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ABSTRACT
Introduction Bicuspid aortic valve (BAV) affects 1% 
of the general population. NOTCH1 was the first gene 
associated with BAV. The proportion of familial and 
sporadic BAV disease attributed to NOTCH1 mutations 
has not been estimated.
Aim The aim of our study was to provide an estimate 
of familial and sporadic BAV disease attributable to 
NOTCH1 mutations.
Methods The population of our study consisted of 
participants of the University of Leicester Bicuspid aoRtic 
vAlVe gEnetic research—8 pedigrees with multiple 
affected family members and 381 sporadic patients. All 
subjects underwent NOTCH1 sequencing. A systematic 
literature search was performed in the NCBI PubMed 
database to identify publications reporting NOTCH1 
sequencing in context of congenital heart disease.
Results NOTCH1 sequencing in 36 subjects from 8 
pedigrees identified one variant c.873C>G/p.Tyr291* 
meeting the American College of Medical Genetics and 
Genomics criteria for pathogenicity. No pathogenic or 
likely pathogenic NOTCH1 variants were identified in 
381 sporadic patients. Literature review identified 64 
relevant publication reporting NOTCH1 sequencing 
in 528 pedigrees and 9449 sporadic subjects. After 
excluding families with syndromic disease pathogenic 
and likely pathogenic NOTCH1 variants were detected 
in 9/435 (2.1%; 95% CI: 0.7% to 3.4%) of pedigrees 
and between 0.05% (95% CI: 0.005% to 0.10%) and 
0.08% (95% CI: 0.02% to 0.13%) of sporadic patients. 
Incomplete penetrance of definitely pathogenic NOTCH1 
mutations was observed in almost half of reported 
pedigrees.
Conclusions Pathogenic and likely pathogenic NOTCH1 
genetic variants explain 2% of familial and <0.1% of 
sporadic BAV disease and are more likely to associate 
with tetralogy of Fallot and hypoplastic left heart.

INTRODUCTION
Bicuspid aortic valve (BAV) is the most common 
valvular congenital heart defect, affecting 1% 
of the general population. BAV commonly asso-
ciates with coarctation of aorta (CoA) and 
ventricular septal defect (VSD).1 BAV can lead 
to clinical complications including aortic valve 

disease, thoracic aortic aneurysm (TAA) and 
infective endocarditis.2 BAV clusters within fami-
lies following an autosomal dominant pattern of 
inheritance and its heritability has been estimated 
between 47% and 89%.3 4

NOTCH1 (MIM# 190198) was the first gene 
associated with inherited aortic valve disease.5 Garg 
et al described two pedigrees, where predominantly 
left- sided, cardiac lesions (including BAV) co- seg-
regated with damaging NOTCH1 mutations.5 
Subsequently, NOTCH1 mutations were associ-
ated with other left (eg, CoA, hypoplastic left heart 
syndrome (HLHS)) and right- sided (eg, pulmonary 
stenosis, pulmonary atresia) congenital defects as 
well as tetralogy of Fallot (ToF) and Adams- Oliver 
syndrome (AOS).6–8

The report of Garg et al nurtured further 
sequencing studies. Mohamed et al reported two 
likely pathogenic mutations in a sample of 48 
patients with BAV.9 McKeller et al reported missense 
NOTCH1 variants in 10.4% of patients with 
concomitant BAV and TAA, whereas McBride et al 
found potentially damaging NOTCH1 mutations in 
6.6% of subjects with left ventricular outflow tract 
disease.10 11 The uncertain functional status of iden-
tified genetic variants informed further sequencing 
studies in patients with ‘more severe’ phenotypes 
including CoA, and BAV associated with aortic 
root phenotype.12 13 Finally, variable analytical 
approaches were applied including analysis of 
NOTCH1 variants under recessive model of inher-
itance,14 sex- specific analysis15 or burden testing.16 
The use of various phenotype definitions, research 
approaches and analytical methods made interpre-
tation of these result difficult and the proportion 
of BAV disease attributed to NOTCH1 mutations 
has not been estimated. This lack of knowledge may 
hinder use of NOTCH1 sequencing for the purpose 
of genetic counselling.

To provide an accurate estimate of familial and 
sporadic BAV disease attributed to pathogenic 
NOTCH1 mutations, we performed sequencing of 
NOTCH1 in a cohort of familial and sporadic cases 
of BAV as well as a systematic review of the patho-
genicity of previously reported variants.
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AIM AND HYPOTHESIS
We hypothesised that the burden of BAV disease due to NOTCH1 
mutations had been overestimated. The main aim of our study 
was to provide an estimate of familial and sporadic BAV disease 
attributable to NOTCH1 mutations. The secondary aim was to 
identify a pattern of association of NOTCH1 mutations with 
congenital cardiac lesions. The tertiary aim was a critical review 
of the available literature and an overview of the contribution of 
NOTCH1 variants in congenital heart disease.

METHODS
Study participants
The population of our study were participants of the University 
of Leicester Bicuspid aoRtic vAlVe gEnetic research (BRAVE)—
an ongoing, multicentre recruitment of patients with BAV 
disease. Participants have been identified by review of clinic and 
discharge letters. Diagnosis of BAV was confirmed by review 
of cardiac MRI (cMRI), trans- oesophageal echocardiography 
(TOE) or unequivocal transthoracic echocardiography. Where 
possible, intra- operative description of valve morphology was 
obtained. Demographic and clinical data were collected using 
purposefully designed questionnaires (REDCap). Individuals 
with positive familial history were offered cascade echocardio-
graphic screening.

