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AbstrAct

During the last decade a considerable amount of data have been accumulated regarding the role 
of intracellular signaling pathways in the pathogenesis of human diseases. One of these, Notch 
signaling, well known for its significance in cellular development and tissue morphogenesis, 
has been increasingly recognized as a crucial participant in the pathogenetic mechanisms un-
derlying certain skeletal disorders. A better understanding of the biology and regulation of this 
multifaceted pathway is considered an important step towards clarification of the pathogenesis 
of various skeletal diseases and the development of novel targets for therapeutic purposes.
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Review

IntroductIon

Physiological development of complex organ-
isms is based on cellular coordination in space and 
time. This transcellular communication regulates cell 
growth, proliferation, survival, fate, differentiation 
and morphogenesis. Intercellular signaling pathways 
mediated by receptors of the Notch family have been 
shown to be involved in all of these processes in a wide 
variety of developmental and physiological contexts in 
many organisms including humans.1 Notch mediates 
lateral inhibition and formation of boundaries, both 
of which represent patterning processes of critical 

importance in the regulation of spacing of different 
cell types within tissues.2,3 Therefore, Notch signaling 
has been increasingly implicated in various develop-
mental disorders and endocrine diseases in humans.4 

In this review we outline current knowledge re-
garding the participation of Notch signaling and its 
regulators in the development of cartilage and bone 
and its implication in the pathogenesis of certain 
skeletal diseases. 

1. notch sIgnalIng and Its coMponents

Notch signaling, an evolutionarily conserved system 
which is essential for normal embryonic development, 
participates in the regulation of tissue homeostasis and 
maintenance of stem cells in adults. Upon activation 
by specific surface transmembrane proteins, Notch 
regulates a variety of cell types during specification, 
patterning and morphogenesis through effects on 
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differentiation, proliferation, survival and apoptosis. 
Its multiple functions can be categorized into two 
main modalities: “lateral inhibition” and “boundary 
formation”.5

During “lateral inhibition”, Notch signaling, hav-
ing mainly a permissive role, contributes to binary 
cell fate choices in populations of developmentally 
equivalent cells by inhibiting one of the fates in some 
cells and allowing them to later adopt an alternative 
one. Lateral inhibition is a crucial patterning process 
that often results in the regular spacing of different 
cell types within a field. During the establishment of 
the developmental boundary, Notch signaling may 
instruct the adoption of a third cell fate at the border 
of neighboring populations of different cell types.6,7 

A family of four Notch receptors (Notch 1, Notch 
2, Notch 3, Notch 4) and five classic DSL (Delta/
Serrate/Lag-2) ligands named JAG-1 and 2 (Jagged 
1 and 2), DLL-1 (Delta-like 1), DLL-3 (Delta-like 3) 
and DLL-4 (Delta-like 4) are the main components 
of the Notch pathway. Both ligands and receptors 
are single-pass transmembrane proteins that mediate 
interactions between neighboring cells.

In mammals, Notch receptors display both re-
dundant and unique functions. The extracellular 
domain (NECD) is involved in the ligand binding, 
while the intracellular domain (NICD) constitutes 
the active part of the molecule. Although there are 
broad variations between the Notch family members, 

several major structural features are highly conserved 
(Figure 1).

The NECD of all Notch proteins contains 29-36 
tandem epidermal growth factor (EGF)-like repeats 
with embedded ligand binding sites. The EGF repeats 
are followed by a unique negative regulatory region 
(NRR), which is composed of three cysteine-rich 
Lin12-NOTCH repeats (LNR) and a heterodimeriza-
tion domain. The NRR prevents receptor activation 
in the absence of ligands. The intracelluar domain 
consists of four distinct regions, the RAM (RBPj 
association module) domain, seven ankyrin repeats 
(ANK domain), the transcriptional activator domain 
(TAD) and a C-terminal proline, glutamic acid, serine, 
threonine-rich (PEST) domain that contains degrada-
tion signals and regulates the stability of NICD. Two 
nuclear localization sequences (NLS) are situated 
before and after the ankyrin repeats (Figure 1).

Notch receptors are synthesized as single polypep-
tides in the endoplasmic reticulum. After translation, 
the Notch protein is fucosylated on certain EGF 
repeats by the GDP fucose protein O-fucosyltrans-
ferase. Fucosylation appears to be essential for Notch 
signaling events that require regulation by Fringe 
glycosyltransferases.9,10 This modification in the Notch 
ligand-binding domain can determine which ligands 
can bind to activate the receptor.11

In the Golgi apparatus, Notch receptors are cleaved 
by furin-like convertases into two domains, the extra-

Figure 1. Structure of Notch receptors. Modified by Kopan et al.8 The Notch receptor is a heterodimeric transmembrane protein 
composed of an extracellular domain and a transmembrane domain. The extracellular domain (NECD) is composed of EGF-like 
repeats and a nuclear regulatory region (NRR). NICD is composed of four domains (RAM, ANK, TAD and PEST) and two nuclear 
localization sequences. EGF: epidermal growth factor; LNR: Lin12-NOTCH; HD, heterodimerization domain; RAM: RBPj asso-
ciation module; ANK: ankyrin; TMD: transmembrane domain; NLS: nuclear localization sequences; PEST: proline, glutamic acid, 
serine, threonine-rich domain.
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cellular and intracellular that form a NECD-NICD 
heterodimer held together by noncovalent bonds 
between the N- and C-terminal halves of the entire 
domain. This heterodimeric form is the one present 
in the cell membrane. 

Notch ligands are also type I single-passage trans-
membrane proteins. The main class is characterized 
by three related structural motifs: an N-terminal DSL 
motif, specialized tandem EGF repeats and DELTA 
and OSM11-like proteins called the DOS domain. Both 
the DSL and DOS domains are involved in receptor 
binding. Proteins lacking DSL and DOS domains act as 
non-canonical ligands for Notch receptors (Table 1).11,12

2.  notch actIvatIon  
and transcrIptIonal eFFects

Activation of Notch receptors is mediated by a 
sequence of proteolytic events.12-15 Ligand binding 

leads to the cleavage of Notch by TACE (a TNF-a 
converting enzyme) of the ADAM (disintegrin and 
metalloprotease) family at site 2 (S2), which is lo-
cated within the NRR of NECD. S2 cleavage is key 
regulatory step in Notch activation. The clipping 
of the extracellular domain creates a membrane-
tethered intermediate called Notch extracellular 
truncation (NEXT). This intermediate is a substrate 
for γ-secretase, an intramembrane cleaving protease, 
which cleaves the truncate at sites 3 (S3) and 4 (S4). 
Gamma-secretase is composed of four membrane 
proteins: the catalytic component Presenilin 1 and 
Presenilin 2 and three limiting cofactors, Nicastrin, 
Pen2, and Aph1.16 At this point the NICD is free to 
translocate into the nucleus.

