lacks the DSL domain and inhibits Notch signaling
by binding to Notch receptors (6, 127). A second Delta-like
protein is Delta/Notch-like EGF-related receptor (DNER),
which has the tandem EGF repeats typical of the DSL proteins
but lacks the DSL domain. DNER binds and activates Notch in
neighboring cells and activates the noncanonical Deltex-de-
pendent pathway (25). F3 and NB3, also known as contactin 1
and 6, respectively, consist of an extracellular domain formed by
six repeats of the immunoglobulin-containing cell adhesion mol-
ecule domain and four repeats of the fibronectin type III domain.
Both contactins activate the noncanonical Deltex-dependent
pathway (18, 45). Nephroblastoma overexpressed (CCN3/NOV)
and the microfibril-associated glycoprotein (MAGP) family of
proteins, MAGP1 and MAGP2, are secreted ligands that can
either activate or suppress Notch canonical signaling (1, 85, 104).

Ligand binding and canonical notch signaling. Notch recep-
tor maturation and activation require several proteolytic events,
and the sites for cleavage are sequentially numbered S1 to S4
(61). The S1 site is recognized by furin-like pro-protein con-
vertases in the Golgi network, and it is necessary for the mat-
uration of functional Notch heterodimeric receptors (10). In
mammalian cells, internalization of the ligand bound to the
Notch extracellular domain, a process known as trans-endocy-
tosis, is necessary to activate Notch signaling (61, 66, 94).
These studies have established a model of Notch activation in
which a pulling force applied by ligand endocytosis on the
Notch extracellular domain is necessary to promote dissocia-
tion of the receptor heterodimer. Trans-endocytosis exposes
the heterodimerization domain and allows recognition of the
S2 site and cleavage of Notch by the tumor necrosis factor o
conversion enzyme, a member of the a disintegrin and metal-
loprotease domain (ADAM) family of metalloproteases (24).
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FIG. 2. Domain organization of the Notch ligands. In the left panel (canonical ligands), abbreviations are as follows: C (C-terminal
region), CR (cysteine-rich domain), DOS (Delta and OSM-11-like proteins), DSL (Delta/Serrate/Lag2 motif), EGF (epidermal growth
factor-like repeat), N (N-terminal signal), and TD (transmembrane domain). In the right panel (noncanonical ligands), abbreviations are as
follows: CT (cysteine knot domain), FNIII (fibronectin type III domain), GPI (glycosylphosphatidylinositol anchor), IgCAM (immunoglob-
ulin-containing cell adhesion molecule domain), IGFBP (insulin-like growth factor binding protein domain), MBD (matrix binding domain),
Q (glutamine-rich region), RGD (integrin binding motif), TSP1 (thrombospondinl-like domain), and VWF (Von Willebrand factor

type-C-like domain).

ADAM activity generates an unstable intermediate peptide
that is recognized by the y-secretase complex and cleaved at
the S3 and S4 intramembranous sites, producing the NICD.
The y-secretase complex is formed by the protease Presenilin
and by the regulatory components Nicastrin, Presenilin En-
hancer 2, and Anterior pharynx defective 1 (Aphl) (106).
Mammals have two different Presenilin isoforms and at least
two Aphl isoforms, and different combinations of the proteins
have different functions in vivo (122). Presenilins are critical
components of Notch signaling, and deletion of Presenilinl is
lethal due to major abnormalities in the skeleton and central
nervous system, whereas Presenilin2 null mice are viable and do
not exhibit developmental defects (40, 110). The various pro-
teolytic events result in the release of the NICD, which trans-
locates to the nucleus to regulate transcription (107, 113).

