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Abstract 

The NOTCH signalling pathway is an essential pathway, involved in many cellular processes, including 

cell fate decision, cell proliferation, and cell death and important in the development of most organs. 

Mutations in genes encoding components of the NOTCH signalling pathway lead to a spectrum of 

congenital disorders. Over the past decades mutations in human NOTCH signalling genes have been 

identified in several diseases with cardiovascular involvement. NOTCH1 mutations have been 

described in bicuspid aortic valve disease, left-sided congenital heart disease, and Adams-Oliver 

syndrome. NOTCH2 mutations lead to the development of Alagille syndrome, while mutations in 

NOTCH3 cause cerebral autosomal dominant arteriopathy with subcortical infarcts and 

leukoencephalopathy. To date, mutations in NOTCH4 have not been associated with cardiovascular 

disease. This review focuses on the mutations described in NOTCH1, NOTCH2, and NOTCH3 and their 

associated cardiovascular phenotypes.  
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Introduction 
The Notch signalling pathway is an essential pathway in human development and highly conserved 

throughout species.1 It is involved in many cellular processes, including cell fate decision, cell 

proliferation, and cell death, and has an important function throughout the development of most 

organs. Therefore, one can imagine that mutations in genes encoding components of the NOTCH 

signalling pathway lead to a wide range of congenital disorders. Over the past decades, mutations in 

human NOTCH signalling genes have mainly been identified in different types of cardiovascular 

disease. This review elaborates on the different mutations described in NOTCH1 (MIM#190198), 

NOTCH2 (MIM#600275), and NOTCH3 (MIM#600276) and the resulting development of 

cardiovascular disease in humans.  

 

Canonical NOTCH signalling pathway 
In humans, four different NOTCH receptors exist, comprising NOTCH1-4. These receptors interact 

with the canonical ligands, which belong to the Delta and Jagged (JAG) families in vertebrates.1,2 JAG1 

and JAG2 are part of the Jagged family of NOTCH ligands, while Delta-like protein (DLL)1, DLL3, and 

DLL4 belong to the Delta family of NOTCH ligands.3 Both receptors and ligands are single pass 

transmembrane proteins and therefore signalling is restricted to neighbouring cells.  

In the Golgi compartment, the precursor of the NOTCH receptor is cleaved at cleavage site S1 by 

FURIN, a proprotein convertase, after which the two parts form a heterodimer (Figure 1). Next, the 

receptor will translocate to the cell surface, where the N-terminus will be located extracellularly and 

the C-terminus will be located in the intracellular compartment. The N-terminus mainly consists of 

epidermal growth factor (EGF)-like repeats, which are involved in ligand binding. These EGF-like 

domains within the NOTCH receptors and its ligands have a specific structure and consist of 

approximately 40 amino acids and contain six cysteine residues, which will form three disulfide 

bridges. These disulfide bridges determine the secondary structure of the domain and as a 

consequence also of the protein. In addition to the EGF-like repeats, the N-terminus of the NOTCH 
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receptor consists of Lin12-NOTCH (LNR) repeats and a heterodimerization (HD) domain, both located 

close to the transmembrane domain (TMD). Together, the LNR repeats and the HD domain form the 

negative regulatory region. This region prevents activation of the signalling cascade in the absence of 

a ligand.  

Binding of a ligand to the receptor initiates the signalling cascade (Figure 1) and this process causes 

mechanical forces to pull on the NOTCH receptor, leading to conformational changes,4 which will 

expose the S2 cleavage site of the receptor, which is located in the HD domain. The exposure of this 

cleavage site allows its cleavage by a disintegrin and metalloproteinase domain (ADAM) 10 or 

Adam17,5,6 which will release the extracellular part of the receptor. The cell expressing the ligand will 

ultimately internalize its ligand and the extracellular domain of the NOTCH receptor, a process 

termed trans-endocytosis.7-9 The remainder of the NOTCH receptor is still attached to the cell surface 

and the intracellular part consists of a Recombining binding protein suppressor of hairless (RBPJ)-

association module (RAM) domain, seven ankyrin (ANK) repeats10 surrounded by three nuclear 

localisation signals (NLS), a transactivation domain (TAD), and a proline (P)-, glutamic acid (E)-, serine 

(S)-, threonine (T)-rich (PEST) motif. After cleavage by ADAM10/17, the membrane bound 

intracellular part of the receptor is cleaved by the γ-secretase complex at cleavage sites S3 and S4,11-

13 which are located just outside the TMD. This γ-secretase complex is composed of several proteins, 

including Presenilin, a transmembrane protease, Nicastrin, Presenilin enhancer 2 (PEN-2), and 

anterior pharynx-defective (APH-1).1 After cleavage by the γ-secretase complex, the NOTCH 

intracellular domain (NICD) will be released and will translocate to the nucleus, based on the 

presence of an NLS. In the nucleus, the NICD will regulate transcription of the target genes, hairy and 

enhancer of split (HES) and HES-related with YRPW motif (HEY), which are evolutionarily conserved 

basic helix-loop-helix (bLHL) transcription factors.14,15  

Before NICD enters the nucleus, RBPJ, which consists of an N-terminal, a β-trefoil and a C-terminal 

domain,16 forms a corepressor complex by associating with several corepressor proteins and histone 
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deacetylase complexes (HDAC) to repress transcription of NOTCH target genes. Upon entering the 

nucleus, the NICD forms a ternary protein complex with RBPJ, by binding of the RAM domain of 

NOTCH to the β-trefoil domain of RBPJ and Mastermind-like protein (MAML) 1. This protein complex 

will bind to the DNA helix by the β-trefoil domain of RBPJ and will recruit coactivators of 

transcription, in order to replace the corepressor proteins.17  

The NOTCH receptors and its ligands display an extensive expression pattern, both during foetal 

development and in adult life, and are involved in the development of the vast majority of 

organs.Even though all NOTCH receptors are expressed in the vascular system, NOTCH2 and NOTCH3 

show a more pronounced expression compared to NOTCH1 and NOTCH4 (GTEx database), while 

NOTCH1 and NOTCH4 are highly expressed in endothelial cells.18 Numerous processes have been 

identified that are involved in the refinement of NOTCH signalling, including posttranslational 

modifications of the receptor and ligands, such as glycosylation, hydroxylation, phosphorylation, and 

ubiquitination.19 Additional finetuning is performed by interactions with coactivators and inhibitors 

at various levels of the pathway. The duration of the transcriptional event mediated by NICD is 

determined by MAML proteins, as they recruit cyclin dependent kinases (CDKs), which will 

phosphorylate the PEST domain of NICD, triggering the disassembly of the protein activator complex 

and ubiquitination of the NICD.20 Ultimately, the NICD will undergo proteasomal degradation.  