Under basal conditions, the DNA-binding protein 
CSL (CBF1/Suppressor of Hairless/LAG-1), also 
known as Rbp-Jκ in mice, is bound to DNA and 
interacts with transcription co-repressors.

table 1. Components and modifiers of the Notch pathway in mammals

component function type Effector

Receptor Notch Notch 1-4

Ligand DLS/DOS DLL-1, Jagged 1 and 2
DSL only DLL-3 and 4
DOS co-ligands DLK-1, DLK-2/EGFL9
Non-canonical DNER, MAGP-1 and 2, F3/Contactin 1, NB3/

Contactin 6

Nuclear effectors CSL DNA-binding transcription factor RBPjk/CBF-1
Transcriptional co-activator MAML1-3
Trancriptional co-repressors Mint/Sharp/SPEN, NcoR/SMRT, KyoT2

Receptor proteolysis Furin convertase (site 1 cleavage) PC5/6, Furin
Metaloprotease (Site 2 clevage) ADAM10/Kuzbanian, ADAM17/TACE
γ-secretase (site 3/site 4 cleavage) Presenilin 1 and 2, Nicastrin, APH-1a-c, PEN-2

Glycosyltranferase 
modifiers

O-fucosyl-transferase POFUT-1
O-glycosyl-transferase
β1,3-GlcNAc-tranferase Lunatic, Manic and Radical Fringe

Endosomal sorting/
Membrane Trafficking 
Regulators

Ring Finger E3 Ubiquitin ligase (ligand endocytosis) Mindbomb, Skeletrophin, Neutralized 1-2
Ring Finger E3 Ubiquitin ligase (receptor endocytosis) Deltex 1-4
HECT Domain E3 Ubiquitin ligase (receptor 
endocytosis)

Nedd4, Itch/AIP4

Negative regulator Numb, Numb-like, ACBD3
Neutralized inhibitors

NICD Degradation F-Box Ubiquitin ligase Fbw-7/SEL-10

Canonical target bHLH 
repressor genes

HES/ESR/HEY
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When NICD enters the nucleus, it is unable to bind 
DNA on its own but it interacts with CSL through its 
RAM domain.11 The complex NICD-CSL recruits the 
mammalian co-activator MAML (Mastermind/Lag-3), 
which in turn displaces transcriptional co-repressors 
and recruits co-activators, such as the mediator tran-
scription activation complex MED8 (Mediator of 

RNA polymerase II transcription subunit 8), thereby 
inducing up-regulation of downstream target genes 
(Figure 2). Transcription factors such as Hes (Hairy 
Enhancer of Split) 1, 5, 6 and 7 and Hey (Hes-related 
with YRPW motif) 1, 2 and Hey L are activated by 
canonical Notch signaling.

The nuclear environment that exists before the ar-

Figure 2. The Notch signaling pathway. NECD: NOTCH extracellular domain; NICD: NOTCH intracellular domain; NEXT: 
NOTCH extracellular truncated domain; CSL: CBF1/Suppressor of Hairless/LAG-1; MAML: Mastermind/Lag-3; Co-A: co-activa-
tors; Co-R: co-repressors; Nβ: short peptide released after cleavage at site 4.
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rival of NICD will dictate which targets are available 
to CSL and thus can be activated by Notch (Figure 
2). MAML is a potent, global and relatively specific 
inhibitor of Notch signaling. The tissue-specific tar-
get gene expression is controlled by the ability of 
different Notch paralogs to physically interact with 
diverse transcription factors bound with neighbor-
ing enhancers. Co-activators and co-repressors that 
are recruited during activation of Notch signaling 
are shared with other signaling pathways, and thus 
overexpression of NICD can affect the transcription 
of genes that are regulated by proteins outside the 
Notch pathway.

In humans, aberrant Notch signaling is associated 
with impaired development and disease. As recent 
knowledge uncovers the vulnerabilities in the intra-
cellular pathways that lead to disease, we gain new 
insights into how we can restore the balance and 
achieve the desired biological outcome.

The Notch receptor is synthesized as a single 
transmembrane receptor that is glycosylated and un-
dergoes proteolytic cleavage at site 1 (S1), yielding a 
bipartite heterodimeric receptor that is held together 
by noncovalent interaction and is expressed on the 
cell surface of a “signal- receiving cell”. Activation 
begins when a ligand presented by the signal-sending 
cell interacts with the receptor. Conformational 
changes exposes site 2 (S2) in the Notch receptor for 
cleavage by ADAM metalloproteases, generating the 
membrane-anchored NEXT fragment, a substrate 
for the γ-secretase complex. Gamma-secretase then 
cleaves NEXT progressively from site 3 (S3) to site 4 
(S4) to release the NICD and Nβ peptide. NICD then 
enters the nucleus where it associates with the CSL 
DNA-binding protein. The transcriptional co-activator 
MAML recognizes the NICD/CSL interface and this 
tri-protein complex recruits additional co-activators to 
activate transcription. In the absence of NICD, CSL 
may associate with ubiquitous co-repressor proteins 
and histone deacetylases to repress transcription of 
target genes (modified from Kopan et al).8 

3. notch sIgnalIng In bone cells

During embryogenesis, the skeletal system, which 
is mainly comprised of the mesodermic tissues bone 
and cartilage, is formed by the coordinated action of 

chondrocytes and osteoblasts. In the adult skeleton, 
bone tissue is continuously regenerated by the cou-
pled action of the bone-forming osteoblasts and the 
bone-resorbing osteoclasts. 

Notch signaling has been extensively studied in 
the skeletal system and has emerged as an important 
regulator of skeletogenesis with important roles in 
chondrogenesis, osteoblastogenesis and osteoclas-
togenesis.

a) Notch signaling and chondrogenesis

Chondrogenesis is a process during which se-
quential aggregation, proliferation, differentiation 
and hypertrophy of chondrocytes provide the initial 
scaffold of the skeleton in vertebrates. The skeleton is 
divided into two parts: the appendicular skeleton that 
includes the pectoral girdle, the pelvic girdle and the 
upper and lower limbs, and the axial skeleton which 
consists of the skull, rib cage and vertebral column.17 
The vertebral column and rib cage develop from the 
mesenchymal sclerotome of the somites, whereas the 
appendicular skeleton develops from chondrooste-
oprogenitor (COP) cells in the limb buds. During 
embryonic development, mesenchymal progenitor 
(MPC) cells condense, differentiate, through a COP 
stage, into chondrocytes and form a cartilaginous 
scaffold, which subsequently is replaced by calcified 
bone through endochondral ossification.18 The role 
of Notch signaling in chondrogenic commitment, 
proliferation, differentiation and maturation has 
just started to unfold and recent studies have shown 
that Notch acts on chondrogenesis through both CSL 
dependent and independent mechanisms (Figure 3). 