The NICD transcriptional complex. In the absence of NICD,
CSL is bound to DNA and to corepressor proteins that recruit
histone deacetylase complexes (HDAC) to suppress transcrip-
tion. NICD displaces the corepressors and forms a ternary
complex with CSL and Mastermind-Like (MAML), converting
CSL proteins from transcriptional repressors to activators (63).
As a consequence, canonical Notch signaling induces the ex-
pression of Hairy Enhancer of Split 1 (Hes1), Hes5, Hes6, and
Hes7 and HES-related with YRPF motif 1 (Heyl), Hey2, and
HeyL (3, 47, 98) (Fig. 3).

CSL is characterized by three domains that are conserved from
nematodes to mammals: the N-terminal domain, the B-trefoil
domain, and the C-terminal domain (65). The N-terminal and the
B-trefoil domains are necessary for DNA binding, and the B-tre-
foil domain also mediates binding to the RAM domain of the
NICD. The C-terminal domain binds to the ANK domain of
NICD and to the N-terminal domain of MAML, so that the

C-terminal domain of CSL is critical for the formation of the
ternary complex (92). In mice and humans, there is a single Cs/
gene, and its inactivation precludes canonical Notch signaling and
causes lethality during early embryogenesis due to vascular ab-
normalities (68). There are three MAML proteins in mammals
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FIG. 3. Activation of transcription by the Notch intracellular do-
main (NICD). Under basal, unstimulated conditions, corepressors of
transcription are bound to Epstein-Barr virus latency C promoter
binding factor 1, Suppressor of Hairless, and Lagl (CSL) and recruit
histone deacetylase (HDAC) to suppress transcription. Following
translocation of NICD (see Fig. 1 for domain organization) to the
nucleus, a ternary complex composed of NICD, CSL, and Mastermind-
Like (MAML) is formed. This complex displaces the corepressors and
HDAGC, resulting in recruitment of CBP/p300, acetylation (Ac) of
histones, and gene expression.
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which share a helical structure composed of an N-terminal region
necessary for binding to CSL and NICD and a C-terminal region
that interacts with CBP/p300 and is necessary for transcriptional
activity (31, 93, 133). The duration of the Notch transcriptional
event is limited, and it is regulated by MAML, which promotes
phosphorylation of the PEST domain and the subsequent degra-
dation of the NICD (32).

Regulation of Notch signaling. The expression of Notch recep-
tors and ligands is regulated in time and space during develop-
ment and tissue maintenance. This ensures that only certain
receptors are activated by specific ligands, providing a basic
mechanism of signal regulation (131). Posttranslational modi-
fications, such as glycosylation and regulation of the levels of
receptors and ligands at the cell surface through membrane
trafficking, are additional mechanisms employed to regulate
signaling (20, 126).

The specificity and intensity of binding between Notch and
its ligands is partially regulated through glycosylation of the
EGF repeats in the Notch extracellular domain. Notch glyco-
sylation by the O-fucosyltransferase Pofutl is necessary for
proper receptor-ligand interactions and trafficking of Notch to
the membrane (102). The inactivation of Pofut! in mice is
lethal and phenocopies the deletion of Csl and Presenilins (108,
112). Pofutl also functions as a chaperone protein necessary
for proper Notch folding, and in the absence of Pofutl, Notch
signaling is blocked (115). O-Fucose residues are recognized by
members of the Fringe family, which are a group of B-1,3-N-
acetylglucosaminotransferases that elongate the glycosamino-
glycan chain by the addition of N-acetylglucosamines. There
are three Fringe proteins in mammals, Lunatic fringe (Lfng),
Manic fringe (Mfng), and Radical fringe (Rfng) (126). Glyco-
sylation mediated by Fringe promotes the interaction between
Notch and DII1 ligand and inhibits interactions between Jagl
and Notch (116).