Laboratory processing of blood
A venous blood sample (30 mL) was obtained from each partic-
ipant for the purpose of DNA extraction (QIAsymphony DSP 
DNA Midi kit/automatic device). All samples were assessed for 
purity by checking 260/280 nm and 260/230 nm absorbance 
ratios and diluted to a concentration of 100 ng/µL.

Exome sequencing in pedigrees
DNA samples from subjects with familial BAV underwent 
whole exome sequencing (WES) (BGI, China). Library capture 
was performed using BGI Exome (59M) capture kit. Exome 
sequencing was performed using the Illumina Hiseq platform. 
Sequence reads for each sample were aligned to the reference 
genome (hg19) using Burrows- Wheeler Aligner V0.7.15. Variant 
calling was carried out using the HaplotypeCaller of GATK 
(V.3.6) (Broad Institute).

NOTCH1 sequencing in sporadic subjects
DNA samples from patients with sporadic BAV underwent 
targeted NOTCH1 sequencing (Source BioScience, UK). 
Libraries were prepared using the KAPA Hyperplus kit (Roche), 
hybridised using the SeqCap Hybridisation kit (Roche) and 
sequenced with the Illumina MiSeq.

Variant analysis
Variant calls were filtered according to quality control metrics: 
quality by depth, Fisher strand, RMSMapping quality and Read 
position rank sum (testing for distance from end of read). Anno-
tation was carried out using Ensembl Variant Effect Pedictor17 
and included assignment of amino acid changes, gnomAD allele 
frequency and the Combined Annotation Dependent Depletion 
(CADD) functional prediction score.18

NOTCH1 variant burden testing
A NOTCH1 variant burden testing was performed following 
the protocol described by Gillis et al16 (see online supplemental 
materials). The allele counts from sequencing of sporadic patients 
recruited to BRAVE study were compared with the counts 

obtained from the control population of gnomAD (gnomAD 
database V.2.1.1).19 Both datasets were filtered to include vari-
ants with a minor allele frequency (MAF) of <0.0001 and/or 
MAF frequency of <0.001 and a CADD score of >20.0. Allele 
counts in the control dataset were scaled to the mean total allele 
count. Fisher’s exact test was used to assess for enrichment of 
variants in the cases over the controls.

Literature search
A systematic literature search was performed in the NCBI 
PubMed database using “NOTCH1 aortic valve”, “NOTCH1 
mutation” and “NOTCH1 variant” terms. The search included 
all manuscripts published before 31 October 2020 reporting 
NOTCH1 sequencing in context of congenital heart disease 
where BAV can be a phenotypic feature. No age or ethnicity 
exclusion criteria were applied as BAV is an inherited condition 
and affects all ethnicities. Only original papers written in English 
and containing information on sequencing of NOTCH1 variants 
were considered. The compiled bibliography of all papers identi-
fied as suitable was further reviewed to identify other qualifying 
papers.

All reported NOTCH1 variants were recorded and annotated 
for gnomAD MAF.19 Variants with MAF <0.001 were assessed 
for pathogenicity in accordance with the American College 
of Medical Genetics and Genomics (ACMG) criteria20 using 
VarSome,21 ClinVar22 and review of the source publications.

For the purpose of summary analysis, the subjects of each of 
the studies were divided into familial and sporadic cases. Familial 
cases were defined as affected probands, who had at least one 
objectively confirmed, affected first- degree or second- degree 
relative. Sporadic cases were defined as individual patients 
with no reported first- degree or second- degree affected rela-
tives. Detailed information on criteria used for classification of 
familial and sporadic patients are provided in the online supple-
mental materials.

RESULTS
Patient characteristics
The group of familial BAV disease comprised 8 families and 
included 36 individuals (21 affected and 15 unaffected). Clin-
ical phenotypic information and family trees are presented in 
figure 1 and table 1.

Of the 21 affected subjects, 19 (90%) had an unequivocal 
diagnosis of BAV and 2 (9.5%) subjects (figure 1, pedigree B) 
had a diagnosis of aortic stenosis (AS) but were counted as 
affected due to the autosomal dominant transmission of a patho-
genic NOTCH1 mutation.23 In all pedigrees, the inheritance 
pattern was consistent with an autosomal dominant transmis-
sion. Among affected subjects, 14 of 21 individuals (67%) were 
male. Information about aortic valve cusp fusion pattern was 
available for 13 of 19 individuals (68%). Right- coronary and 
left- coronary cusp fusion pattern was observed in 10 (52%) indi-
viduals (table 1). TAA was diagnosed in 11 (52%) participants 
(8 males and 3 females). Two had CoA and one subjects had a 
VSD (figure 1).

The subgroup of individuals with sporadic BAV comprised 
381 subjects. In 176 individuals (46%), the diagnosis of BAV 
was made using cMRI, in 55 (14%) by means of TOE, 105 
(28%) patients were diagnosed by means of transthoracic echo-
cardiogram and in 12 (3%) using a CT- aortogram; the remaining 
patients were diagnosed based on surgical description of the 
valve. Altogether, surgical description of the valve was available 
for 129 patients (34%). BAV with fusion of the right- coronary 
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and left- coronary cusps was present in 231 (61%) patients, 68 
subjects (18%) had a right- coronary and non- coronary cusp 
leaflet fusion and 12 had left- coronary and non- coronary leaflet 
fusion; in the remaining 70 subjects the pattern could not be 
determined (table 1). There was a predominance of males among 
the sporadic subjects (n=277, 73%) with male- to- female ratio of 
2.7. The prevalence of associated phenotypes was: TAA (defined 
as aortic diameter ≥40 mm at any point of the aorta or previous 
TAA surgery) n=137 (35%), CoA n=57 (15%) and VSD n=15 
(4%) (table 1).