In vivo,19 it has been shown that regulation of Notch 
signaling is required for the appropriate balance of 
chondrogenic proliferation and differentiation at 
initial stages of somite compartmentalization and long 
bone development. During normal chondrogenic dif-
ferentiation in endochondral bone formation, NICD 
is not expressed in the proliferative zone, but it is 
activated in prehypertrophic and hypertrophic carti-
lage. Increased NICD expression inhibits chondrocyte 
proliferation and prehypertrophic and hypertrophic 
chondrocyte differentiation, resulting in decreased 
bone formation. On the other hand, inhibition of 
Notch signaling in the chondrocyte lineage leads 
to increased proliferation and expansion of the hy-
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pertrophic chondrocyte zone, which again results in 
decreased bone formation.19 Conditional deletion of 
Notch 1 and 2 in the limb bud with the use of Prx1 
(paired-related homeobox 1) enhancer, which is 
active from the 11th day of embryonic development 
and onwards,20 leads to accumulation of hypertrophic 
chondrocytes and malformation of the growth plates 
and the skeleton.21 Loss of Notch 2 expression alone 
results in a similar phenotype, this suggesting that 
Notch 2 is the predominant receptor in endochondral 
bone formation.21

At molecular level, Notch regulates the expression 
of sex determining region Y-box 9 (Sox9), which is 
considered a key transcriptional regulator of chon-
drocyte differentiation22 and its target gene Crtl1 
(cartilage link protein 1). Notch 1 has been found 
in proliferating chondrocytes in vitro.23,24 Activation 
of Notch signaling and Notch-related transcription 
factors Hes1 and Hey1 suppresses chondrogenic dif-
ferentiation by inhibiting the activity of collagen type 
2 (Col2a1) promoter through binding in close proxim-
ity to the Sox9 enhancer,19,24,25 while Hey7 suppresses 
Sox9 gene expression.26 Moreover, down-regulation 
of Hey1 in mesenchymal progenitor cells increases 
the expression of chondrocyte gene markers.19,24 

Recent data have also shown that cartilage-specific 

Notch signaling plays a significant role in the coordi-
nation of perichondrial osteoblast differentiation and 
bone formation, through CSL independent mecha-
nisms, regulating the communication between chon-
drocytes and perichondrial osteoblasts and promoting 
chondrocyte proliferation and apoptosis. The latter 
effect is probably mediated by the Indian hedgehog 
(Ihh) signaling pathway.27 

b. Notch and osteoblastogenesis

In osteoblasts, Notch signaling has been reported 
to either suppress or induce osteoblastic differentia-
tion in vitro, depending on the cell line studied.

During osteoblastogenesis, precursors of osteo-
blasts, which like chondrocytes are derived from 
pluripotent mesenchymal cells, proliferate to ex-
pand, undergo maturation and, as mature cells, they 
mineralize. 

Ιn vivo studies have shown that activation of 
Notch signaling inhibits terminal differentiation 
of osteoblast progenitors, while it does not affect 
mature osteoblasts.28,29 Using conditional activation 
of Notch signaling in cells of the osteoblastic lineage 
at various stages of differentiation and in osteocytes, 
it was found that Notch arrested differentiation of 
pre-osteoblasts, causing osteopenia, and when ex-

Figure 3. Notch signaling during cartilage cell proliferation and differentiation during development. Cartilage and bone development 
begin with a common precursor cell, the MPC. MPCs differentiate into COPs, which are lineage restricted and adopt the cell fate of 
either osteoblasts or chondrocytes. ΝICD: Notch intracellular domain; CSL: Epstein-Barr virus latency C promoter binding factor 1, 
suppressor of hairless and Lag-1; MPCs: mesoderm derived mesenchymal progenitor cells; COP: bipotential chondro-osteoprogeni-
tor, Ihh: Indian hedgehog; Col1A1: Collagen 1A1; Mmp13: Matrix metalloproteinase 13.
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pressed in osteocytes suppressed bone resorption and 
increased bone volume.30 Expression of NICD under 
the control of the 2.3-kb type I collagen promoter, 
which is a late marker of osteoblast differentiation 
showing expression in mature osteoblasts and osteo-
cytes,31,32 exhibited increased bone volume and growth 
retardation due to the deposition of woven bone by 
immature or dysfunctional osteoblasts.29 In contrast, 
expression of NICD under the control of the 3.6-kb 
collagen type I promoter, which is active in early mes-
enchymal progenitors,31,32 resulted in decreased bone 
volume that is secondary to a decrease in osteoblast 
number.28 Differences in these two phenotypes can 
be explained by the arrest of osteoblastic cell differ-
entiation at different stages of maturation.31 On the 
other hand, Notch 1 overexpression under the control 
of the Prx1 promoter, which is a marker of early os-
teoblasts/mesenchymal cells, induced mesenchymal 
precursor cell proliferation and suppressed their 
differentiation, maintaining mesenchymal precursor 
cells in an undifferentiated state.21

In vitro it has been shown that Notch signaling 
suppresses osteoblastic differentiation through the 
inhibition of both early and late markers of differen-
tiation such as collagen type 1, alkaline phosphatase, 
Runx-2 and osteocalcin.28,33,34 By contrast, it has also 
been shown that activation of Notch signaling in 
MC3T3 cells, which represent early stages of osteoblast 
differentiation, stimulates osteoblast differentiation 
through the induction of calcific nodules, suggesting 
that the cell line studied and the cell culture condition 
used is important for exertion of the Notch-signaling 
effect on osteogenic gene induction.35,36

Activation or overexpression of Notch suppresses 
osteoblastic differentiation mainly through inhibi-
tion of Wnt/β-catenin signaling, which is also a criti-
cal regulator of osteοblastogenesis.34,37 In contrast, 
transient induction of Notch signaling was found 
to enhance selected effects of bone morphogenetic 
proteins (BMPs) on osteoblastic cells.35,36 These dis-
crepancies could be due to differences between cell 
lines or culture conditions used to induce osteoblast 
differentiation. However, in the context of BMP 
stimulation, Notch appears to enhance the commit-
ment of mesenchymal cells to the osteoblastic fate.35,36 