Endocytosis of Notch receptors and ligands maintains opti-
mal levels of signaling proteins, and ligands become competent
for signaling after endocytosis and recycling to the plasma
membrane. Notch protein levels at the cell surface are regu-
lated by ubiquitin ligases that target Notch for endocytosis (11,
73, 95). In the absence of ligand binding, Notch1 is targeted for
degradation in the lysosome by Cbl, which is a Really Inter-
esting New Gene (RING) finger E3 ubiquitin ligase (48). Itch
is a murine E3 ubiquitin ligase, a homologue of human AIF4,
which acts after the early steps of endocytosis by elongating the
ubiquitin chain and promoting Notchl degradation in the ly-
sosome (15). After ubiquitinylation, Notch can be directed
either to the lysosome for degradation or to the recycling
endosome to be presented again to the cell surface. The way
this process is regulated in mammals is unclear, although a
primary role is played by Deltex, a RING E3 ubiquitin ligase
involved in Notch noncanonical signaling (87).

Endocytosis and recycling to the plasma membrane are nec-
essary for DII1 and DII3 to acquire sufficient affinity for the
Notch receptor and to initiate signaling; however, the mecha-
nism involved is unknown (19, 41). In mammals, ubiquitinyla-
tion of the intracellular domain of the ligands is critical for the
endocytic process, and two DSL ligand ubiquitin ligases have
been identified, Neuralized] and Mind Bomb 1 (Mib1), which
ubiquitinylate Jagl and DII1, respectively (50, 60, 62, 91). Neu-
ralized] null mice are viable, whereas the inactivation of Mibl
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phenocopies the loss of Notch signaling and causes defects in
somitogenesis and impaired vascular and neuronal develop-
ment that leads to embryonic lethality (60, 103).

TARGET GENES OF CANONICAL NOTCH SIGNALING

Hes and Hey are two families of evolutionarily conserved
basic helix-loop-helix (bHLH) transcription factors, which are
homologues of Drosophila Hairy and Enhancer of Split and
Drosophila Hey, respectively. The Hes family comprises seven
members, termed Hesl through Hes7. With the exception of
Hes2 and Hes3, these proteins are established targets of Notch
canonical signaling (2, 46, 54). Hesl, -3, and -5 maintain pre-
cursor cells in an undifferentiated state during development
and adult life in several tissues (39, 51, 89). Hes7 plays a critical
role in somite segmentation and regulates the expression of
Lfng during mouse development (8). Hes6, a suppressor of
Hesl activity, is expressed during neural development (4). The
Hey family is comprised of three members, Heyl and -2 and
HeyL, which are required for normal vascular development
(28). The deletion of Hey2 or the combined deletion of Hey!
and HeyL impairs vascular development in mice, whereas the
dual inactivation of Heyl and Hey2 phenocopies the loss of
Notchl (29, 30, 57, 135).

The Hes and Hey proteins have a high degree of structural
similarity. Homo- and heterodimerization of Hes and Hey and
their dimerization with other bHLH proteins occurs at the
bHLH domain. The bHLH domain is followed by an Orange
domain which enhances the strength of Hes/Hey interactions
(74). The specificity of DNA binding is influenced by the
dimerization partner. Heterodimerization of Hes and Hey or
heterodimerization with distantly related bHLH transcription
factors adds a layer of complexity to the biological impact of
Notch signaling (28). Hes proteins can be distinguished by the
presence of a conserved proline in the basic domain, whereas Hey
proteins have a glycine in the corresponding position. Another
difference lies in the C-terminal tetrapeptide motif, where the
WRPW and YXXW sequences are present in the Hes and Hey
families, respectively (47).

Generally, Hes and Hey proteins act as transcriptional re-
pressors. A common mechanism of action is mediated by the
bHLH domain, which confers the ability to recruit HDAC to
specific gene promoters. The WRPW motif allows Hes pro-
teins to recruit Transducin-Like Enhancer of Split factors in
mammals and, as a consequence, induce the formation of a
transcriptional repressor complex (46). Different mechanisms
of transcriptional regulation involve interactions with other
bHLH factors and the core transcriptional machinery (28).
Although Hes and Hey are the better known effectors of Notch
signaling, CSL binding sites have been identified in a number
of additional promoters, indicating that other genes are poten-
tial targets of Notch signaling (28).