Exome sequencing of pedigrees
WES in 36 subjects from 8 pedigrees revealed 13 NOTCH1 
genetic variants (11 intronic variants, 1 synonymous variant and 
1 nonsense variant) segregating with disease (table 2). Of these 
variants, only c.873C>G/p.Tyr291* in pedigree B (figure 1) met 
the ACMG criteria for pathogenicity. We previously reported 
this pedigree with more detailed phenotypic description.23

Sequencing of NOTCH1 in sporadic cases
Sequencing of NOTCH1 in individuals with sporadic BAV 
disease and filtering to a MAF frequency of <0.001 and CADD 

score >20 or MAF <0.0001 identified nine variants (table 3). 
None of the variants met ACMG criteria for classification as 
pathogenic. Rare variant burden testing compared with gnomAD 
controls16 showed no significant difference (9/762 alleles in cases 
compared with 4376/225 370 alleles in controls; p=0.15).

Literature review
A literature search in the PubMed database using the terms 
“NOTCH1 aortic valve”, “NOTCH1 mutation” and “NOTCH1 
variant” performed on 31 October 2020 returned 106, 1754 
and 206 publications, respectively. There were 1858 unique 
references of which 1759 were rejected based on the title and the 
remaining assessed based on the abstract. Fifty- four manuscript 
met the inclusion criteria and 10 publications were identified 
through review of bibliography (figure 2 and online supple-
mental table 1).

Twenty- five studies focused on sequencing of sporadic subjects, 
19 studies sequenced individuals from pedigrees with multiple 
affected individuals and 15 studies used a mixed design of 
sequencing both extended pedigrees as well as sporadic subjects. 
Altogether, the publications reported NOTCH1 sequencing in 
subjects from 528 different pedigrees and 4669 sporadic cases. 

Figure 1 Family trees and phenotypic information of eight pedigrees with familial form of BAV disease. AD, aortic dissection; AS, aortic valve 
stenosis; BAV, bicuspid aortic valve (R+L, right- coronary and left- coronary cusp fusion; R+N, right- coronary and non- coronary leaflet fusion; U, 
unknown leaflet fusion pattern); CoA, coarctation of aorta; TAA, thoracic aortic aneurysm; VSD, ventricular septal defect.
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In addition, four studies focused on investigating de novo muta-
tions by sequencing trios of affected proband and unaffected 
parents (4780 trios) (online supplemental table 1; no: 56, 58, 
62, 63).

The included manuscripts reported pathogenic and likely 
pathogenic NOTCH1 genetic variants in 89 individual patients 
carrying 74 unique genetic variants (online supplemental table 
2 and figure 1). Of the recurring variants, only rs774966208 
(c.578G>C, p.Gly193Ala) and rs1228192276 (c.428C>T, 
p.Pro143Leu) were reported in more than two individuals and 
both were assigned likely pathogenic ACMG status. Variant 
rs774966208 was reported in five patients with ToF and 
rs1228192276 in three patients with ToF (online supplemental 
table 1; no: 36). Of the 89 patients with pathogenic and likely 
pathogenic NOTCH1 variants, 21 were reported in the context 
of syndromic disease including AOS (n=19), Shone complex 
(n=1) and 1 in a patient in whom congenital AS co- existed 
with myoclonic epilepsy and learning difficulties (online supple-
mental table 1; no: 9, 13, 32, 43, 47, 62). Of the remaining 68 

non- syndromic individuals, 28 (42%) were reported in context 
of familial disease and 40 (58%) in context of sporadic disease.

Analysis of the phenotypic spectrum observed within the 28 
affected pedigrees (harbouring pathogenic and likely pathogenic 
variants) revealed that in the majority NOTCH1 mutations 
were associated with a wide range of congenital heart diseases 
including complex lesions such as ToF, truncus arteriosus or 
HLHS (online supplemental table 1; no: 1, 7, 17, 19, 24, 41, 
50). In seven of these pedigrees, at least one individual was 
affected by ToF, in seven other by HLHS and two families had 
individuals with tricuspid valve atresia resulting in hypoplastic 
right ventricle. Phenotypic information were not available for 
three pedigrees. Only in nine pedigrees were the pathogenic 
and likely pathogenic NOTCH1 variants associated with simple 
congenital phenotypes like isolated BAV, VSD or CoA (figure 2).

Of the 25 affected pedigrees (non- syndromic disease) 
harbouring definitely pathogenic mutations (stop mutations, 
frame shift, splice variants leading to loss of whole exomes), 
complete penetrance was observed in 11 pedigrees, incomplete 
penetrance was observed in 10 pedigrees (38 affected subject of 
56 confirmed carriers of mutations in 10 pedigrees); detailed 
information/family trees were not available for 4 pedigrees.

Among the 40 sporadic patients harbouring pathogenic and 
likely pathogenic NOTCH1 mutations, 25 had ToF and 8 had 
HLHS (online supplemental table 1; no: 5, 17, 25, 35, 36, 42, 
62, 63). Detailed phenotypic information was not provided 
for two individuals. In only five sporadic participants were the 
NOTCH1 pathogenic or likely pathogenic mutations reported 
in context of isolated congenital aortic valve or aortic disease: 
one patient had congenital AS, two patients BAV associated with 
TAA, one patient CoA and one patient had subvalvular AS with 
hypoplastic aorta and CoA (online supplemental table 1; no: 42, 
43, 51, 63) (figure 2).

