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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