NOTCH IN SKELETAL DEVELOPMENT AND
BONE REMODELING

Notch and endochondral bone formation. During develop-
ment, the appendicular skeleton and parts of the axial skeleton
are derived from a template of hyaline cartilage, which arises
from the condensation of precursor mesenchymal cells that
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differentiate into chondrocytes. During endochondral ossifica-
tion, the chondrocytes in the hyaline cartilage undergo hyper-
trophy, deposit a mineralized matrix, and become apoptotic.
At this stage, blood vessels enter the cartilage template and
allow skeletal cell precursors to complete the process of endo-
chondral bone formation.

Notchl is detected at early stages of chondrocyte prolif-
eration, and activation of Notch signaling in chondrocytic
ATDCS cells suppresses chondrogenic differentiation (17,
128). Conversely, inactivation of Notch signaling with an
inhibitor of +y-secretase activity in mouse limb micromass
cultures enhances chondrogenic differentiation (33). Hesl
and Heyl inhibit the activity of the chondrocyte-specific
collagen type II o(I) promoter by binding to DNA sequences
in close proximity to a SOX9 enhancer recognition site (38).
Suppression of chondrogenesis by Notch has been confirmed
in vivo. In the chicken embryo, overexpression of DIl arrests
chondrocyte differentiation and maintains the growth plate
chondrocytes in a prehypertrophic state (17). Studies of mice
have confirmed the suppressive role of Notch in chondrogen-
esis (42, 84). In one study, the Prx/ enhancer, which is critical
for Prx1 expression in the developing forelimb, was used to
delete Presenilinl or Notchl and Notch2 in the limb bud, start-
ing from embryonic day 10.5 (78). The conditional deletion of
Presenilini, coupled with a global inactivation of Presenilin2 to
prevent Notch cleavage and signaling, caused an accumulation
of hypertrophic chondrocytes in the growth plate, resulting in
severe skeletal malformations. Mice with a dual Notchl and
Notch2 deletion had a similar phenotype, demonstrating that
the phenotype observed following the Presenilinl and Presenil-
in2 inactivation was due to the loss of Notch signaling. The
conditional deletion of Notch2 caused a developmental phe-
notype similar to the phenotype observed with the dual dele-
tion of Notchl and Notch2, suggesting that Notch2 is the pre-
dominant regulator of endochondral bone formation (42). In
accordance with these results, overexpression of NICD under
the control of the PrxI enhancer suppressed endochondral
bone formation in the developing limb (22). Suppression of
chondrogenesis was abolished by the conditional deletion of
Csl in the context of Notch overexpression, indicating that
canonical Notch signaling mediates the effect observed (22).
However, the expression of the Prx] enhancer is not specific to
cells of the chondrocytic lineage, and the phenotype observed
could be due to indirect effects secondary to the dysregulation
of Notch signaling in the limb bud.

Additional studies, using models of overexpression of NICD
or conditional deletion of Cs/ under the control of the chon-
drocyte-specific collagen type II o(I) promoter, confirmed
the inhibitory role of Notch in endochondral bone formation.
Notch impaired chondrocyte proliferation and differentiation
and caused skeletal abnormalities, whereas the inactivation of
Csl caused an enlargement of the hypertrophic chondrocyte
zone (84). The involvement of the canonical Notch pathway in
endochondral bone formation was confirmed by the results of
a subsequent study where Cs/ was inactivated in cartilage tissue
(56, 90). It is of interest that the deletion of Cs! in vitro delays
and does not accelerate BMP-induced chondrocytic matura-
tion (56) (Fig. 4). There is no information on the role of the
noncanonical Notch signaling pathway in chondrocyte differ-
entiation or formation.

MoL. CELL. BIOL.