NOTCH1 

Congenital heart disease 

Bicuspid aortic valve (BAV) is the most common congenital heart defect, affecting 1-2% of the 

general population. BAV often goes unnoticed, but can lead to cardiovascular complications like 

calcific aortic valve disease (CAVD)21, coarctation, stenosis, and valve dysfunction22 and in at least 

20% of BAV patients, the malformation is accompanied by the development of thoracic aortic 

aneurysms (TAA).23 These complications are associated with significant mortality rates. Despite the 

fact that BAV is common, very few genes have been linked to this condition and the hitherto known 

genes only explain disease in a minority of patients.  
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In 2005, a first report was published describing the involvement of NOTCH1 mutations in congenital 

heart disease (CHD).21 Truncating NOTCH1 mutations were identified in two families, members of 

whom presented with various aortic and cardiac anomalies, including BAV, CAVD, aortic stenosis, 

aortic insufficiency, TAA, Tetralogy of Fallot (TOF), ventricular septal defect (VSD), mitral atresia, 

hypoplastic left ventricle, and double-outlet right ventricle (Figure 2).21 This initial report was 

followed by many others, describing an association between variations in NOTCH1 and BAV, 

BAV/TAA, hypoplastic left heart syndrome (HLHS), aortic valve stenosis, and coarctation.23-37 Most of 

the identified variants in these reports are missense variants, which do not replace or create critical 

cysteine or other conserved residues in the EGF-like domains. As the vast majority of these variants 

are also present in public databases (e.g. gnomAD38), sometimes at high allele frequencies, these are 

definitively not as convincing as the loss-of-function (LOF) mutations from the initial report. An 

overview of the published exonic and splicing NOTCH1 variants, with a minor allele frequency (MAF) 

<0.05, associated with CHD is given in the supporting information (Table S1). 

In 2016, a large scale screening of 428 probands with left-sided CHD (LS-CHD), confined to aortic 

valve stenosis, BAV, coarctation of the aorta, and HLHS, revealed the presence of 14 NOTCH1 

mutations, including splicing mutations, truncating mutations and a whole gene deletion (Figure 2, 

Table S1).39 A specific frameshift mutation reported in this study (p.Ser2486Leufs*21) is located 

within the last exon and is therefore predicted to escape nonsense mediated decay (NMD) of the 

mutant mRNA transcript. Consequently, this mutation is hypothesized to lead to a dominant negative 

effect, which is different from to the other truncating mutations in this study, for which 

haploinsufficiency (HI) would be the most likely mechanism of disease. In addition, 18% of mutation 

carriers suffered from right-sided CHD (RS-CHD) or conotruncal heart disease, revealing that the 

observed CHD has both a left- and right-sided localisation.39 Furthermore, in 10% of NOTCH1 

mutation carriers TAA was identified. Familial segregation was performed and 25% of mutation 

carriers were asymptomatic, indicating a significantly decreased penetrance.39  
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In contrast, a recent study in 441 BAV/TAA probands revealed a possible protective role for NOTCH1 

variants, as missense/splicing variants were observed more frequently amongst control populations 

compared to the BAV/TAA cohort (Table S1). However, the authors state that sample selection bias 

might have contributed to this observation, as NOTCH1 variants appear to associate with early and 

severe valve calcification and seem to be enriched in families with highly penetrant BAV but far lower 

penetrance of TAA ..23 

To study the role of this receptor, several Notch1 mouse models have been generated. Homozygous 

knock-out of Notch1 leads to embryonic lethality due to vascular defects, indicating an essential role 

for Notch signalling in early cardiovascular development.40 Heterozygosity of Notch1 on a Nos3-null 

background, a model previously known for the development of BAV,41 is characterized by high 

penetrance of BAV.42 Endothelial-specific loss of Notch1 contributes to the development of BAV.43,44 

Endothelial Dll4 is essential for epithelial-mesenchymal transition (EMT), a process defined by the 

detachment of endocardial cells in the atrioventricular canal and outflow tract and their transition to 

mesenchyme cells of the endocardial cushions. Endocardial Jag1 on the other hand, is required for 

proper cushion formation at post EMT-stages.45 Calcification studies of the aortic valves showed that 

immortalized Notch1+/− aortic valve interstitial cells resemble a myofibroblast-like phenotype, 

expressing higher amounts of mediators of dystrophic calcification.46 Recent work has shown that a 

heterozygous loss of Notch1 (Notch1+/–) leads to the development of TAA on a 129SV background, a 

phenomenon not observed on a mixed background (C59Bl6, 129SV, BTBR).47  

This overview indicates that truncating mutations in NOTCH1 cause a wide range of CHD, 

characterized by incomplete penetrance and variable expression. The causative potential of missense 

variants in NOTCH1 is less convincing and should be investigated in greater detail. It seems plausible 

that common pathophysiological mechanisms are underlying BAV and CHD, in which BAV is to be 

considered as the milder form of the more severe left ventricular outflow tract (LVOT) 

malformations.  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
 

Adams-Oliver syndrome 

Adams-Oliver syndrome (AOS) is a rare developmental disorder with an estimated frequency of one 

affected individual per 225,000 live births.48 AOS is characterized by the presence of  both aplasia 

cutis congenita (ACC) of the scalp vertex and transverse terminal limb defects (TTLD). AOS patients 

also frequently present with cardiac, vascular and neurological symptoms. Approximately 20% of AOS 

patients have CHD, including valvular and ventricular abnormalities, atrial septal defect (ASD), and 

TOF. Vascular anomalies typically include cutis marmorata telangiectatica congenita (CMTC), which is 

present in approximately 20% of AOS patients. A clear variability in clinical expression can be 

observed. This is also illustrated by scalp defects that range from complete absence of skin with 

underlying skull defect to small patches of skin that lack hair, and limb defects that can range from 

severe amputation defects to small nails or short distal phalanges. Furthermore, recent studies have 

demonstrated incomplete penetrance in several AOS families.49,50 

In total, mutations in six genes have been identified as a cause of AOS. The autosomal dominant (AD) 

form of AOS is caused by mutations in ARHGAP31, RBPJ, NOTCH1, or DLL4.49-54 The autosomal 

recessive form is caused by recessive mutations in DOCK6 and EOGT.55-57 ARHGAP31 and DOCK6 

encode regulatory proteins that specifically control the activity of the Rho GTPases RAC1 and CDC42, 

which are important for the maintenance of the actin cytoskeleton.53 The remaining four genes, 

RBPJ, NOTCH1, DLL4, and EOGT, are components of the NOTCH pathway. Mutations in these NOTCH 

signalling genes provide a definitive diagnosis in the majority of molecularly solved AOS cases. As 

such, the NOTCH pathway plays a key role in AOS pathogenesis. Compared to the other established 

AOS genes, mutations in DLL4, NOTCH1, and RBPJ are more often associated with cardiovascular 

anomalies (unpublished results).49 Epidermal growth factor (EGF) domain-specific O-linked N-

acetylglucosamine transferase (EOGT) has been shown to act on NOTCH receptors in mammals.58 

Mutations in components of the NOTCH pathway are predicted to lead to dysregulated NOTCH 

signalling, likely through HI or LOF, as the induction of Notch target genes by several mutant NOTCH1 
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receptors has been shown to be diminished.49 The exact mechanism underlying the clinical features 

observed in AOS remains unknown to date. However, it is hypothesized that the congenital 

anomalies in AOS are the consequence of an impaired circulation or vasculogenesis.51,59,60  

Various mouse models of AOS genes have been studied over the years. The phenotype of Notch1, 

Dll4, or Rbpj (heterozygous) KO mice is mainly cardiac and vascular, including impaired trabeculation, 

defective cardiac looping, arteriovenous malformations, and hypoplastic endocardial cushions.40,61,62 

Remarkably, phenotypic features similar to ACC or TTLD have not been reported in these mouse 

models.   

To date, NOTCH1 is the most important contributor to the genetic basis of AD AOS/ACC/TTLD, 

providing a molecular diagnosis in 10% of all AOS cases. NOTCH1 harbours deleterious variation 

across the major mutation categories, including large deletions, frameshift, nonsense, splice site, and 

missense mutations.49,51 Truncating mutations are distributed across the length of the NOTCH1 gene 

and are predicted to lead to NMD of the mutant mRNA transcript. The distribution of the truncating 

mutations does not differ from those observed in the BAV/CHD spectrum (Figure 2) and as such, the 

nature of the NOTCH1 mutation does not explain the divergence of the associated phenotypes. Most 

likely, additional genetic modifiers, tissular second hits63 or environmental factors determine the fate 

towards BAV/CHD or AOS. Missense mutations in NOTCH1 most often, but not exclusively, remove or 

create cysteine residues, thereby giving rise to an odd number of cysteines and in turn lead to a 

disruption of the tertiary structure, as the conventional disulfide bonds structure will be interrupted. 