After excluding families with syndromic disease, pathogenic 
and likely pathogenic NOTCH1 variants were detected in 
28/435 (6.4%; 95% CI: 4.1% to 8.7%) of pedigrees with a wide 
spectrum of congenital cardiac lesions. Only in nine pedigrees, 
9/435 (2.1%; 95% CI: 0.7% to 3.4%) NOTCH1 pathogenic 
and likely pathogenic variants were associated with BAV and/or 
other simple lesions like isolated VSD or CoA.

Among non- syndromic sporadic cases pathogenic and likely 
pathogenic, NOTCH1 mutations were responsible for 0.4% 
(95% CI: 0.3% to 0.6%) of the disease (40/9318). However, 
of the 40 patients 33 had either ToF or HLHS and a detailed 

Table 1 Clinical characteristics of patients

Familial patients
(n=19 BAV, n=2 
AS*)

Sporadic 
patients 
(n=381) P value

Males, n (%) 14 (67) 277 (73) 0.6165

Age at recruitment (median) 40.2 52.1 0.0216

White ethnicity 21 (100) 300 (79) 0.0111

Leaflet fusion 
pattern,
n (%)

RL 10 (52) 231 (61) 1.0

RN 2 (11) 68 (18) 0.7417

LN 1 (5) 12 (3) 0.4188

NA 6 (32) 70 (18) –

TAA, n (%) 11 (52) 137 (36) 0.1629

CoA, n (%) 2 (10) 57 (15) 0.7521

VSD, n (%) 1 (5) 15 (4) 0.5833

P values calculated with the Fisher’s exact test for the comparison between 
categorical variables and with the Mann- Whitney U test for the group comparison 
of continuous variables.
*Two individuals diagnosed with aortic stenosis but carriers of pathogenic 
p.Tyr291*/c.873C>G NOTCH1 variant.
AS, aortic stenosis; BAV, bicuspid aortic valve; CoA, coarctation of aorta; LN, fusion 
of left- coronary and non- coronary cusps; NA, leaflet fusion pattern not available; 
RL, fusion of right- coronary and left- coronary cusp; RN, fusion of right- coronary and 
non- coronary cusps; TAA, thoracic aortic aneurysm; VSD, ventricular septal defect.

Table 2 Genetic variants co- segregating with affection status within the pedigrees with familial form of BAV disease

Variant ID Pedigree ID Location MAF (gnomAD) Function Pathogenicity class

NA B p.Tyr291*/c.873C>G – Stop gained Pathogenic

rs2229975 C p.Pro284Pro/c.852G>A 0.1335 Synonymous variant Benign

rs3812605 H c.3171+220A>G 0.6629 Intron variant Uncertain significance

rs11145764 E c.4015- 73G>A 0.4800 Intron variant Benign

rs3124598 E c.2970- 31A>G 0.6431 intron variant Benign

rs9411208 C c.1441+7C>T 0.5782 Intron variant Benign

rs11145765 D c.3171+42G>A 0.09654 Intron variant Benign

rs3124999 H c.5639- 174G>A 0.4420 Intron variant Benign

rs3124603 B c.1670- 9A>G 0.4656 Intron variant Benign

rs4880100 B c.1556- 133A>G 0.4746 Intron variant Benign

rs10781498 B c.1555+102C>T 0.4246 Intron variant Benign

rs11145767 B c.1555+10A>G 0.000004923 Intron variant Benign

rs3125009 B c.1100- 140G>A 0.4267 Intron variant Benign

BAV, bicuspid aortic valve; MAF, minor allele frequency; NA, not available.
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phenotype was missing for two individuals. Therefore, the 
actual prevalence of NOTCH1 pathogenic or likely pathogenic 
variants associated with sporadic BAV disease or BAV associ-
ated with simple lesions like isolated CoA or VSD was between 
0.05% (95% CI: 0.005% to 0.10%; 5/9318) and 0.08% (95% 
CI: 0.02% to 0.13%; 7/9318), respectively.

DISCUSSION
In this study, we present results of NOTCH1 sequencing of 8 
pedigrees with familial BAV and 381 patients with sporadic BAV 
as well as results of a systematic review of NOTCH1 sequencing 
in 528 pedigrees with familial congenital cardiac lesions and 
9449 sporadic cases of congenital heart disease. The main 
finding from our study is that the pathogenic and likely patho-
genic NOTCH1 genetic variants explain only a small proportion 
of familial (2%) and sporadic (<0.10%) BAV disease. In non- 
syndromic familial and sporadic forms, NOTCH1 mutations 
are more commonly associated with more complex congenital 
phenotypes and ToF and HLHS in particular.

WES of eight extended pedigrees recruited by our group 
identified a single NOTCH1 pathogenic variant.23 There was a 
significant phenotypic heterogeneity within the carriers of the 

mutation with the phenotypes including BAV, AS of a trileaflet 
valve, TAA and VSD.23 We did not identify any pathogenic 
or likely pathogenic NOTCH1 genetic variants in 381 partic-
ipants with sporadic BAV. In the majority of BRAVE study 
participants, BAV was diagnosed using high- resolution imaging 
modalities (cMRI, TOE and intra- operative inspection of valve). 
We performed cascade echocardiographic screening in cases 
suspected of familial transmission. In this way, we have ensured 
accurate distinction between familial and sporadic cases. We 
have applied stringent and uniform criteria to categorise subjects 
reported in the literature.