At the molecular level, Notch enhances osteoblastic 

proliferation through the expression of the transcrip-
tional factor Osterix and the cell-cycle related proteins 
Cyclins D and E and represses maturation by binding 
to Runt-related transcription factor 2 (Runx-2).29 In 
addition, Notch inhibits the Wnt/β-catenin canoni-
cal signaling pathway, by phosphorylating β-catenin 
through activation of glycogen synthase 3 β (GSK3β) 
and thus promoting its ubiquitination by intracellular 
proteolytic systems.28 In addition HES and HEY 
proteins appear to suppress osteoblastic differentia-
tion, while HES1 interacts with Runx-2 to regulate 
osteocalcin and osteopontin promoter activity, sug-
gesting certain additional functions (Figure 4).33,38-40 

c. Notch and osteoclastogenesis

The bone-resorbing osteoclasts derive from he-
matopoietic cells of the macrophage-monocyte line-
age and, coupled with the bone forming osteoblasts, 
maintain skeletal homeostasis. Key regulators of 
osteoclastogenesis are the osteoblast derived cytokines 
macrophage-colony- stimulating factor (M-CSF) 
and the receptor activator of nuclear factor kappa b 
ligand (RANKL).41 RANKL activity is opposed by 
the soluble RANKL decoy receptor osteoprotegerin 
(OPG), which is also produced by osteoblasts. 

In vitro and in vivo studies have shown that Notch 
signaling inhibits osteoclastogenesis both directly 
and indirectly through modulating the function of 
osteoblasts. 

In vivo loss of function of Notch 1 and Notch 3 
in osteoclasts increases the number of osteoclasts by 
stimulating cell proliferation.42

In in vitro studies, the constitutively active Notch 
1 receptor reduces M-CSF expression and enhances 
RANKL/OPG expression thereby decreasing osteo-
clastogenesis in stromal cells.43 Similarly, Jag-1 inhibits 
osteoclastogenesis in bone marrow macrophages.42 
When Notch 1 is inactivated in osteoblasts, RANKL 
expression is increased and OPG is decreased, leading 
to increased osteoclast formation.42

Although the majority of data indicate an inhibi-
tory role of Notch signaling in osteoclastogenesis, two 
studies have questioned this notion. In one study, 
Notch 2 was reported to promote osteoclastogen-
esis through enhancement promoter activity and 
expression of nuclear factor of activated T-cells c1 
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(NFAT), demonstrating a new molecular cross talk.44 
In another study, transgenic male mice overexpress-
ing Hes1 under the control of the 3.6 kb collagen 
type 1 (Col1a1) promoter became osteopenic due 
to increased osteoclast number and eroded surface.45 
Conversely, when Hes1 was inactivated in mature 
osteoblasts expressing osteocalcin, and Hes3 and 
Hes5 were globally ablated, trabecular bone volume 
was increased because of significant reductions in the 
number of osteoclasts (Figure 4).45

Collectively these data suggest that Notch signaling 
regulates multiple stages of osteoclastogenesis act-
ing either as a stimulator or repressor of osteoclast 
formation and activity.

4.  developMental dIsorders  
and bone loss

Inherited or de novo mutations in components of 
the Notch signaling pathway can lead to developmental 
skeletal defects (Table 2). 

Notch signaling is of critical importance for ver-
tebrate evolution. It regulates the segmentation of 
paraxial mesoderm in the formation of somites, which 
are the precursors of the vertebrae, by boundary for-
mation and is required for normal somite formation 
and vertebral column development in humans. Reces-
sive mutations of Notch pathway genes involved in 
somitogenesis have been associated with four subtypes 
of spondylocostal dysostosis. Spondylocostal dysostosis 
comprises a heterogeneous group of axial skeletal 
disorders characterized by multiple segmentation 
defects of the vertebrae, malformation of the ribs with 
intercostal fusion and often reduction in the number 
of the ribs, with apparent physiologic appearance of 
the craniofacial skeleton and the limbs.46 

Spondylocostal dysostosis type 1 is caused by 
mutation in the Notch ligand DLL-3 gene. Affected 
individuals present with multiple hemivertebrae, rib 
fusions and deletions with non-progressive kyphosco-
liosis.47 Mutations were reported to cause truncations 

Figure 4. Notch signaling pathway regulation osteoblasts and osteoclasts. A. Regulation of osteoblast differentiation. N1ICD nega-
tively regulates osteoblast differentiation through Hes1-mediated repression of Wnt/β-catenin signaling or through Hey1-mediated 
suppression of Run-2. b. Regulation of osteoclastogenesis. N1ICD inhibits MCSF and RANKL while activating OPG gene expression.
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within conserved extracellular domains or affect the 
highly conserved glycine residue of the fifth EGF 
repeat of the gene, which reveals the important 
functional role of this domain.48 

Spondylocostal dysostosis type 2 and the related 
disorder, spondylothoracic dysostosis, are caused by a 
loss-of-function mutation in the posterior 2 mesoderm 
(MESP2) gene, encoding a basic helix-loop-helix type 
transcription factor required for somite formation. 
Mesp2 is a target of Notch signaling and is directly 
involved in the somite-boundary formation and ros-
trocaudal patterning of each somite. Mesp2 knockout 
mice, like patients with spondylocostal dysostotosis, 
exhibit extensive malformations of the vertebrae and 
ribs.49 In particular, the developing vertebral bodies in 
Mesp2-knockout mice are extensively fused showing 
rare insertions of intervertebral tissue, which are in turn 
longitudinally fused in the vertebral column. In addi-
tion, the differentiation of vertebral body chondrocytes 
was spatially disordered and delayed, demonstrating an 
increased cell proliferation rate that appears to associate 
with spatially impaired TGF-β and BMP signaling.50 

Spondylocostal dysostosis type 3 is caused by a 
mutation of the Lunatic Fringe (LFNG) gene, which 
encodes a fucose-specific beta1,3-N-acetylglucosami-
nyltransferase.51 LNFG modifies Notch receptors and 
alters Notch signaling activity.52,53 The phenotypes of 
mouse embryos lacking DLL-3 and Lfng are virtu-

ally identical54 and Lfng gene expression is severely 
disrupted in DLL-3 null embryos, showing that its 
expression is dependent on DLL-3 function.55 A mis-
sense mutation causing spondylocostal dysostosis (type 
4) was also identified in the DNA-binding domain of 
the HES7 protein which, apart from being a direct 
target of the Notch signaling pathway, participates 
in the negative feedback mechanism that attenuates 
Notch signaling.56,57 The mutant HES7 is not able to 
repress gene expression by DNA binding or protein 
heterodimerization.