Furthermore, a clustering of missense NOTCH1 mutations in and around EGF-like domains 11-13 is 

observed,49 a region crucial for binding of the ligand to the receptor. An overview of all published 

exonic and splicing NOTCH1 variants with a MAF <0.05 in relation to AOS is given in the supporting 

information (Table S1). 
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NOTCH2 

Alagille syndrome 

Alagille syndrome (ALGS) is an AD multisystemic disorder characterized by the presence of bile duct 

paucity in combination with three out of five major criteria, including cholestatic liver disease, 

cardiac anomalies, ocular abnormalities, skeletal defects, and characteristic craniofacial features.64 It 

was first described by Alagille et al. in 1987 and has an estimated prevalence of 1 in 70.000.64 

However, this prevalence is likely an underestimation, as it was based on the presence of neonatal 

liver disease and it was later discovered that a highly variable phenotype is present.65 In the vast 

majority (94-96%) of patients, the phenotype is caused by JAG1 mutations.66-69 The second gene 

identified for ALGS is NOTCH2, explaining 1-2% of cases.69,70 Recent studies have indicated that ALGS 

is accompanied by reduced penetrance and markedly variable expression. Importantly, familial 

segregation analyses revealed a substantial number of mutation carriers that did not fulfil all clinical 

diagnostic criteria of ALGS.71 Therefore, the clinical diagnostic criteria might be too stringent and 

more emphasis should be placed on the molecular identification of pathogenic variants in this 

disease. 

The vast majority of ALGS patients present with liver disease, including mild cholestasis, jaundice, 

and pruritis, and could progress to liver failure within the first three months of life.72 Similarly, 

cardiac manifestations also vary widely between affected individuals and range from benign heart 

murmurs to major structural malformations. Approximately 94% of ALGS patients suffer from these 

cardiac manifestations.73 Most commonly, the pulmonary system is affected, characterized by the 

presence of stenosis..72 Other cardiac defects include TOF, VSD, ASD, aortic stenosis, and coarctation 

of the aorta.72 Rarely, anomalous left coronary artery arising from the pulmonary artery is also 

observed and is associated with myocardial infarction and/or sudden death.74 Ocular abnormalities 

often include posterior embyotoxon.72 The most typical skeletal manifestation is butterfly vertebrae, 

a failure of fusion of the lateral halves of the vertebral body, which is present in the majority of ALGS 

patients.72,75 Characteristic facial features include a prominent forehead, a pointed chin, deep-set 
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eyes, moderate hypertelorism, downslanting palpebral fissures, large ears, a prominent mandible, a 

depressed nasal bridge and a straight nose with bulbous tip.76  The presence of these features will 

result in an upside down triangular shaped face. Other typical features include renal abnormalities, 

growth failure, delayed motor development, and neurovascular accidents, which are most often 

caused by aneurysms.69,77  

The exact role of JAG1 and NOTCH2 in the development of ALGS remains unclear to date, but several 

hypotheses have been raised to explain the phenotypic features. One hypothesis states that ALGS is 

mainly a vasculopathy, as the vascular anomalies are widespread and NOTCH signalling has an 

important role in angiogenesis. Jag1 KO mice are embryonically lethal and show vascular defects.78 In 

contrast, Jag1 heterozygous mice are viable, but do not show a cardiovascular phenotype. Combined 

HI of Jag1 and Notch2 does result in multisystem defects that resemble ALGS.79 Despite the fact that 

gene-dosage sensitivity differs between mice and humans, the pulmonary artery stenosis and VSD 

observed in these mice suggest that the combination of Jag1 and Notch2 is necessary for the proper 

development of the cardiac outflow tract (OFT). A similar phenotype is observed upon KO of Psen1, a 

component of the γ-secretase complex, which is indicative of a common pathway.80 Cardiac defects 

in ALGS often affect the cardiac OFT and the great vessels. These defects are recapitulated in a 

mouse model with Notch signalling specifically abrogated within the cardiac neural crest lineage. The 

latter is known to give rise to the vascular smooth muscle cells (VSMC) of the OFT and great vessels.81 

However, many of the other defects observed in ALGS, including liver, heart, skeleton, eye, face, and 

kidney defects, are caused by roles of Notch signalling in other cell types than VSMC. Kidney and eye 

defects, for example, are recapitulated in a homozygous, hypomorphic Notch2 mouse model.82 This 

could indicate that tissular second hits may play a role in the phenotypic variability observed in ALGS 

patients. To date, over 400 mutations in JAG1 have been reported to cause ALGS.83 In up to 7% of 

ALGS patients, a large deletion of this gene was identified.76 In the remainder of ALGS patients, 

truncating and missense mutations in JAG1 are identified. No particular mutational hotspots have 

been identified within this gene. Only a small number of NOTCH2 mutations have been published to 
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date, as only 1-2% of ALGS patients carries a mutation in this gene (Figure 3). These mutations 

involve missense mutations, frequently replacing a cysteine residue within an EGF-like domain, 

frameshift, splicing and nonsense mutations, suggesting LOF as the mechanism of action. Despite the 

limited number of identified NOTCH2 mutation carriers, a few genotype-phenotype correlations can 

be observed. Compared to JAG1 mutation carriers, NOTCH2 probands less often seem to present 

with cardiac abnormalities, skeletal defects and characteristic facial features.71 This could be 

explained by the fact that JAG1 is also able to bind the other NOTCH receptors, which could explain 

the wider phenotype in JAG1 mutation carriers. 

 

NOTCH3 

CADASIL syndrome 

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 

(CADASIL) is a hereditary, progressive, systemic arterial vessel disease characterized by the presence 

of recurrent subcortical infarctions, migraine with aura, cognitive decline resulting in dementia, 

diffuse white matter lesions, and psychiatric disorders, including mood disturbances and apathy. It 

was first recognized as a separate disease entity in 1993.84 To date, the minimum prevalence is 

calculated to be at least 4 in 100,000, but could be as high as 1 in 10,000.85 It is recognized as the 

most common cause of inherited stroke and vascular cognitive impairment in adults.86 CADASIL has 

an age of onset ranging from young to middle-aged adulthood. Large phenotypic variability can be 

observed both between and within families, without the presence of clear genotype-phenotype 

correlations.  

CADASIL is caused by mutations in NOTCH387 and is pathologically defined by an accumulation of 

granular osmiophilic material (GOM) in VSMC, which show a progressive degeneration. GOM is 

located in the extracellular space, close to the surface of VSMC. The presence of GOM can be 

confirmed on a skin biopsy. On brain magnetic resonance imaging, extensive hyperintensities of the 
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white matter in the periventricular region, external capsule, and anterior part of the temporal lobes 

are observed in the vast majority of patients, even 10-15 years before clinical symptoms, like 

cognitive decline, arise.88,89 The presence of subcortical infarcts and leukoencephalopathy are 

pathognomonic for the diagnosis of CADASIL. 