Our findings are consistent with previous attempts of 
sequencing NOTCH1 variants in large populations of individ-
uals with BAV disease. Variant burden testing of NOTCH1 in 
441 patients with BAV and TAA compared with ExAC controls 
showed enrichment in controls rather than cases.16 Burden 
testing performed in 60 patients with hereditary TAA associated 
with BAV compared with European controls found no difference 
in the proportion of qualifying NOTCH1 variants.24

The second important finding form our study concerns the 
frequency of incomplete penetrance of NOTCH1 mutations. 
This phenomenon was observed in almost half of the families 

Table 3 NOTCH1 genetic variants (MAF frequency of <0.001 and CADD score >20 or MAF <0.0001) identified among 381 patients with sporadic 
BAV disease

Variant ID Location MAF (gnomAD) Coding change Protein change CADD Pathogenicity class

rs199652954 chr9:139 395 162 0.00007 c.5776C>T p.Arg1926Cys 32 Likely benign

rs368400902 chr9:139 401 182 0.00003 c.3887G>A p.Arg1296His 29.0 Likely benign

rs375119074 chr9:139 391 041 0.000004 c.7150C>G p.Gln2384Glu 18.49 Uncertain significance

rs1166328821 chr9:139 399 309 – c.4834G>A p.Gly1612Ser 23.6 Uncertain significance

rs367825691 chr9:139 413 921 0.0001 c.839A>G p.Asn280Ser 23.9 Likely benign

rs543533126 chr9:139 391 893 0.00003 c.6298A>G p.Ile2100Val 21.8 Likely benign

rs375065108 chr9:139 417 517 0.00005 c.527G>A p.Arg176Gln 21.2 Benign

rs1334842062 chr9:139 395 258 0.000004 c.5680G>A p.Gly1894Ser 25.1 Uncertain significance

rs1212259128 chr9:139 418 258 0.000008 c.314C>G p.Ala105Gly 18.97 Uncertain significance

BAV, bicuspid aortic valve; MAF, minor allele frequency.

Figure 2 Study design and key findings. BAV, bicuspid aortic valve; BRAVE, Bicuspid aoRtic vAlVe gEnetic research; CoA, coarctation of aorta; VSD, 
ventricular septal defect.
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carrying definitely pathogenic NOTCH1 mutations and almost 
one- third of carriers of pathogenic or likely pathogenic variants 
had no clinical phenotype.

The results of our study indicate that sequencing of NOTCH1 
should be considered in familial and sporadic cases of AOS 
and sporadic and familial cases of ToF and HLHS.7 25 however, 
only around 6% of these will yield a positive result. NOTCH1 
sequencing may be considered in pedigrees with BAV and asso-
ciated simple congenital phenotypes (CoA and VSD) with an 
expected yield of 2%. Caution has to be used when applying 
variant filtering in extended pedigrees to allow for incomplete 
penetrance. Finally, sequencing of NOTCH1 in sporadic subjects 
with isolated BAV with or without TAA is not likely to identify 
pathogenic NOTCH1 variants.

Our data have to be interpreted in context of possible meth-
odological biases. Our analysis of NOTCH1 mutation frequency 
is based on the number of variants that we annotated as patho-
genic. However, a relatively large proportion of variants were 
classified as being of uncertain significance based on available 
evidence and contribution of these variants to disease cannot 
be excluded. Also, the segregation analysis of the four variants 
of unknown significance detected in the sporadic patients from 
BRAVE study was not possible as their relatives had not been 
recruited to the study.

The proportion of pedigrees with familial form of BAV disease 
in which NOTCH1 nonsense, frameshift and splice variants were 
reported is likely to be overestimated due to non- reporting bias. 
It is possible that many more pedigrees with familial BAV had 
undergone sequencing for NOTCH1 genetic variants but results 
of these efforts remain unpublished if no causative genetic vari-
ants were identified.

Sporadic patients, who reported no familial history of 
the disease, have not undergone cascade echocardiographic 
screening. This could result in non- detection of familial cases in 
our sporadic cohort.

Majority of the reported familial and sporadic patients, 
including the BRAVE study cohort, were of white ethnic origin.

In summary, the large sequencing effort in pedigrees and 
sporadic subjects with BAV combined with systematic literature 
review showed that NOTCH1 mutations can be found in around 
6% of families of white ethnic origin, with multiple congenital 
cardiac defects (including BAV) and around 2% of pedigrees with 
isolated familial BAV and/or CoA/VSD. Pathogenic NOTCH1 

variants explain <0.10% of isolated sporadic BAV cases of white 
ethnic origin. Further research in population of other ethnicities 
are necessary to confirm these estimates. Our study also indi-
cates that further research is necessary to explain the incomplete 
penetrance of NOTCH1 mutations.
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Key messages

What is already known on this subject?
 ⇒ Previous research suggested that pathogenic NOTCH1 
mutations explain up to 5% of all bicuspid aortic valve (BAV) 
disease.

What might this study add?
 ⇒ Our data show that pathogenic NOTCH1 mutations can be 
found in 2% of pedigrees with isolated familial BAV and only 
in <0.10% of sporadic BAV cases.

How might this impact on clinical practice?
 ⇒ Our study may facilitate the use of NOTCH1 sequencing 
in genetic counselling by providing the knowledge of the 
phenotypes associated with NOTCH1 mutations as well as 
likelihood of detecting a mutation in patients undergoing 
genetic screening.
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IMAGE CHALLENGE

Right heart failure in a 
young man

CLINICAL INTRODUCTION
A man in his 20s presented with pedal oedema, abdom-
inal distention and easy fatiguability for the past 2 years. 
There was no history of scleral icterus, abdominal pain, 
dyspnoea on exertion or palpitations. He had a past history 

of tubercular pleural effusion 3 years ago, which was treated 
with antitubercular therapy. On examination, his jugular 
veins were prominent (figure 1A) (video 1). Echocardiogram 
and CT scan was done with 3D reconstruction are shown in 
figure 1B–D.