Alagille syndrome is an autosomal dominant dis-
ease characterized by cardiovascular defects, skeletal 
abnormalities, cholestatic liver disease and renal 
dysplastic anomalies (Table 3).58

It is associated with mutations of JAG-1, which 
leads to the expression of a truncated JAG-1 protein, 
although complete gene deletions and missense 
mutations are also described.59 Rarely, mutations of 
Notch 2 have been found in patients with Alagille 
syndrome, either alone or together with mutations 
of JAG-1.60 Dual heterozygous inactivations of Jag-
1 and Notch 2 in mice are associated with most of 
the defects found in Alagille syndrome.61 Moreover, 
selective inactivation of Jag-1 in cells of the cranial 
neural crest displays the abnormalities of the crani-
ofacial skeleton of the syndrome,62 confirming its 
association with impaired Notch signaling.

table 2. Notch signaling and developmental diseases

Νotch Component Inheritance Molecular Mechanism Disease

Delta-like-3 (DLL-3) 
19q13.2

autosomal 
recessive

Mutations on DLL-3 usually lead to expression 
of a truncated protein or to amino acid 

substitutions

Spondylocostal dysostosis type1 (trunk 
dwarfism secondary to rib anomalies 
and vertebral segmentation defects)

Mesoderm posterior 2

(MEsP2) 15q26.1

autosomal 
recessive

Mutation in MESP2 produces a non-functional 
protein susceptible to nonsense-mediated RNA 

decay, up-regulating Notch signaling

Spondylocostal dysostosis type 2 
(segmentation abnormalities  

of the thoracic vertebrae)

Lunatic Fringe 
(LFNG) 7p22

autosomal 
recessive

Missense mutations of LFNG up-regulates 
Notch signaling

Spondylocostal dysostosis type 3

Hairy Enhancer of 
split 7 (HEs7) 17p13.1

autosomal 
recessive

Missense mutations of HES7 up-regulates 
Notch signaling

Spondylocostal dysostosis type 4

chondroitin sulfate 
synthase (cHsY )1* 

autosomal 
recessive

Loss-of-function mutations lead to up-regulation 
of JAG-1 

Recessive brachydactyly

JAG-1 (20p12.2), 
NOtcH 2 (1p12)

autosomal 
dominant

Heterozygous mutations Alagille syndrome type 1 and type 2

*Encodes a transmembrane protein which contains a Fringe domain.
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The most common skeletal finding is the “butterfly 
vertebrae” or sagittal cleft which is found in 33-87% of 
patients.63 The affected vertebral bodies appear to be 
split into paired hemivertebrae, because of a failure 
of the fusion of the anterior arches of the vertebrae, 
and display a characteristic ‘butterfly’ appearance in 
radiographic images of vertebral spine.63 Other skeletal 
abnormalities include narrowing of the interpedicular 
space in the lumbar spine, spina bifida occulta, fusion 
of the adjacent vertebrae, hemivertebrae, absence of 
the 12th rib, presence of a bony connection between 
the ribs and short fingers with broad thumbs.64 Besides 
the craniofacial abnormalities, osteoporosis has been 
reported in patients with the disease but the exact 
mechanism is unknown, although liver failure and 
malnutrition may contribute.65

Genome-wide associations studies have also docu-
mented a relationship between JAG-1 polymorphisms 
and bone mineral density.66

Mutations in the Notch 2 receptor, which lead to 
premature termination of the protein product up-
stream of the PEST domain,67 have been identified in 
the Hajdu-Cheney syndrome, which is characterized 
by focal areas of osteolysis and generalized osteopo-
rosis (Table 4).67

The disease can be either sporadic, probably due 
to de novo mutations,68,69 or inherited, transmitted 

with an autosomal dominant pattern. Since the PEST 
domain is responsible for ubiquitination and degra-
dation of Notch in the proteasome, the mutations 
lead to increased expression of Notch 2 signaling. 
Although the skeletal abnormalities are severe, the 
mechanisms underlying the bone loss are largely 
unknown. Lesions in distal phalanges are osteolytic 
due to increased localized bone resorption, but the 
mechanisms responsible for the generalized osteo-
porosis remain elusive. The focal osteolysis is also 
accompanied by neovascularization, inflammation 
and fibrosis.70 Iliac crest biopsies in these patients 
have shown decreased trabecular bone, normal or 
increased bone remodeling and normal or decreased 
bone formation.71 Since Notch 2 induces osteoclas-
togenesis acting on osteoclast precursors, increased 
osteoclast-mediated bone resorption seem a plausible 
explanation for the observed lesions. Treatments with 
bisphosphonates and/or teriparatide did not show a 
clearly significant benefit.72 

5.  notch sIgnalIng and bone cancer  
and MetastasIs

Αs with Wnt and Hedgehog, the Notch signaling 
pathway regulates both development and tumorigen-
esis. In T-cell acute lymphoblastic leukemia, 50% of 
patients were shown to harbor activating mutations 
in Notch 1,73 and it has also been implicated in the 

table 3. Characteristics of Alagille syndrome.

craniofacial features skeletal features  Visceral manifestations

Craniosynostosis Butterfly vertebrae Bile duct atresia

Broad nasal bridge Digit abnormalities Cholestatic liver failure

Micrognathia -Pointed chin Osteoporosis with fractures Cardiovascular defects (Fallot tetralogy)

Prominent forehead Short stature Intracranial bleeding

Triangular facies Renal failure

Deep set eyes

table 4. characteristics of Hajdu-cheney syndrome

craniofacial features skeletal features  systemic manifestations

Facial abnormalities Acro-osteolysis Cardiovascular defects

Micro- and retrognathism Fibular deformities Hearing loss

Periodontal disease -Tooth loss Joint hyperlaxity Neurological symptoms

Platysbasia Osteoporosis with fractures Polycystic kidneys

Open sutures Wormian bones - Short stature Delayed development
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pathogenesis of other neoplasmatic diseases of the 
hematopoietic system, such as lymphoma and multi-
ple myeloma.74 In bone tissue, increased expression 
of JAG-1 and Notch 1 have been found in human 
osteosarcoma75 and were associated with the invasive 
potential of the osteosarcoma cells.76 In breast cancer, 
Notch 4 has been found to be hyperactive in breast 
cancer stem cells,31 while Notch 3 and Jagged 1 appear 
to play a significant role in breast cancer stem cells 
skeletal invasiveness and osteolytic potential.77,78 In 
addition, Notch signaling has been shown to regulate 
the epithelial-to-mesenchymal transition of tumor cells 
during cancer invasion. Several factors, such as trans-
forming growth factor beta (TGF- β),23,24 β-catenin 
and hypoxia, seem to participate in Notch-mediated 
regulations of bone metastasis. In particular, Jagged 
1 released by tumor cells can activate the Notch path-
way in pre-osteoclasts, increasing osteoclastogenesis 
and leading to severe osteolysis, while it also acts as a 
downstream mediator of TGF-β.78 Delta-like 4 on the 
other hand, being up-regulated by VEGF, was shown 
to facilitate tumor-angiogenesis that is characterized 
by poor perfusion and increased hypoxia, resulting 
in blocking of tumor growth.79