The clinical diagnosis of CADASIL is made based upon the combined occurrence of distinctive brain 

MRI abnormalities, AD family history of stroke or dementia, and unexplained cerebral ischemic 

events and/or cognitive decline at a relatively young age. This clinical diagnosis can be confirmed by 

the identification of a pathogenic mutation in the NOTCH3 gene. If no pathogenic mutation or a 

variant of uncertain significance (VUS) is observed, a skin biopsy is required to confirm the clinical 

diagnosis.86 Skin biopsies present with typical vessel wall abnormalities, which include the presence 

of GOM and a positive NOTCH3 immunostaining. This immunostaining of the vessel wall for the 

extracellular domain of NOTCH3 is highly sensitive and specific for CADASIL.90  

NOTCH3 is predominantly expressed in VSMC of the small arteries,91,92 where it plays an important 

role in maturation and differentiation.93 An odd number of cysteines will lead to misfolding of the 

EGF-like domain and in turn to increased multimerization of the NOTCH3 receptor. This 

multimerization is the consequence of sulfhydryl crosslinking.94 Accumulation of the extracellular 

domain of NOTCH3 is seen predominantly in close proximity to VSMC in the vessel wall91 and will 

lead to degeneration of the VSMC, due to a direct or indirect toxic effect.95,96 Recently, it has been 

suggested that CADASIL-causing NOTCH3 mutations lead to disease through a neomorphic or gain-of-

function (GOF) effect, rather than LOF, because most mutated NOTCH3 receptors are still able to 

activate downstream signalling.97,98 It is hypothesized that the mutant protein will form novel 

protein-protein interactions, which will in turn lead to the disease phenotype. Even though 

arteriopathy in CADASIL is systemic, the small cerebral and leptomeningeal arteries are most severely 

affected.86 Affected arteries show thickening of the arterial wall, which is accompanied by lumen 

stenosis, destruction of VSMC, and abundance of extracellular matrix proteins.99 Consequently, an 
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impaired cerebrovascular reactivity and a decreased cerebral blood flow and metabolism develop 

and this will result in the ischemic events observed in this disease.100 These events correlate with the 

cognitive decline, motor disability, cortical atrophy, and apoptosis of the neurons. Conversely, the 

pathogenesis of migraine with aura and mood disturbances remains largely unknown.  

Several mouse models of CADASIL have been developed, which shed some light on the pathogenesis 

of this disease. A knock-in (KI) model of the p.Arg142Cys mutation, which causes disease in human, 

does not develop any disease phenotype,101 while ectopic overexpression of mutant Notch3 results in 

the development of GOM deposits and recapitulates many of the phenotypic features of CADASIL in 

humans.102 While hypomorphic mutations in humans do not cause CADASIL, Notch3-null mice do 

show arteriopathy and some disruption of VSMC in cerebral arteries.103,104 Supporting the GOF 

hypothesis is the identification of several new binding partners of mutant Notch3, including tissue 

inhibitor metalloproteinase 3 (TIMP3) and vitronectin. These proteins seem to colocalize at sites 

where the extracellular domain of Notch3 aggregates. TIMP3, which inhibits degradation of the ECM 

by matrix metalloproteinases, has also been observed to be upregulated in vessels of CADASIL 

patients.95 Increased inhibition may correspond with the thickening and fibrosis of the arteriole wall. 

As these studies were not able to rule out any of the possible disease causing mechanisms (i.e. GOF 

or LOF), additional studies are required to pinpoint the exact pathogenic mechanisms.  

To date, over 200 distinct pathogenic CADASIL mutations have been described in NOTCH3.105 These 

mutations lead to an odd number of cysteines in one of the 34 EGF-like domains of the extracellular 

region of the receptor. Several mutational hotspots in NOTCH3 have been suggested for CADASIL. 

However, these are likely the result of founder mutations that segregate within specific populations, 

as these hotspots seem to vary between populations. It is debated whether non-cysteine variants 

also cause CADASIL. In several patients, variants for which the pathogenicity is unclear, have been 

described. These variants are mostly LOF or missense that do not involve a cysteine residue. They can 

only be considered pathogenic if all EGF-like domains have been screened for mutations and GOM 
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are visible on skin biopsy.105 For variants that do not associate with GOM on a skin biopsy, further 

research is necessary to determine whether these variants are pathogenic. All rare, published non-

cysteine NOTCH3 variations associated with CADASIL are depicted in Figure 4. A clustering can be 

identified within the first seven EGF-like domains. However, the significance of this clustering 

remains unclear.  

 

Discussion 
NOTCH signalling is important in the development of many organs. Over the past few decades, the 

NOTCH signalling pathway has been shown to be particularly important for cardiovascular 

development. Therefore, it is not surprising that mutations in genes encoding NOTCH signalling 

components lead to various types of cardiac and vascular disorders. Mutations in three out of the 

four NOTCH receptors are linked to cardiovascular disease in humans. NOTCH4 is the only NOTCH 

receptor for which an association with congenital cardiovascular anomalies has not yet been 

established.  

NOTCH1 mutations are linked to a wide range of phenotypes: AOS, severe CHD and BAV/TAA. AOS 

patients, characterized by the presence of ACC and TTLD, show frequent involvement of 

cardiovascular disease. Similar cardiovascular malformations are observed in NOTCH1 mutation 

carriers without any ACC or TTLD involvement. However, since ACC and/or TTLD manifestations can 

be very subtle, NOTCH1 patients with CHD require a closer look to rule out (subtle) involvement of 

AOS features.  

By comparing the different mutations identified for (severe) LS-CHD, and AOS, one preliminary 

genotype-phenotype correlation emerged. EGF-like domains 11-13 have been identified as hotspot 

mutational region for AOS.49 So far, no mutations within this region have been observed as a cause of 

BAV or LS-CHD only. Outside of this ligand binding region, there seems to be no difference in the type 

or location of AOS- or CHD-causing mutations.  
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NOTCH1 truncating variations have been found in both CHD and AOS. We believe that these obvious 

LOF mutations are the only convincing NOTCH1 mutations in BAV/CHD, whereas the causality of the 

hitherto reported NOTCH1 missense mutations in BAV/CHD patients may be questioned. Using 

patient derived induced pluripotent stem cells, some functional evidence was gathered for the 

causative potential of compound heterozygous NOTCH1 missense mutations in a patient with HLHS.34 

It is hypothesized that rare monogenic causes of BAV/CHD exist, which is demonstrated by the fact 

that severe LOF mutations often segregate within families.21,39 However, in view of the fact that the 

majority of reported missense NOTCH1 variants have a rather high frequency in public databases, are 

not demonstrated unequivocally to be LOF mutations, and show marked decreased penetrance, 

BAV/CHD is most likely oligogenic in nature. The multifactorial nature could be the result of an 

interplay between multiple genetic variations, epigenetic factors, tissular second hits,63 and 

environmental factors, such as hemodynamic shear stress, which is the consequence of altered blood 

flow over the abnormal valve. Altered expression levels of the genes of interest and their interaction 

partners could provide another source of phenotypic modification. An integrated approach is 

necessary to reveal the underlying mechanisms and to provide an individualized risk assessment.  