Notch and osteoblast differentiation and function. Osteo-
blasts are bone-forming cells that in postnatal development
and adult life differentiate from mesenchymal precursors re-
siding in the bone microenvironment (13). The role played by
the Notch pathway in the commitment of mesenchymal pre-
cursors to the osteoblastic lineage and the subsequent osteo-
blastic differentiation has been examined in several in vitro and
in vivo models. In vitro studies have yielded somewhat contro-
versial results, and Notch was found to both suppress and
induce osteoblastic differentiation (21, 96, 97, 109, 121, 125).
Activation of Notch achieved by coculturing C2C12 cells, an
immortalized murine premyoblast cell line, with cells stably
expressing Jagl maintained mesenchymal cells in an undiffer-
entiated state (97). Overexpression of NICD in ST-2 stromal
and MC3T3 osteoblastic cell lines, achieved by transducing
retroviral expression vectors, suppressed osteoblastic differen-
tiation secondary to an inhibition of Wnt/B-catenin signaling
(21, 109). In contrast, transient induction of Notch signaling by
adenoviral vector delivery of NICD or by using immobilized
DII1 or Jagl was found to enhance selected effects of BMP on
osteoblastic cells (96, 121). The discrepancies in these results
could be due to differences between the immortalized cell line
cultures or the conditions used to induce osteoblast differen-
tiation. It is interesting to note that in the context of BMP
stimulation, Notch appears to promote the commitment of
mesenchymal cells to the osteoblastic fate, which mirrors the
stimulatory effects of Notch on chondrocyte differentiation un-
der conditions of BMP stimulation (56, 96, 121).

In vivo studies of mice have helped to clarify the role of
Notch in the skeleton by manipulation of Notch signaling at
defined stages of development (27, 42, 140). Transgenic mice
expressing NICD under the control of the 2.3-kb type I colla-
gen promoter exhibit increased bone volume and growth re-
tardation. However, this is due to the deposition of woven
bone by immature or dysfunctional osteoblasts (27). These
effects were mediated by canonical Notch signaling, since the
conditional deletion of Cs/ in the context of NICD induction
reversed the phenotype (119). In contrast to the phenotype of
transgenics expressing NICD under the control of the 2.3-kb
type I collagen promoter, the expression of NICD under the
control of the 3.6-kb type I collagen promoter causes a de-
crease in bone volume that is secondary to a decrease in os-
teoblast number (140). The differences in the two phenotypes
can be explained by the different times of activation for the
2.3-kb and 3.6-kb fragments of the type I collagen promoter,
resulting in the arrest of osteoblastic cell differentiation at
different stages of maturation (52). It is possible that NICD
expression under the control of the 2.3-kb type I collagen
promoter, which is restricted to more mature osteoblasts, re-
presses terminal osteoblastic differentiation, allowing for the
proliferation of immature, dysfunctional cells (27). Conversely,
NICD expression under the control of the 3.6-kb type I collagen
promoter would repress osteoblastic differentiation at an earlier
stage, leading to a decreased number of mature cells and an
osteopenic phenotype (140). Furthermore, when Notchl and
Notch2 or Csl were conditionally deleted by expressing the Cre
recombinase under the control of the 2.3-kb type I collagen
promoter, no skeletal phenotype was observed, indicating that
Notch canonical signaling affects not the function of mature
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FIG. 4. The diagram represents the effects of Notch in the skeleton. CSL (Epstein-Barr virus latency C promoter binding factor 1, Suppressor
of Hairless, and Lagl) indicates involvement of the canonical Notch signaling pathway. Notch suppresses chondrocyte proliferation and differ-
entiation during the formation of the hyaline cartilage and inhibits hypertrophic differentiation. Notch inhibits osteoblast differentiation by
interacting with B-catenin (-Cat), Runt-related transcription factor-2 (Runx-2), and Osterix (Osx). Notch suppresses osteoclastogenesis
directly in mononuclear precursors and indirectly by inducing osteoprotegerin (OPG) expression and, as a consequence, suppresses bone
remodeling. Notch signaling sustains hematopoietic stem cell self-renewal.

osteoblasts but the differentiation of their precursors (42, 123,
140).