Increasing understanding of the molecular mecha-
nisms involved in Notch signaling mediated bone 
metastasis is opening up a new era in the quest for 
novel targets for anti-cancer therapy. Notch inhibitors, 
such as gamma secretase inhibitors that prevent the 
generation of the oncogenic (intracellular) domain 
of Notch molecules and suppress Notch activity, 
or monoclonal antibodies targeting Delta-like 4 or 
Jagged 1, hold promise for a potential therapeutic 
benefit for those tumors that harbor constitutively 
active Notch signaling. A Notch signaling inhibitor, 
MK0752, developed by Merck is currently being tested 
in a phase 1 clinical trial for patients with T-cell acute 
lymphocytic leukemia and advanced breast cancer.80 

Future studies that will address puzzling issues, 
such as target specificity and possible side effects of 
the suppression of Notch activity, are a critical step 
forward for new target-based therapies for cancer.

6. concludIng reMarks

Despite the considerable expansion of Notch-
related research over the past two decades, many 

issues concerning functionality and regulation of the 
pathway remain unanswered. The precise conditions 
of interaction between receptors and ligands and the 
exact core elements of the pathway are still not well 
defined, necessitating more intense genomic and 
proteomic approaches. Certain skeletal disorders in 
which the Notch signaling seems to play an important 
role in development, morphogenesis and morbidity 
figure among the most prominent of Notch-related 
diseases. A number of interventions are already under-
way and in the years to come Notch will undoubtedly 
be an important tool for understanding and treating 
many skeletal diseases.

reFerences
 1. Artavanis-Tsakonas s, rand MD, Lake rJ, 1999 Notch 

signaling: cell fate control and signal integration in 
development. science 284: 770-776.

 2. Lewis J, 1998 Notch signalling and the control of cell 
fate choices in vertebrates. semin Cell Dev Biol 9: 
583-589.

 3. Bray s, 1998 Notch signalling in Drosophila: three ways 
to use a pathway. semin Cell Dev Biol 9: 591-597.

 4. Joutel A, Tournier-Lasserve E, 1998 Notch signalling 
pathway and human diseases. semin Cell Dev Biol 9: 
619-625.

 5. schweisguth F, 2004 regulation of notch signaling 
activity. Curr Biol 14: r129-138.

 6. Ehebauer M, Hayward P, Arias AM, 2006 Notch, a 
universal arbiter of cell fate decisions. science 314: 
1414-1415.

 7. Ehebauer M, Hayward P, Martinez-Arias A, 2006 Notch 
signaling pathway. sci sTKE 2006: cm7.

 8. Kopan r, ilagan MX, 2009 The canonical Notch signal-
ing pathway: unfolding the activation mechanism. Cell 
137: 216-233.

 9. Vodovar N, schweisguth F, 2008 Functions of o-
fucosyltransferase in Notch trafficking and signaling: 
towards the end of a controversy? J Biol 7: 7.

 10. Zhang XP, Zheng G, Zou L, et al, 2008 Notch activation 
promotes cell proliferation and the formation of neural 
stem cell-like colonies in human glioma cells. Mol Cell 
Biochem 307: 101-108.

 11. D’souza B, Miyamoto A, Weinmaster G, 2008 The many 
facets of Notch ligands. oncogene 27: 5148-5167.

 12. ilagan MX, Kopan r, 2007 snapshot: notch signaling 
pathway. Cell 128: 1246.

 13. Haines N, irvine KD, 2003 Glycosylation regulates 
Notch signalling. Nat rev Mol Cell Biol 4: 786-797.

 14. rampal r, Luther KB, Haltiwanger rs, 2007 Notch 
signaling in normal and disease states: possible therapies 
related to glycosylation. Curr Mol Med 7: 427-445.



Notch signaling and bone 35

 15. stanley P, 2007 regulation of Notch signaling by gly-
cosylation. Curr opin struct Biol 17: 530-535.

 16. sato T, Diehl Ts, Narayanan s, et al, 2007 Active 
gamma-secretase complexes contain only one of each 
component. J Biol Chem 282: 33985-33993.

 17. Nakashima K, de Crombrugghe B, 2003 Transcriptional 
mechanisms in osteoblast differentiation and bone 
formation. Trends Genet 19: 458-466.

 18. Karsenty G, Wagner EF, 2002 reaching a genetic and 
molecular understanding of skeletal development. Dev 
Cell 2: 389-406.

 19. Dong Y, Jesse AM, Kohn A, et al, 2010 rBPjkappa-
dependent Notch signaling regulates mesenchymal 
progenitor cell proliferation and differentiation during 
skeletal development. Development 137: 1461-1471.

 20. Logan M, Martin JF, Nagy A, Lobe C, olson EN, 
Tabin CJ, 2002 Expression of Cre recombinase in the 
developing mouse limb bud driven by a Prxl enhancer. 
Genesis 33: 77-80.

 21. Hilton MJ, Tu X, Wu X, et al, 2008 Notch signaling 
maintains bone marrow mesenchymal progenitors by 
suppressing osteoblast differentiation. Nat Med 14: 
306-314.

 22. Lefebvre V, Huang W, Harley Vr, Goodfellow PN, de 
Crombrugghe B, 1997 soX9 is a potent activator of 
the chondrocyte-specific enhancer of the pro alpha1(ii) 
collagen gene. Mol Cell Biol 17: 2336-2346.

 23. Karlsson C, Lindahl A, 2009 Notch signaling in chon-
drogenesis. int rev Cell Mol Biol 275: 65-88.

 24. Grogan sP, olee T, Hiraoka K, Lotz MK, 2008 re-
pression of chondrogenesis through binding of notch 
signaling proteins HEs-1 and HEY-1 to N-box domains 
in the CoL2A1 enhancer site. Arthritis rheum 58: 
2754-2763.

 25. Chen s, Tao J, Bae Y, et al, 2013 Notch gain of function 
inhibits chondrocyte differentiation via rbpj-dependent 
suppression of sox9. J Bone Miner res 28: 649-659.