Interestingly, in some NOTCH1 families, both individuals with AOS only and CHD only have been 

described.106 Moreover, identical mutations have been found in unrelated AOS and CHD cases as 

well,39,49 further demonstrating that the same primary mutation can lead to different phenotypic 

outcomes. Both phenotypes may thus be part of a disease spectrum and not necessarily represent 

distinct phenotypes. The difference in phenotype may be the consequence of tissular second hits, 

modifier genes, (epi)genetic alterations and environmental factors. Even though no AOS-specific 

features were observed in the LS-CHD cohort, this does not rule out that both diseases are part of 

the same spectrum, as segregation analysis in AOS patients has revealed incomplete penetrance in 

addition to significant variability in clinical expression. For example, some individuals carrying a 

NOTCH1 mutation do not present with TTLD. Furthermore, ACC can be present in various degrees 

and one could imagine that minor skin findings are easily missed in patients presenting with LS-CHD. 
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Further research is necessary to pinpoint the mechanisms discriminating NOTCH1-related AOS from 

isolated cardiovascular disease. Recent work has demonstrated that two ligands of the Notch 

receptor (Dll1 and Dll4) are able to activate distinct targets through the same Notch receptor. This 

discrimination is made based upon activation dynamics, whereby Dll1 induces a pulsed Notch 

activation and Dll4 induces a sustained activation.107 Therefore, activation dynamics adds an extra 

layer of complexity to the Notch pathway and could be important in the development of distinct 

phenotypes.  

When comparing mutations between the different NOTCH receptors, it is striking that the disease-

causing mechanism in NOTCH1 and NOTCH2 is similar, while this differs from NOTCH3. CHD/AOS and 

Alagille syndrome are likely the result of a LOF mechanism. In contrast, GOF or a neomorphic 

function is the likely cause of disease for NOTCH3 mutations. Interestingly, cysteine-creating or 

replacing mutations in either NOTCH1 or NOTCH2 give rise to a LOF, while these types of mutations 

seem to give rise to GOF in NOTCH3. This difference could be due to different spatial and temporal 

expression of the receptors and the resulting different interaction partners at hand.  

In conclusion, research during the recent decades has provided many insights into the development 

of cardiovascular disease caused by mutations in the NOTCH receptors. However, many aspects of 

the disease pathogenesis remain unexplained. Further research is necessary to explain how 

mutations within the same gene lead to different phenotypes and to gain more insight into disease 

pathogenesis, in order to develop more personalized preventive therapeutic applications. 

 

  

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
References 

1. Bray SJ. Notch signalling: a simple pathway becomes complex. Nature reviews. Sep 
2006;7(9):678-689. 

2. Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signaling: cell fate control and signal 
integration in development. Science. Apr 30 1999;284(5415):770-776. 

3. Baeten JT, Lilly B. Notch Signaling in Vascular Smooth Muscle Cells. Adv Pharmacol. 
2017;78:351-382. 

4. Gordon WR, Zimmerman B, He L, et al. Mechanical Allostery: Evidence for a Force 
Requirement in the Proteolytic Activation of Notch. Developmental cell. Jun 22 
2015;33(6):729-736. 

5. Brou C, Logeat F, Gupta N, et al. A novel proteolytic cleavage involved in Notch signaling: the 
role of the disintegrin-metalloprotease TACE. Mol Cell. Feb 2000;5(2):207-216. 

6. Mumm JS, Schroeter EH, Saxena MT, et al. A ligand-induced extracellular cleavage regulates 
gamma-secretase-like proteolytic activation of Notch1. Mol Cell. Feb 2000;5(2):197-206. 

7. Klueg KM, Muskavitch MA. Ligand-receptor interactions and trans-endocytosis of Delta, 
Serrate and Notch: members of the Notch signalling pathway in Drosophila. J Cell Sci. Oct 
1999;112 ( Pt 19):3289-3297. 

8. Meloty-Kapella L, Shergill B, Kuon J, Botvinick E, Weinmaster G. Notch ligand endocytosis 
generates mechanical pulling force dependent on dynamin, epsins, and actin. Developmental 
cell. Jun 12 2012;22(6):1299-1312. 

9. Parks AL, Klueg KM, Stout JR, Muskavitch MA. Ligand endocytosis drives receptor dissociation 
and activation in the Notch pathway. Development. Apr 2000;127(7):1373-1385. 

10. Ehebauer MT, Chirgadze DY, Hayward P, Martinez Arias A, Blundell TL. High-resolution crystal 
structure of the human Notch 1 ankyrin domain. Biochem J. Nov 15 2005;392(Pt 1):13-20. 

11. van Tetering G, Vooijs M. Proteolytic cleavage of Notch: "HIT and RUN". Curr Mol Med. Jun 
2011;11(4):255-269. 

12. Schroeter EH, Kisslinger JA, Kopan R. Notch-1 signalling requires ligand-induced proteolytic 
release of intracellular domain. Nature. May 28 1998;393(6683):382-386. 

13. De Strooper B, Annaert W, Cupers P, et al. A presenilin-1-dependent gamma-secretase-like 
protease mediates release of Notch intracellular domain. Nature. Apr 8 1999;398(6727):518-
522. 

14. Maier MM, Gessler M. Comparative analysis of the human and mouse Hey1 promoter: Hey 
genes are new Notch target genes. Biochem Biophys Res Commun. Aug 28 2000;275(2):652-
660. 

15. Jarriault S, Brou C, Logeat F, Schroeter EH, Kopan R, Israel A. Signalling downstream of 
activated mammalian Notch. Nature. Sep 28 1995;377(6547):355-358. 

16. Kovall RA, Hendrickson WA. Crystal structure of the nuclear effector of Notch signaling, CSL, 
bound to DNA. The EMBO journal. Sep 1 2004;23(17):3441-3451. 

17. Nam Y, Sliz P, Song L, Aster JC, Blacklow SC. Structural basis for cooperativity in recruitment 
of MAML coactivators to Notch transcription complexes. Cell. Mar 10 2006;124(5):973-983. 

18. Cao Y, Zhu J, Jia P, Zhao Z. scRNASeqDB: A Database for RNA-Seq Based Gene Expression 
Profiles in Human Single Cells. Genes (Basel). Dec 5 2017;8(12). 

19. Kakuda S, Haltiwanger RS. Analyzing the posttranslational modification status of Notch using 
mass spectrometry. Methods Mol Biol. 2014;1187:209-221. 

20. Thompson BJ, Buonamici S, Sulis ML, et al. The SCFFBW7 ubiquitin ligase complex as a tumor 
suppressor in T cell leukemia. The Journal of experimental medicine. Aug 6 2007;204(8):1825-
1835. 

21. Garg V, Muth AN, Ransom JF, et al. Mutations in NOTCH1 cause aortic valve disease. Nature. 
Sep 8 2005;437(7056):270-274. 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
22. Michelena HI, Prakash SK, Della Corte A, et al. Bicuspid aortic valve: identifying knowledge 

gaps and rising to the challenge from the International Bicuspid Aortic Valve Consortium 
(BAVCon). Circulation. Jun 24 2014;129(25):2691-2704. 

23. Gillis E, Kumar AA, Luyckx I, et al. Candidate Gene Resequencing in a Large Bicuspid Aortic 
Valve-Associated Thoracic Aortic Aneurysm Cohort: SMAD6 as an Important Contributor. 
Front Physiol. 2017;8:400. 

24. Mohamed SA, Aherrahrou Z, Liptau H, et al. Novel missense mutations (p.T596M and 
p.P1797H) in NOTCH1 in patients with bicuspid aortic valve. Biochem Biophys Res Commun. 
Jul 14 2006;345(4):1460-1465. 

25. McKellar SH, Tester DJ, Yagubyan M, Majumdar R, Ackerman MJ, Sundt TM, 3rd. Novel 
NOTCH1 mutations in patients with bicuspid aortic valve disease and thoracic aortic 
aneurysms. The Journal of thoracic and cardiovascular surgery. Aug 2007;134(2):290-296. 