QUESTION
What is the most likely diagnosis?
A. Restrictive cardiomyopathy
B. Chronic constrictive pericarditis
C. Cardiac tamponade
D. Chronic thromboembolic pulmonary hypertension.

For answer see page 1160

Figure 1 (A) Jugular vein with patient upright (B). Echocardiography 
in apical four- chamber view. (C) CT chest. (D) 3D reconstruction of the 
CT images.

Video 1 Elevated jugular venous pressure and prominent X and Y 
descent.
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Supplementary materials 

 

Contribution of NOTCH1 genetic variants to bicuspid aortic valve and other congenital 

lesions 

CLASSIFICATION OF FAMILIAL AND SPORADIC CASES 

Brave study 

All subjects recruited to the BRAVE study underwent detailed phenotyping using 

purposefully designed, electronic questionnaire, which included information about 

cardiovascular health in first and second degree relatives. Individuals, who reported presence 

of BAV or any of the associated conditions (AS, CoA, VSD or any other form of congenital 

heart disease) or history of relevant cardiovascular procedures ( aortic valve replacement, 

surgery for aortic aneurysm or congenital heart defect) in first or second degree relatives were 

offered a cascade echocardiographic screening.  In brief: the proband was provided with 

invitation letters and study information leaflets with reply slips and asked to distribute these 

among first and second degree relatives. Upon returning the reply slips the relatives were 

invited for a study visit which included echocardiographic screening (if no previous, relevant 

cardiac imaging had been done). All attending relatives were recruited to the BRAVE study. 

Pedigrees where multiple affected members identified through interview or through cascade 

familial screening were considered as familial cases. Probands with negative familial history 

or, where the echocardiographic screening excluded presence of BAV or associated 

phenotypes in relatives, were considered sporadic. 

Literature review 

For the purpose of summary analysis of the literature review, the subjects of each of the 

included studies were divided into familial and sporadic cases. Individuals were considered to 

represent familial form of the disease if the affected proband had at least one objectively 

confirmed, clinically affected first or second degree relative. This definition included entire 

pedigrees with multiple affected and unaffected subjects as well as singulars, where further 

recruitment of other family members would allow for analysis of co-segregation of genotype 

and phenotype. In addition, cases with pathogenic or likely pathogenic mutations, where 

unaffected relatives were also carriers of the same variant, were also considered as familial. 

Sporadic cases were defined as individual patients with no reported first or second degree 

affected relatives. This definition also included patients, for whom cascade clinical screening 

or information about familial history was not available. 
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NOTCH1 variant burden testing 

A method previously described by Gillis et al. (1) was used for NOTCH1 variant burden 

testing. The counts of rare alleles meeting the criteria of MAF <0.0001 and/or MAF 

frequency of <0.001 and a CADD score of >20.0 was compared to counts obtained from the 

control population of GnomAD. GnomAD is a database containing information on frequency 

of genomic variants based on 125,748 exome sequences and 15,708 whole-genome 

sequences. The data come from aggregation of information on individual, non-related 

patients recruited as part of various disease-specific and population genetic studies. For 

further information please see https://gnomad.broadinstitute.org/. 

 

1) Gillis E, Kumar AA, Luyckx I, Preuss C, Cannaerts E, van de Beek G, 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. 
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Supplementary Table 1. Manuscripts included in the literature review 
No PMID Title Reference 

1 16025100 Mutations in NOTCH1 cause aortic valve disease. Nature. 2005;437:270-4. 

2 16729972 
Novel missense mutations (p.T596M and p.P1797H) in NOTCH1 in 

patients with bicuspid aortic valve. 

Biochem Biophys Res 

Commun. 2006 ;345:1460-

5. 

3 17662764 
Novel NOTCH1 mutations in patients with bicuspid aortic valve 

disease and thoracic aortic aneurysms. 

J Thorac Cardiovasc Surg. 

2007 ;134:290-6. 

4 18593716 
NOTCH1 mutations in individuals with left ventricular outflow tract 

malformations reduce ligand-induced signalling. 

Hum Mol Genet. 2008 

;17:2886-93. 

5 21457232 
Identification of de novo mutations and rare variants in hypoplastic 

left heart syndrome. 

Clin Genet. 2012 

Jun;81(6):542-54. 

6 23102684 
Genotype-phenotype correlation in patients with bicuspid aortic valve 

and aneurysm. 

J Thorac Cardiovasc Surg. 

2013;146:158-165.e1. 

7 23578328 
Sequencing of NOTCH1, GATA5, TGFBR1 and TGFBR2 genes in 

familial cases of bicuspid aortic valve. 

BMC Med Genet. 

2013;14:44. 

8 24418111 Variants in the NOTCH1 gene in patients with aortic coarctation. 
Congenit Heart Dis. 

2014;9:391-6. 

9 25132448 Mutations in NOTCH1 cause Adams-Oliver syndrome. 
Am J Hum Genet. 

2014;95:275-84. 

10 25260786 
Use of a targeted, combinatorial next-generation sequencing approach 

for the study of bicuspid aortic valve. 

BMC Med Genomics. 

2014;7:56. 

11 25776230 
Ehlers-Danlos syndrome type IV is associated with a novel G984R 

COL3A1 mutation. 

Mol Med Rep. 

2015;12:1119-24. 