Notchl overexpression under the control of the Prxl en-
hancer induced mesenchymal precursor cell proliferation and
suppressed their differentiation. These effects were rescued by
the conditional inactivation of Cs/ in the limb bud, indicating a
critical role for canonical Notch signaling in mesenchymal cell
differentiation (22). Accordingly, bone marrow stromal cells
from Notch1/2 null mice are depleted from osteoblast progen-
itors, confirming that Notch maintains mesenchymal precursor
cells in an undifferentiated state (42). Notch possibly acts by
transactivating the Sp7/Osterix promoter and by upregulating
Cyclin D and Cyclin E to enhance osteoblast proliferation, as
well as by binding to Runt-related transcription factor 2 (Runx-2)
to repress osteoblast maturation (27). This occurs by direct
interactions between either Notch and Runx-2 or between
Hesl, Heyl, and Runx-2 (42). In addition, Notch inhibits the
Wnt/B-catenin canonical signaling pathway, explaining the in-
hibition of osteoblastogenesis (140). The results from these in
vivo studies offer an alternative explanation for the conflicting
results obtained in vitro. It is conceivable that the stimulatory
effects of Notch on osteoblastic differentiation are due to the
transient nature of signal activation which is inherent in the use
of adenoviral vectors or immobilized Jagl ligand. This could
allow the proliferation of immature osteoblastic cells that,

upon attenuation of the Notch stimulus, would proceed with
the osteoblastic differentiation program.

Hes and Hey proteins appear to suppress osteoblastic dif-
ferentiation, but Hes1 interacts with Runx-2 to regulate osteo-
calcin and osteopontin promoter activity, suggesting additional
functions (83, 111, 138, 143). The role of Hes and Hey in
osteoblasts has been studied in different in vivo models. Trans-
genic mice overexpressing Hes1 under the control of the 3.6-kb
type I collagen promoter exhibit osteopenia due to impaired
osteoblastic function. Conversely, conditional deletion of Hes!
in mature osteoblasts resulted in increases in trabecular bone
volume, osteoblast number, and mineral apposition rate (139).
These results are in line with those observed following the
misexpression of Notch and could indicate that Hesl plays a
role mediating the effects of Notch in the skeleton. The skel-
etal phenotype of transgenic mice, where Hey1 is ubiquitously
overexpressed, was analyzed. Data from this model are difficult
to interpret, since the effects observed could be due to second-
ary, nonskeletal effects. Heyl transgenic mice display mild
impairment of osteoblastic function, which is consistent with
the effects of Notch signaling in the skeleton (105). In accor-
dance with the skeletal phenotype of Heyl transgenics, mice
heterozygous for a Hey!l null allele in a HeyL null background
exhibited increased bone mass (123) (Fig. 4). Whereas the
Notch canonical signaling pathway is active in skeletal cells and
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is responsible for the inhibitory effects of Notch on osteoblas-
togenesis, there is no evidence that the noncanonical signaling
pathway plays a role determining the fate or function of os-
teoblasts.

Notch and the hematopoietic stem cell niche. Hematopoiesis
is a process during which hematopoietic cells of different lin-
eages are formed from a common precursor stem cell. The
mammalian bone marrow sustains hematopoiesis during late
embryonic and postnatal life, starting from the formation of
the bone marrow cavity. The microenvironment supporting the
self-renewal and the regulation of the differentiation of hema-
topoietic stem cells is defined as the hematopoietic stem cell
niche, and it is located in the endosteal surface of the cortical
bone (77, 129, 132, 134, 141). Regulation of Notch signaling
during hematopoiesis is critical, and the expression of NICD in
murine hematopoietic precursor cells or the exposure of the
precursors to Notch ligands can lead to their enhanced self-
renewal (53, 117).