 26. Mead TJ, Yutzey KE, 2009 Notch pathway regulation 
of chondrocyte differentiation and proliferation during 
appendicular and axial skeleton development. Proc Natl 
Acad sci U s A 106: 14420-14425.

 27. Kohn A, Dong Y, Mirando AJ, et al, 2012 Cartilage-
specific rBPjkappa-dependent and -independent Notch 
signals regulate cartilage and bone development. De-
velopment 139: 1198-1212.

 28. Zanotti s, smerdel-ramoya A, stadmeyer L, Durant 
D, radtke F, Canalis E, 2008 Notch inhibits osteoblast 
differentiation and causes osteopenia. Endocrinology 
149: 3890-3899.

 29. Engin F, Yao Z, Yang T, et al, 2008 Dimorphic effects 
of Notch signaling in bone homeostasis. Nat Med 14: 
299-305.

 30. Canalis E, Parker K, Feng JQ, Zanotti s, 2013 osteo-
blast lineage-specific effects of notch activation in the 
skeleton. Endocrinology 154: 623-634.

 31. Kalajzic i, Kalajzic Z, Kaliterna M, et al, 2002 Use of 

type i collagen green fluorescent protein transgenes to 
identify subpopulations of cells at different stages of 
the osteoblast lineage. J Bone Miner res 17: 15-25.

 32. Kalajzic i, staal A, Yang WP, et al, 2005 Expression 
profile of osteoblast lineage at defined stages of dif-
ferentiation. J Biol Chem 280: 24618-24626.

 33. Zamurovic N, Cappellen D, rohner D, susa M, 2004 
Coordinated activation of notch, Wnt, and transforming 
growth factor-beta signaling pathways in bone morpho-
genic protein 2-induced osteogenesis. Notch target gene 
Hey1 inhibits mineralization and runx2 transcriptional 
activity. J Biol Chem 279: 37704-37715.

 34. sciaudone M, Gazzerro E, Priest L, Delany AM, Canalis 
E, 2003 Notch 1 impairs osteoblastic cell differentiation. 
Endocrinology 144: 5631-5639.

 35. Tezuka K, Yasuda M, Watanabe N, et al, 2002 stimula-
tion of osteoblastic cell differentiation by Notch. J Bone 
Miner res 17: 231-239.

 36. Nobta M, Tsukazaki T, shibata Y, et al, 2005 Critical 
regulation of bone morphogenetic protein-induced os-
teoblastic differentiation by Delta1/Jagged1-activated 
Notch1 signaling. J Biol Chem 280: 15842-15848.

 37. Deregowski V, Gazzerro E, Priest L, rydziel s, Canalis 
E, 2006 Notch 1 overexpression inhibits osteoblas-
togenesis by suppressing Wnt/beta-catenin but not 
bone morphogenetic protein signaling. J Biol Chem 
281: 6203-6210.

 38. McLarren KW, Lo r, Grbavec D, Thirunavukkarasu 
K, Karsenty G, stifani s, 2000 The mammalian basic 
helix loop helix protein HEs-1 binds to and modulates 
the transactivating function of the runt-related factor 
Cbfa1. J Biol Chem 275: 530-538.

 39. shen Q, Christakos s, 2005 The vitamin D receptor, 
runx2, and the Notch signaling pathway cooperate 
in the transcriptional regulation of osteopontin. J Biol 
Chem 280: 40589-40598.

 40. Zhang Y, Lian JB, stein JL, van Wijnen AJ, stein Gs, 
2009 The Notch-responsive transcription factor Hes-1 
attenuates osteocalcin promoter activity in osteoblastic 
cells. J Cell Biochem 108: 651-659.

 41. Teitelbaum sL, 2007 osteoclasts: what do they do and 
how do they do it? Am J Pathol 170: 427-435.

 42. Bai s, Kopan r, Zou W, et al, 2008 NoTCH1 regulates 
osteoclastogenesis directly in osteoclast precursors and 
indirectly via osteoblast lineage cells. J Biol Chem 283: 
6509-6518.

 43. Yamada T, Yamazaki H, Yamane T, et al, 2003 regu-
lation of osteoclast development by Notch signaling 
directed to osteoclast precursors and through stromal 
cells. Blood 101: 2227-2234.

 44. Fukushima H, Nakao A, okamoto F, et al, 2008 The 
association of Notch2 and NF-kappaB accelerates 
rANKL-induced osteoclastogenesis. Mol Cell Biol 
28: 6402-6412.

 45. Zanotti s, smerdel-ramoya A, Canalis E, 2011 HEs1 
(hairy and enhancer of split 1) is a determinant of bone 



36 M.P. YAVroPoULoU, J.G. YoVos

mass. J Biol Chem 286: 2648-2657.
 46. Gucev Zs, Tasic V, Pop-Jordanova N, et al, 2010 Au-

tosomal dominant spondylocostal dysostosis in three 
generations of a Macedonian family: Negative mutation 
analysis of DLL3, MEsP2, HEs7, and LFNG. Am J 
Med Genet A 152A: 1378-1382.

 47. Lavy NW, Palmer CG, Merritt AD, 1966 A syndrome 
of bizarre vertebral anomalies. J Pediatr 69: 1121-1125.

 48. Bulman MP, Kusumi K, Frayling TM, et al, 2000 Muta-
tions in the human delta homologue, DLL3, cause axial 
skeletal defects in spondylocostal dysostosis. Nat Genet 
24: 438-441.

 49. saga Y, Hata N, Koseki H, Taketo MM, 1997 Mesp2: 
a novel mouse gene expressed in the presegmented 
mesoderm and essential for segmentation initiation. 
Genes Dev 11: 1827-1839.

 50. Makino Y, Takahashi Y, Tanabe r, et al, 2013 spati-
otemporal disorder in the axial skeleton development 
of the Mesp2-null mouse: a model of spondylocostal 
dysostosis and spondylothoracic dysostosis. Bone 53: 
248-258.

 51. sparrow DB, Chapman G, Wouters MA, et al, 2006 
Mutation of the LUNATiC FriNGE gene in humans 
causes spondylocostal dysostosis with a severe vertebral 
phenotype. Am J Hum Genet 78: 28-37.

 52. Dunwoodie sL, 2009 reprint of mutation of the fucose-
specific beta1,3 N-acetylglucosaminyltransferase LFNG 
results in abnormal formation of the spine. Biochim 
Biophys Acta 1792: 862-873.