12 25907466 
Performant Mutation Identification Using Targeted Next-Generation 

Sequencing of 14 Thoracic Aortic Aneurysm Genes. 

Hum Mutat. 2015;36:808-

14. 

13 25963545 
Haploinsufficiency of the NOTCH1 Receptor as a Cause of Adams-

Oliver Syndrome With Variable Cardiac Anomalies. 

Circ Cardiovasc Genet. 

2015;8:572-581. 

14 26164125 
Compound heterozygous NOTCH1 mutations underlie impaired 

cardiogenesis in a patient with hypoplastic left heart syndrome. 

Hum Genet. 

2015;134:1003-11. 

15 26188975 
Routine Genetic Testing for Thoracic Aortic Aneurysm and 

Dissection in a Clinical Setting. 

Ann Thorac Surg. 

2015;100:1604-11. 

16 26708639 
Identification of Gender-Specific Genetic Variants in Patients With 

Bicuspid Aortic Valve. 

Am J Cardiol. 

2016;117:420-6. 

17 26820064 

Cardiovascular malformations caused by NOTCH1 mutations do not 
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Supplementary Table 2. Pathogenic and likely pathogenic NOTCH1 variants identified through literature review. 

No PMID Nucleotide change Amino acid change rs-identifier 
gnomAD 

MAF 

Present in 

Familial/sporadi

c case 

Penetranc

e 

Associated 

phenotypes 

Pathogenicit

y class 

1 16025100 c.3319C>T p.Arg1107Ter rs41309764 NA Familial Complete 
BAV, AS, AI, 

VSD, ToF, MS 
P 

2 16025100 c.4512delC p.Cys1505ValfsTer75 rs41309766 NA Familial Complete 

BAV, AS, 

MA, HLHS, 

DORV 

P 

3 21457232 c.405delG p.Lys136AsnfsTer141 NA NA Sporadic NA HLHS P 

4 23578328 c.4857C>A p.Tyr1619Ter NA NA Familial Complete 
BAV, AS, 

CoA 
P 

5 25132448 c.743-1G>A NA NA NA familial Complete 

AOS (No 

cardiac/vascula

r defects 

reported) 

P 

6 25963545 c.1649dupA p.Tyr550Ter rs864622059 NA Familial 

Incomplete 

(6 carriers, 

5 affected) 

AOS P 

7 25963545 c.6049_6050delTC p.Ser2017ThrfsTer9 rs864622063 NA Familial Complete AOS P 

8 25963545 c.4663G>T p.Glu1555Ter rs746342893 5.07E-05 familial Complete AOS P 

9 25963545 c.4739dupT p.Met1580IlefsTer30 rs864622061 4.92E-06 sporadic NA AOS P 

10 26708639 c.1565_1566delGGinsC p.Gly522AlafsTer109 NA NA sporadic NA BAV, TAA P 

11 26820064 c.3511-2A>G NA NA NA familial 

Complete 

(3 

carriers/3 

affected) 

BAV, AS, PVS P 

12 26820064 c.865+2C>A NA NA NA familial 

Incomplete 

(of 8 

mutation 

carriers 7 

was 

affected) 

BAV, AS, PA 

(pulm atr), 

TAA, VSD, 

right sided 

aorta. 

P 

13 26820064 c.5950C>T p.Arg1984Ter 
rs155482674

6 
NA familial Complete 

BAV, AS, 

TAA 
P 

14 26820064 c.2643delC p.Ala882HisfsTer297 NA NA familial Complete 
BAV, AS, TA 

(truncus 
P 
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arterior=sus), 

PA, VSD, 

HRV 

(hypolastic 

RV), ASD, 

PDA 

15 26820064 c.5529G>A p.Trp1843Ter NA NA familial Complete 

BAV, AS, AI, 

MVS, PA, 

VSD, MI 

(mitral valve 

insufficency) 

P 

16 26820064 c.4240delT p.Cys1414AlafsTer31 NA NA familial NA 
AS, TAA, 

ToF, PA 
P 

17 26820064 c.7455dupC p.Ser2486LeufsTer21 NA NA familial Complete 

BAV, AS, 

PVS, TA, 

TAA,  

P 

18 26820064 c.2425delG p.Asp809ThrfsTer67 NA NA Familial 

Incomplete 

(2 carriers 

one 

affected) 

BAV, AS, 

MVS 
P 

19 26820064 c.1904-2A>G NA NA NA familial 

Incomplete 

(3 crriers, 2 

affected) 

BAV, AS, 

ToF, right-

sided aorta. 

P 

20 26820064 c.3054C>A p.Cys1018Ter NA NA sporadic NA HLHS P 

21 26820064 c.1650C>G p.Tyr550Ter NA NA familial 

Incomplete 

(14 

carriers, 11 

affected) 

BAV, AS, AI, 

MVS, ToF, 

VSD, TAA, 

TAPVR (total 

aomalous 

pulmonary 

vein return). 