Recent studies suggest that cells present in the hematopoi-
etic niche induce Notch signaling in hematopoietic cells by
expressing Notch ligands. Transgenic mice expressing a consti-
tutively active parathyroid hormone (PTH) receptor under the
control of the 2.3-kb type I collagen promoter display en-
hanced Jagl expression and Notch signaling in osteoblasts and
bone marrow stromal cells. An ex vivo coculture system, using
bone marrow stromal cells from the transgenic mice or treat-
ment of bone marrow stromal cells with PTH, caused the
expansion of the hematopoietic stem cell population. These
effects were suppressed by treatment with a y-secretase inhib-
itor to prevent Presenilin activity and Notch signaling, demon-
strating that Notch canonical signaling was involved in the
process (12). In a subsequent study, the conditional inactiva-
tion of Mib1 in the bone marrow microenvironment, to sup-
press endocytosis and the activation of DSL ligands, impaired
hematopoiesis, causing a myeloproliferative disorder and con-
firming a critical role for Notch and its ligands in the hemato-
poietic stem cell niche (55). However, contradictory results
were obtained with an alternate approach. The conditional
deletion of Jagl and Notchl in the bone marrow microenvi-
ronment did not affect the hematopoietic stem cell self-re-
newal, indicating that Jagl and Notchl1 are dispensable for this
process (80). It is possible that other Notch ligands or paralo-
gues are responsible for the effects of Notch signaling on the
hematopoietic stem cell niche, and the exact mechanism re-
mains to be defined (Fig. 4).

Notch and osteoclastogenesis. Osteoclasts are multinucleated
cells that form through the aggregation of bone marrow mono-
nuclear cell precursors. Osteoclast and osteoblast activities are
coordinated through the Receptor Activator of NF-«kB-Ligand
(RANKL)-Osteoprotegerin axis (72, 120). RANKL and macro-
phage colony-stimulating factor (M-CSF) are required for osteo-
clastogenesis, and RANKL activity is opposed by osteoprote-
gerin, a soluble decoy receptor. RANKL and osteoprotegerin are
expressed by bone marrow stromal cells and osteoblasts, and their
ratio is critical for the regulation of osteoclastic activity.

Notch suppresses the differentiation of bone marrow os-
teoclast precursors (5, 27, 137). The deletion of Notchl,
Notch2, and Notch3 in murine myeloid cells enhances osteo-
clast precursor proliferation and differentiation in vitro. Ac-
cordingly, exposure of osteoclast precursors to immobilized
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DII1, retroviral infection with NICD, or coculture of mononu-
clear precursors with stromal cells expressing Jagl suppresses
M-CSF- and RANKL-induced osteoclastogenesis (5, 137). In-
activation of Notchl in osteoblasts causes enhanced osteoclas-
tic differentiation and resorptive activity by suppressing the
expression of osteoprotegerin, confirming that Notch inhibits
osteoclastogenesis (5). The deletion of Presenilinl and Prese-
nilin2 in osteoblasts also results in suppressed osteoprotegerin
levels, increasing osteoclastogenesis and causing osteopenia
(Fig. 4) (27). In contrast, the induction of Notch2 in osteoclast
precursors can enhance RANKIL-induced osteoclastogenesis.
Notch2 acts in conjunction with nuclear factor kB, possibly by
regulating the nuclear factor of activated T cells c1 (NFAT-c1)
promoter during the terminal phases of osteoclast differentia-
tion (34). This suggests that, under specific conditions, Notch2
can induce osteoclastogenesis.