 53. Dunwoodie sL, 2009 Mutation of the fucose-specific 
beta1,3 N-acetylglucosaminyltransferase LFNG results 
in abnormal formation of the spine. Biochim Biophys 
Acta 1792: 100-111.

 54. Zhang N, Norton Cr, Gridley T, 2002 segmentation 
defects of Notch pathway mutants and absence of a 
synergistic phenotype in lunatic fringe/radical fringe 
double mutant mice. Genesis 33: 21-28.

 55. Kusumi K, Mimoto Ms, Covello KL, Beddington rs, 
Krumlauf r, Dunwoodie sL, 2004 Dll3 pudgy mutation 
differentially disrupts dynamic expression of somite 
genes. Genesis 39: 115-121.

 56. sparrow DB, Guillen-Navarro E, Fatkin D, Dunwoodie 
sL, 2008 Mutation of Hairy-and-Enhancer-of-split-7 
in humans causes spondylocostal dysostosis. Hum Mol 
Genet 17: 3761-3766.

 57. sparrow DB, sillence D, Wouters MA, Turnpenny PD, 
Dunwoodie sL, 2010 Two novel missense mutations 
in HAirY-AND-ENHANCEr-oF-sPLiT-7 in a family 
with spondylocostal dysostosis. Eur J Hum Genet 18: 
674-679.

 58. Alagille D, Estrada A, Hadchouel M, Gautier M, odievre 
M, Dommergues JP, 1987 syndromic paucity of inter-
lobular bile ducts (Alagille syndrome or arteriohepatic 
dysplasia): review of 80 cases. J Pediatr 110: 195-200.

 59. Morrissette JD, Colliton rP, spinner NB, 2001 Defective 
intracellular transport and processing of JAG1 missense 

mutations in Alagille syndrome. Hum Mol Genet 10: 
405-413.

 60. Kamath BM, Bauer rC, Loomes KM, et al, 2012 
NoTCH2 mutations in Alagille syndrome. J Med Genet 
49: 138-144.

 61. McCright B, Lozier J, Gridley T, 2002 A mouse model 
of Alagille syndrome: Notch2 as a genetic modifier of 
Jag1 haploinsufficiency. Development 129: 1075-1082.

 62. Humphreys r, Zheng W, Prince Ls, et al, 2012 Cranial 
neural crest ablation of Jagged1 recapitulates the crani-
ofacial phenotype of Alagille syndrome patients. Hum 
Mol Genet 21: 1374-1383.

 63. Emerick KM, rand EB, Goldmuntz E, Krantz iD, spinner 
NB, Piccoli DA, 1999 Features of Alagille syndrome 
in 92 patients: frequency and relation to prognosis. 
Hepatology 29: 822-829.

 64. riely CA, Cotlier E, Jensen Ps, Klatskin G, 1979 Arte-
riohepatic dysplasia: a benign syndrome of intrahepatic 
cholestasis with multiple organ involvement. Ann intern 
Med 91: 520-527.

 65. olsen iE, ittenbach rF, rovner AJ, et al, 2005 Deficits 
in size-adjusted bone mass in children with Alagille 
syndrome. J Pediatr Gastroenterol Nutr 40: 76-82.

 66. Kung AW, Xiao sM, Cherny s, et al, 2010 Association 
of JAG1 with bone mineral density and osteoporotic 
fractures: a genome-wide association study and follow-
up replication studies. Am J Hum Genet 86: 229-239.

 67. simpson MA, irving MD, Asilmaz E, et al, 2011 Mu-
tations in NoTCH2 cause Hajdu-Cheney syndrome, a 
disorder of severe and progressive bone loss. Nat Genet 
43: 303-305.

 68. Antoniades K, Kaklamanos E, Kavadia s, Hatzistilianou 
M, Antoniades V, 2003 Hajdu-Cheney syndrome (acro-
osteolysis): a case report of dental interest. oral surg 
oral Med oral Pathol oral radiol Endod 95: 725-731.

 69. Brennan AM, Pauli rM, 2001 Hajdu--Cheney syndrome: 
evolution of phenotype and clinical problems. Am J 
Med Genet 100: 292-310.

 70. Udell J, schumacher Hr, Jr., Kaplan F, Fallon MD, 1986 
idiopathic familial acroosteolysis: histomorphometric 
study of bone and literature review of the Hajdu-Cheney 
syndrome. Arthritis rheum 29: 1032-1038.

 71. Brown DM, Bradford Ds, Gorlin rJ, et al, 1976 The 
acro-osteolysis syndrome: Morphologic and biochemical 
studies. J Pediatr 88: 573-580.

 72. Galli-Tsinopoulou A, Kyrgios i, Giza s, Giannopoulou 
EM, Maggana i, Laliotis N, 2012 Two-year cyclic infu-
sion of pamidronate improves bone mass density and 
eliminates risk of fractures in a girl with osteoporosis 
due to Hajdu-Cheney syndrome. Minerva Endocrinol 
37: 283-289.

 73. Weng AP, Ferrando AA, Lee W, et al, 2004 Activating 
mutations of NoTCH1 in human T cell acute lympho-
blastic leukemia. science 306: 269-271.

 74. Leong KG, Karsan A, 2006 recent insights into the 
role of Notch signaling in tumorigenesis. Blood 107: 



Notch signaling and bone 37

2223-2233.
 75. Engin F, Bertin T, Ma o, et al, 2009 Notch signaling 

contributes to the pathogenesis of human osteosarcomas. 
Hum Mol Genet 18: 1464-1470.

 76. Zhang P, Yang Y, Zweidler-McKay PA, Hughes DP, 
2008 Critical role of notch signaling in osteosarcoma 
invasion and metastasis. Clin Cancer res 14: 2962-2969.

 77. Zhang Z, Wang H, ikeda s, et al, 2010 Notch3 in human 
breast cancer cell lines regulates osteoblast-cancer cell 
interactions and osteolytic bone metastasis. Am J Pathol 
177: 1459-1469.

 78. sethi N, Dai X, Winter CG, Kang Y, 2011 Tumor-
derived JAGGED1 promotes osteolytic bone metastasis 
of breast cancer by engaging notch signaling in bone 
cells. Cancer Cell 19: 192-205.

 79. Noguera-Troise i, Daly C, Papadopoulos NJ, et al, 2006 
Blockade of Dll4 inhibits tumour growth by promoting 
non-productive angiogenesis. Nature 444: 1032-1037.

 80. Nickoloff BJ, osborne BA, Miele L, 2003 Notch signal-
ing as a therapeutic target in cancer: a new approach to 
the development of cell fate modifying agents. oncogene 
22: 6598-6608.