26. Foffa I, Ait Ali L, Panesi P, et al. Sequencing of NOTCH1, GATA5, TGFBR1 and TGFBR2 genes in 
familial cases of bicuspid aortic valve. BMC medical genetics. Apr 11 2013;14:44. 

27. Iascone M, Ciccone R, Galletti L, et al. Identification of de novo mutations and rare variants in 
hypoplastic left heart syndrome. Clin Genet. Jun 2012;81(6):542-554. 

28. Freylikhman O, Tatarinova T, Smolina N, et al. Variants in the NOTCH1 gene in patients with 
aortic coarctation. Congenit Heart Dis. Sep-Oct 2014;9(5):391-396. 

29. McBride KL, Riley MF, Zender GA, et al. NOTCH1 mutations in individuals with left ventricular 
outflow tract malformations reduce ligand-induced signaling. Human molecular genetics. Sep 
15 2008;17(18):2886-2893. 

30. Dargis N, Lamontagne M, Gaudreault N, et al. Identification of Gender-Specific Genetic 
Variants in Patients With Bicuspid Aortic Valve. Am J Cardiol. Feb 1 2016;117(3):420-426. 

31. Girdauskas E, Geist L, Disha K, et al. Genetic abnormalities in bicuspid aortic valve root 
phenotype: preliminary results. European journal of cardio-thoracic surgery : official journal 
of the European Association for Cardio-thoracic Surgery. Jul 1 2017;52(1):156-162. 

32. Kent KC, Crenshaw ML, Goh DL, Dietz HC. Genotype-phenotype correlation in patients with 
bicuspid aortic valve and aneurysm. The Journal of thoracic and cardiovascular surgery. Jul 
2013;146(1):158-165 e151. 

33. Bonachea EM, Zender G, White P, et al. Use of a targeted, combinatorial next-generation 
sequencing approach for the study of bicuspid aortic valve. BMC Med Genomics. Sep 26 
2014;7:56. 

34. Theis JL, Hrstka SC, Evans JM, et al. Compound heterozygous NOTCH1 mutations underlie 
impaired cardiogenesis in a patient with hypoplastic left heart syndrome. Hum Genet. Sep 
2015;134(9):1003-1011. 

35. Durbin MD, Cadar AG, Williams CH, et al. Hypoplastic Left Heart Syndrome Sequencing 
Reveals a Novel NOTCH1 Mutation in a Family with Single Ventricle Defects. Pediatr Cardiol. 
Aug 2017;38(6):1232-1240. 

36. Preuss C, Capredon M, Wunnemann F, et al. Family Based Whole Exome Sequencing Reveals 
the Multifaceted Role of Notch Signaling in Congenital Heart Disease. PLoS Genet. Oct 
2016;12(10):e1006335. 

37. Irtyuga O, Malashicheva A, Zhiduleva E, et al. NOTCH1 Mutations in Aortic Stenosis: 
Association with Osteoprotegerin/RANK/RANKL. BioMed research international. 
2017;2017:6917907. 

38. Lek M, Karczewski KJ, Minikel EV, et al. Analysis of protein-coding genetic variation in 60,706 
humans. Nature. Aug 18 2016;536(7616):285-291. 

39. Kerstjens-Frederikse WS, van de Laar IM, Vos YJ, et al. Cardiovascular malformations caused 
by NOTCH1 mutations do not keep left: data on 428 probands with left-sided CHD and their 
families. Genet Med. Sep 2016;18(9):914-923. 

40. Krebs LT, Xue Y, Norton CR, et al. Notch signaling is essential for vascular morphogenesis in 
mice. Genes & development. Jun 1 2000;14(11):1343-1352. 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
41. Lee TC, Zhao YD, Courtman DW, Stewart DJ. Abnormal aortic valve development in mice 

lacking endothelial nitric oxide synthase. Circulation. May 23 2000;101(20):2345-2348. 
42. Bosse K, Hans CP, Zhao N, et al. Endothelial nitric oxide signaling regulates Notch1 in aortic 

valve disease. Journal of molecular and cellular cardiology. Jul 2013;60:27-35. 
43. Koenig SN, Bosse K, Majumdar U, Bonachea EM, Radtke F, Garg V. Endothelial Notch1 Is 

Required for Proper Development of the Semilunar Valves and Cardiac Outflow Tract. Journal 
of the American Heart Association. Apr 22 2016;5(4). 

44. Wang Y, Wu B, Farrar E, et al. Notch-Tnf signalling is required for development and 
homeostasis of arterial valves. Eur Heart J. Mar 1 2017;38(9):675-686. 

45. MacGrogan D, D'Amato G, Travisano S, et al. Sequential Ligand-Dependent Notch Signaling 
Activation Regulates Valve Primordium Formation and Morphogenesis. Circ Res. May 13 
2016;118(10):1480-1497. 

46. Chen J, Ryzhova LM, Sewell-Loftin MK, et al. Notch1 Mutation Leads to Valvular Calcification 
Through Enhanced Myofibroblast Mechanotransduction. Arteriosclerosis, thrombosis, and 
vascular biology. Jul 2015;35(7):1597-1605. 

47. Koenig SN, LaHaye S, Feller JD, et al. Notch1 haploinsufficiency causes ascending aortic 
aneurysms in mice. JCI Insight. Nov 2 2017;2(21). 

48. Martinez-Frias ML, Arroyo Carrera I, Munoz-Delgado NJ, et al. [The Adams-Oliver syndrome 
in Spain: the epidemiological aspects]. An Esp Pediatr. Jul 1996;45(1):57-61. 

49. Southgate L, Sukalo M, Karountzos AS, et al. Haploinsufficiency of the NOTCH1 Receptor as a 
Cause of Adams-Oliver Syndrome With Variable Cardiac Anomalies. Circulation. 
Cardiovascular genetics. Aug 2015;8(4):572-581. 

50. Meester JA, Southgate L, Stittrich AB, et al. Heterozygous Loss-of-Function Mutations in DLL4 
Cause Adams-Oliver Syndrome. Am J Hum Genet. Sep 3 2015;97(3):475-482. 

51. Stittrich AB, Lehman A, Bodian DL, et al. Mutations in NOTCH1 cause Adams-Oliver 
syndrome. Am J Hum Genet. Sep 04 2014;95(3):275-284. 

52. Hassed SJ, Wiley GB, Wang S, et al. RBPJ mutations identified in two families affected by 
Adams-Oliver syndrome. Am J Hum Genet. Aug 10 2012;91(2):391-395. 

53. Southgate L, Machado RD, Snape KM, et al. Gain-of-function mutations of ARHGAP31, a 
Cdc42/Rac1 GTPase regulator, cause syndromic cutis aplasia and limb anomalies. Am J Hum 
Genet. May 13 2011;88(5):574-585. 

54. Lehman A, Stittrich AB, Glusman G, et al. Diffuse angiopathy in Adams-Oliver syndrome 
associated with truncating DOCK6 mutations. Am J Med Genet A. Oct 2014;164A(10):2656-
2662. 

55. Shaheen R, Faqeih E, Sunker A, et al. Recessive mutations in DOCK6, encoding the guanidine 
nucleotide exchange factor DOCK6, lead to abnormal actin cytoskeleton organization and 
Adams-Oliver syndrome. Am J Hum Genet. Aug 12 2011;89(2):328-333. 

56. Shaheen R, Aglan M, Keppler-Noreuil K, et al. Mutations in EOGT confirm the genetic 
heterogeneity of autosomal-recessive Adams-Oliver syndrome. Am J Hum Genet. Apr 04 
2013;92(4):598-604. 