SKELETAL DISORDERS ASSOCIATED WITH
NOTCH SIGNALING

Developmental disorders. Consistent with the role of Notch
signaling in patterning and somitogenesis, mutations in Notch
ligands or in other Notch signaling components lead to skeletal
developmental defects (124). Mutations of the Notch ligand
Jagl and, rarely, of Notch2 cause Alagille syndrome. The syn-
drome follows an autosomal dominant inheritance and is char-
acterized by defective bile duct formation leading to choles-
tatic liver disease and by congenital heart disease characterized
most frequently by pulmonary artery and pulmonary valve ste-
nosis and tetralogy of Fallott. Patients with Alagille syndrome
also present with defects of the anterior chamber of the eye
and developmental skeletal defects. There is widespread in-
volvement of the skeleton, characterized by vertebral segmen-
tation defects presenting as butterfly vertebrae or hemiverte-
brae and absence of sacrum. The facies are dysmorphic, the
forehead is high and broad, and the eyes are deep set. Alagille
syndrome can also present with vascular abnormalities and
intracranial bleeding, craniosynostosis, and digit abnormalities.
Children with Alagille syndrome have decreased bone area
and decreased bone mineralization. This can be attributed to
the cholestatic liver disease, which can cause liver failure and
malnutrition (99).

The Jagl mutations associated with Alagille syndrome lead
to premature termination codons, splice mutations, missense
mutations, and gene deletions. Alagille syndrome has high
penetrance but variable expressivity, indicating the existence of
genetic modifiers of the disease phenotype. Often the muta-
tions cause disease in one or a few organ systems. Jag/ muta-
tions in mice are lethal, and heterozygous mice do not express
most of the phenotypes associated with the human syndrome
(37, 67). Moreover, the Jagl heterozygous mice containing a
Notch2 hypomorphic allele exhibit growth retardation and bile
duct, heart, eye, and kidney abnormalities resembling those
occurring in Alagille syndrome (37, 67, 81).

Spondylocostal dysostosis is caused by mutations of DII3 that
lead to the expression of a truncated protein or to missense
mutations. Both autosomal dominant and recessive forms have
been reported (37, 124). Spondylocostal dysostosis is charac-
terized by vertebral segmentation defects and rib anomalies,
presenting with hemivertebrae and rib fusions and deletions,
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leading to trunk dwarfism. A spontaneous mutation in DI[3 in
the mouse, the pudgy mutation, causes a similar phenotype
(71). Mesoderm posterior 2 (Mesp2) is an HLH transcription
factor regulated by Notch signaling. Its inactivation in the
mouse is lethal and leads to abnormal segmentation. In hu-
mans, mutations of Mesp2 cause spondylocostal dysostosis type
2, which is manifested by marked segmentation abnormalities
of the thoracic spine (124). Lfng deletion in the mouse causes
costovertebral abnormalities, and gene mutations of Lfng in
humans are associated with spondylocostal dysostosis type 3,
which is characterized by hemivertebrae and rib anomalies (23,
114).

Osteosarcoma. Notch signaling plays a role in a variety of
hematologic and solid tumor malignancies, and Notch acti-
vation can be oncogenic (75). For example, aberrant expres-
sion of constitutively active Notch1 is associated with T-cell
acute lymphoblastic leukemia and lymphoma, and dysregu-
lated Notch signaling is involved in multiple myeloma. The
mechanisms that have been postulated are induction of cell
proliferation and inhibition of apoptosis. Recently, enhanced
Notch signaling was found to be associated with osteosarcoma.
In human osteosarcoma, increased expression of Jagl and
Notchl and the target genes Hes! and Heyl were reported
(26). Activation of Notch signaling is also associated with the
invasive potential of osteosarcoma cells (142). Inhibition of
Notch signaling reduces tumor growth in vitro and tumor bur-
den in vivo. These results indicate a possible role of Notch
signaling in the pathogenesis of osteosarcoma and in its met-
astatic potential.

CONCLUSIONS

In conclusion, Notch is a novel signaling pathway that plays
a critical role in cell fate. In the skeleton, Notch inhibits chon-
drogenesis, osteoblastogenesis, and osteoclastogenesis. As a
consequence, it has an inhibitory function in bone formation
and bone remodeling. The expression of Notch ligands in the
hematopoietic stem cell niche is necessary for self-renewal of
the hematopoietic stem cells. Alterations in Notch signaling
lead to developmental skeletal disorders and may play a role in
the pathogenesis of osteosarcoma.
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