57. Sukalo M, Tilsen F, Kayserili H, et al. DOCK6 Mutations Are Responsible for a Distinct 
Autosomal-Recessive Variant of Adams-Oliver Syndrome Associated with Brain and Eye 
Anomalies. Hum Mutat. Nov 2015;36(11):1112. 

58. Sakaidani Y, Ichiyanagi N, Saito C, et al. O-linked-N-acetylglucosamine modification of 
mammalian Notch receptors by an atypical O-GlcNAc transferase Eogt1. Biochem Biophys Res 
Commun. Mar 02 2012;419(1):14-19. 

59. Patel MS, Taylor GP, Bharya S, et al. Abnormal pericyte recruitment as a cause for pulmonary 
hypertension in Adams-Oliver syndrome. Am J Med Genet A. Sep 01 2004;129A(3):294-299. 

60. Swartz EN, Sanatani S, Sandor GG, Schreiber RA. Vascular abnormalities in Adams-Oliver 
syndrome: cause or effect? Am J Med Genet. Jan 01 1999;82(1):49-52. 

61. Duarte A, Hirashima M, Benedito R, et al. Dosage-sensitive requirement for mouse Dll4 in 
artery development. Genes & development. Oct 15 2004;18(20):2474-2478. 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
62. Krebs LT, Shutter JR, Tanigaki K, Honjo T, Stark KL, Gridley T. Haploinsufficient lethality and 

formation of arteriovenous malformations in Notch pathway mutants. Genes & development. 
Oct 15 2004;18(20):2469-2473. 

63. Limaye N, Wouters V, Uebelhoer M, et al. Somatic mutations in angiopoietin receptor gene 
TEK cause solitary and multiple sporadic venous malformations. Nature genetics. Jan 
2009;41(1):118-124. 

64. Alagille D, Estrada A, Hadchouel M, Gautier M, Odievre M, Dommergues JP. Syndromic 
paucity of interlobular bile ducts (Alagille syndrome or arteriohepatic dysplasia): review of 80 
cases. J Pediatr. Feb 1987;110(2):195-200. 

65. Danks DM, Campbell PE, Jack I, Rogers J, Smith AL. Studies of the aetiology of neonatal 
hepatitis and biliary atresia. Arch Dis Child. May 1977;52(5):360-367. 

66. Li L, Krantz ID, Deng Y, et al. Alagille syndrome is caused by mutations in human Jagged1, 
which encodes a ligand for Notch1. Nature genetics. Jul 1997;16(3):243-251. 

67. Oda T, Elkahloun AG, Pike BL, et al. Mutations in the human Jagged1 gene are responsible for 
Alagille syndrome. Nature genetics. Jul 1997;16(3):235-242. 

68. Warthen DM, Moore EC, Kamath BM, et al. Jagged1 (JAG1) mutations in Alagille syndrome: 
increasing the mutation detection rate. Hum Mutat. May 2006;27(5):436-443. 

69. Spinner NB, Leonard LD, Krantz ID. Alagille Syndrome. In: Adam MP, Ardinger HH, Pagon RA, 
et al., eds. GeneReviews((R)). Seattle (WA)2013. 

70. McDaniell R, Warthen DM, Sanchez-Lara PA, et al. NOTCH2 mutations cause Alagille 
syndrome, a heterogeneous disorder of the notch signaling pathway. Am J Hum Genet. Jul 
2006;79(1):169-173. 

71. Kamath BM, Bauer RC, Loomes KM, et al. NOTCH2 mutations in Alagille syndrome. Journal of 
medical genetics. Feb 2012;49(2):138-144. 

72. Emerick KM, Rand EB, Goldmuntz E, Krantz ID, Spinner NB, Piccoli DA. Features of Alagille 
syndrome in 92 patients: frequency and relation to prognosis. Hepatology. Mar 
1999;29(3):822-829. 

73. McElhinney DB, Krantz ID, Bason L, et al. Analysis of cardiovascular phenotype and genotype-
phenotype correlation in individuals with a JAG1 mutation and/or Alagille syndrome. 
Circulation. Nov 12 2002;106(20):2567-2574. 

74. Lemoine TJ, Kaza AK, Gray R, Day RW, Tani LY, Poss WB. Anomalous origin of the left 
coronary artery from the pulmonary artery in Alagille syndrome. Congenit Heart Dis. Sep-Oct 
2010;5(5):462-464. 

75. Sanderson E, Newman V, Haigh SF, Baker A, Sidhu PS. Vertebral anomalies in children with 
Alagille syndrome: an analysis of 50 consecutive patients. Pediatric radiology. Feb 
2002;32(2):114-119. 

76. Krantz ID, Piccoli DA, Spinner NB. Alagille syndrome. Journal of medical genetics. Feb 
1997;34(2):152-157. 

77. Kamath BM, Spinner NB, Emerick KM, et al. Vascular anomalies in Alagille syndrome: a 
significant cause of morbidity and mortality. Circulation. Mar 23 2004;109(11):1354-1358. 

78. Xue Y, Gao X, Lindsell CE, et al. Embryonic lethality and vascular defects in mice lacking the 
Notch ligand Jagged1. Human molecular genetics. May 1999;8(5):723-730. 

79. McCright B, Lozier J, Gridley T. A mouse model of Alagille syndrome: Notch2 as a genetic 
modifier of Jag1 haploinsufficiency. Development. Feb 2002;129(4):1075-1082. 

80. Nakajima M, Moriizumi E, Koseki H, Shirasawa T. Presenilin 1 is essential for cardiac 
morphogenesis. Dev Dyn. Aug 2004;230(4):795-799. 

81. High FA, Zhang M, Proweller A, et al. An essential role for Notch in neural crest during 
cardiovascular development and smooth muscle differentiation. The Journal of clinical 
investigation. Feb 2007;117(2):353-363. 

82. McCright B, Gao X, Shen L, et al. Defects in development of the kidney, heart and eye 
vasculature in mice homozygous for a hypomorphic Notch2 mutation. Development. Feb 
2001;128(4):491-502. 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
83. Turnpenny PD, Ellard S. Alagille syndrome: pathogenesis, diagnosis and management. Eur J 

Hum Genet. Mar 2012;20(3):251-257. 
84. Tournier-Lasserve E, Joutel A, Melki J, et al. Cerebral autosomal dominant arteriopathy with 

subcortical infarcts and leukoencephalopathy maps to chromosome 19q12. Nature genetics. 
Mar 1993;3(3):256-259. 

85. Moreton FC, Razvi SS, Davidson R, Muir KW. Changing clinical patterns and increasing 
prevalence in CADASIL. Acta Neurol Scand. Sep 2014;130(3):197-203. 

86. Chabriat H, Joutel A, Dichgans M, Tournier-Lasserve E, Bousser MG. Cadasil. Lancet Neurol. 
Jul 2009;8(7):643-653. 

87. Joutel A, Corpechot C, Ducros A, et al. Notch3 mutations in CADASIL, a hereditary adult-onset 
condition causing stroke and dementia. Nature. Oct 24 1996;383(6602):707-710. 

88. Chabriat H, Levy C, Taillia H, et al. Patterns of MRI lesions in CADASIL. Neurology. Aug 
1998;51(2):452-457. 

89. Dichgans M, Filippi M, Bruning R, et al. Quantitative MRI in CADASIL: correlation with 
disability and cognitive performance. Neurology. Apr 22 1999;52(7):1361-1367. 

90. Joutel A, Favrole P, Labauge P, et al. Skin biopsy immunostaining with a Notch3 monoclonal 
antibody for CADASIL diagnosis. Lancet. Dec 15 2001;358(9298):2049-2051. 

91. Joutel A, Andreux F, Gaulis S, et al. The ectodomain of the Notch3 receptor accumulates 
within the cerebrovasculature of CADASIL patients. The Journal of clinical investigation. Mar 
2000;105(5):597-605. 

92. Prakash N, Hansson E, Betsholtz C, Mitsiadis T, Lendahl U. Mouse Notch 3 expression in the 
pre- and postnatal brain: relationship to the stroke and dementia syndrome CADASIL. 
Experimental cell research. Aug 01 2002;278(1):31-44. 

93. Domenga V, Fardoux P, Lacombe P, et al. Notch3 is required for arterial identity and 
maturation of vascular smooth muscle cells. Genes & development. Nov 15 
2004;18(22):2730-2735. 

94. Duering M, Karpinska A, Rosner S, et al. Co-aggregate formation of CADASIL-mutant NOTCH3: 
a single-particle analysis. Human molecular genetics. Aug 15 2011;20(16):3256-3265. 

95. Monet-Lepretre M, Haddad I, Baron-Menguy C, et al. Abnormal recruitment of extracellular 
matrix proteins by excess Notch3 ECD: a new pathomechanism in CADASIL. Brain : a journal 
of neurology. Jun 2013;136(Pt 6):1830-1845. 

96. Ruchoux MM, Guerouaou D, Vandenhaute B, Pruvo JP, Vermersch P, Leys D. Systemic 
vascular smooth muscle cell impairment in cerebral autosomal dominant arteriopathy with 
subcortical infarcts and leukoencephalopathy. Acta Neuropathol. 1995;89(6):500-512. 

97. Karlstrom H, Beatus P, Dannaeus K, Chapman G, Lendahl U, Lundkvist J. A CADASIL-mutated 
Notch 3 receptor exhibits impaired intracellular trafficking and maturation but normal ligand-
induced signaling. Proc Natl Acad Sci U S A. Dec 24 2002;99(26):17119-17124. 

98. Haritunians T, Chow T, De Lange RP, et al. Functional analysis of a recurrent missense 
mutation in Notch3 in CADASIL. Journal of neurology, neurosurgery, and psychiatry. Sep 
2005;76(9):1242-1248. 

99. Miao Q, Paloneva T, Tuominen S, et al. Fibrosis and stenosis of the long penetrating cerebral 
arteries: the cause of the white matter pathology in cerebral autosomal dominant 
arteriopathy with subcortical infarcts and leukoencephalopathy. Brain Pathol. Oct 
2004;14(4):358-364. 

100. Morroni M, Marzioni D, Ragno M, et al. Role of electron microscopy in the diagnosis of 
cadasil syndrome: a study of 32 patients. PloS one. 2013;8(6):e65482. 

101. Lundkvist J, Zhu S, Hansson EM, et al. Mice carrying a R142C Notch 3 knock-in mutation do 
not develop a CADASIL-like phenotype. Genesis. Jan 2005;41(1):13-22. 

102. Joutel A, Monet-Lepretre M, Gosele C, et al. Cerebrovascular dysfunction and 
microcirculation rarefaction precede white matter lesions in a mouse genetic model of 
cerebral ischemic small vessel disease. The Journal of clinical investigation. Feb 
2010;120(2):433-445. 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
103. Henshall TL, Keller A, He L, et al. Notch3 is necessary for blood vessel integrity in the central 

nervous system. Arteriosclerosis, thrombosis, and vascular biology. Feb 2015;35(2):409-420. 
104. Pippucci T, Maresca A, Magini P, et al. Homozygous NOTCH3 null mutation and impaired 

NOTCH3 signaling in recessive early-onset arteriopathy and cavitating leukoencephalopathy. 
EMBO Mol Med. Jun 2015;7(6):848-858. 

105. Rutten JW, Haan J, Terwindt GM, van Duinen SG, Boon EM, Lesnik Oberstein SA. 
Interpretation of NOTCH3 mutations in the diagnosis of CADASIL. Expert Rev Mol Diagn. Jun 
2014;14(5):593-603. 

106. Lin AE, Westgate MN, van der Velde ME, Lacro RV, Holmes LB. Adams-Oliver syndrome 
associated with cardiovascular malformations. Clinical dysmorphology. Oct 1998;7(4):235-
241. 

107. Nandagopal N, Santat LA, LeBon L, Sprinzak D, Bronner ME, Elowitz MB. Dynamic Ligand 
Discrimination in the Notch Signaling Pathway. Cell. Feb 8 2018;172(4):869-880 e819. 

 

This article is protected by copyright. All rights reserved.



A
cc

ep
te

d 
A

rti
cl

e
Figure legends 
 
Figure 1: Canonical NOTCH signalling.  
An overview of canonical NOTCH signalling. NOTCH ligands include JAG1, JAG2, DLL1, DLL3, and DLL4 
and NOTCH receptors are represented by NOTCH1, NOTCH2, NOTCH3, and NOTCH4. HDAC, histone 
deacetylase complex; HES, hairy and enhancer of split; HEY, HES-related with YRPW motif; MAML1, 
Mastermind-like protein 1; NICD, NOTCH intracellular domain and RBPJ, Recombining binding protein 
suppressor of hairless. 
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Figure 2: NOTCH1 mutations in LS-CHD, BAV, and AOS. 
An overview of NOTCH1 LOF mutations in LS-CHD, BAV, and AOS. EGF 11-13 highlights the ligand-
binding domain. ANK, ankyrin; AOS, Adams-Oliver syndrome; BAV, bicuspid aortic valve; cbEGF-like, 
calcium-binding Epidermal Growth Factor-like domain; ECD, Extracellular domain; EGF-like, 
Epidermal Growth Factor-like domain; ICD, Intracellular domain; LS-CHD, left-sided congenital heart 
disease; LNR, Lin-12/Notch repeat; RAM, RBP-Jkappa-associated module; TAD, transcriptional 
activation domain and PEST, proline (P), glutamic acid (E), serine (S), and threonine (T)-rich peptide 
sequence; TM, transmembrane domain. 
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Figure 3: NOTCH2 mutations in Alagille syndrome. 
An overview of all NOTCH2 mutations causing Alagille syndrome described in literature. ECD, 
Extracellular domain; ICD, Intracellular domain; EGF-like, Epidermal Growth Factor-like domain; 
cbEGF-like, calcium-binding Epidermal Growth Factor-like domain; LNR, Lin-12/Notch repeat; TM, 
transmembrane domain; RAM, RBP-Jkappa-associated module; ANK, ankyrin; TAD, transcriptional 
activation domain and PEST, proline (P), glutamic acid (E), serine (S), and threonine (T)-rich peptide 
sequence.  
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Figure 4: Cysteine sparing NOTCH3 variants in CADASIL syndrome. 
Cysteine sparing NOTCH3 variants reported in literature. Variants absent from gnomAD are depicted 
in green. Variants with a minor allele frequency < 0.01 in gnomAD are depicted in black. Variants 
reported as polymorphisms by Rutten et al. (2004) are depicted in red. ANK, ankyrin; CADASIL, 
Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; 
cbEGF-like, calcium-binding Epidermal Growth Factor-like domain; ECD, Extracellular domain; EGF-
like, Epidermal Growth Factor-like domain; ICD, Intracellular domain; LNR, Lin-12/Notch repeat; 
PEST, proline (P), glutamic acid (E), serine (S), and threonine (T)-rich peptide sequence; RAM, RBP-
Jkappa-associated module; TM, transmembrane domain, and ?, unknown. 
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