P 

22 27760138 c.3765C>A p.Cys1255Ter 
rs105751542

3 
NA familial 

Incomplete 

(8 carriers/ 

7 affected) 

BAV, AS, ToF P 

23 27760138 c.2439C>G p.Tyr813Ter 
rs105751542

2 
NA familial Complete BAV, AS P 

24 28473349 c.5767delC p.Gln1923ArgfsTer58 NA NA familial Complete 

HLHS, VSD, 

ToF, AS, MA, 

DORV 

P 

25 28608148 c.4662C>A p.Cys1554Ter NA 4.08E-06 familial 

Incomplete 

(2 

carriers/1 

HLHS P 
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affected) 

26 29924900 c.415C>T p.Gln139Ter  
rs155473067

0 
NA Familial 

Incomplete 

(3 

carriers/2 

affected) 

AOS P 

27 29924900 c.794_797delACTGinsCC p.Asn265ThrfsTer65  
rs155473018

4 
NA Familial 

Complete 

(2 

carriers/2 

affected) 

AOS P 

28 29924900 c.2380G>T p.Glu794Ter  
rs155472911

3 
NA Familial  

Incomplete 

(2 carriers 

1 affected) 

AOS P 

29 29924900 c.4222G>T p.Glu1408Ter  rs587778569 2.05E-05 sporadic NA AOS P 

30 30511478 c.1651_1653delACCinsTAA p.Thr551Ter NA NA Familial  

Incomplete 

(2 carriers 

1 affected) 

HLHS, CoA P 

31 30511478 c.2741-1G>A NA NA NA Familial 

Incomplete 

(2carriers/1 

affected) 

HLHS P 

32 30582441 c.5197C>T p.Gln1733Ter NA NA sporadic NA ToF P 

33 30582441 c.4913G>A p.Trp1638Ter NA NA sporadic NA ToF P 

34 30582441 c.1342C>T p.Arg448Ter  rs869025494 NA sporadic NA ToF P 

35 30582441 c.5385-2delA  NA NA NA sporadic NA ToF P 

36 30582441 c.3966delC p.Cys1322TrpfsTer123  NA NA sporadic NA ToF P 

37 30582441 c.440delA p.Asn147ThrfsTer130  NA NA sporadic NA ToF P 

38 25931334 c.5281delC p.Arg1761GlyfsTer37 rs515726231 NA familial 

Incomplete 

(6 

carriers/3 

affected) 

HLHS, CoA, 

AS, TOF, 

DORV, MS 

P 

39 25931334 c.2014+1G>A NA rs515726232 NA familial 

Incomplete 

(3 

carriers/2 

afftetced) 

HLHS, PDA, 

DORV, TGA, 

PS, ASD 

P 

40 31633846 c.3643+1G>A NA NA NA sporadic NA CoA P 

41 31633846 c.4015-2A>G NA NA NA sporadic NA HLHS P 
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42 31633846 c.4837C>T p.Gln1613Ter NA NA sporadic NA congenital AS P 

43 31633846 c.2452dupC  p.Leu818ProfsTer10 NA NA sporadic NA HLHS P 

44 31654484 c.2346delC p.Phe783SerfsTer19 NA NA Familial 

Incomplete 

(2 

carriers/1 

affected) 

AOS (VSD, 

ASD, AOS) 
P 

45 31654484 c.3319C>T p.Arg1107Ter rs41309764 NA sporadic NA 
AOS (COA, 

ASD) 
P 

46 32375772 c.1100-2A>G NA NA NA Sporadic NA 

Myoclonic 

atonic 

epilepsy, 

learning 

difficulty, AS, 

myopia 

P 

47 32720365 c.873C>G p.Tyr291Ter NA NA Familial Complete 
BAV, AS, 

TAA, VSD 
P 

48 32748548 c.2524_2525delGGinsTA p.Gly842Ter NA NA sporadic NA BAV, TAA P 

49 27479907 c.1530delT p.Asn510LysfsTer121 NA NA Familial NA CHD P 

50 27479907 c.4563C>A p.Cys1521Ter NA NA Familial  NA CHD P 

51 27479907 c.5197C>T p.Gln1733Ter 
rs120897616

6 
NA Familial NA CHD P 

52 27479907 c.5385-2delA NA Na NA sporadic NA CHD  P 

53 26785492 c.2207+1G>T NA NA NA sporadic NA 

Shone's 

syndrome 

(BAV, CoA, 

abnormal MV, 

hypolpastic 

aorta) 

P 

54 28991257 c.5318dupT p.Lys1774GlnfsTer4 NA NA sporadic NA ToF P 

55 28991257 c.645C>A p.Cys215Ter NA NA sporadic NA 

Subvalvular 

AS, hypolastic 

aorta, CoA, 

abnormal MV 

P 

56 28991257 c.4563C>A p.Cys1521Ter NA NA sporadic NA 

HLHS, 

Hypoplastic 

aorta, MS 

P 

57 28991257 c.1529_1530insG p.Asn510LysfsTer2 NA NA sporadic NA 
Aortic atresia, 

HLHS, Mitral 
P 
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atresia , LSVC 

58 28991257 c.273_277delGGGCT p.Gly92LeufsTer49 NA NA sporadic NA 
ToF, PA, 

MAPCAS 
P 

59 28991257 c.1342C>T p.Arg448Ter rs869025494 NA sporadic NA 

CoA, 

Hypoplastic 

LV, MS 

P 

60 28991257 c.1800_1801dupCG p.Glu601AlafsTer31  NA NA sporadic NA ToF, ASD,  P 

61 28991257 c.3055C>T p.Gln1019Ter  NA NA sporadic NA 

DORV, 

Hypoplastic 

LV, mitral 

atresia 

P 

62 26820064 c.3787C>T p.Arg1263Cys 
rs141511167

5 
4.1E-06 familial 

Incomplete 

(6 

carriers/2 

affetced) 

BAV, AS, 

MVS, CoA, 

PDA, LV non-

compaction 

P 

63 29924900 c.1935_1936delTG p.Ala646GlnfsTer21  
rs155472944

3 
NA Familial 

Complete 

(3 

carriers/3 

affected) 

AOS P  

64 30511478 c.1077C>A p.Cys359Ter NA NA sporadic NA HLHS P  

65 30582441 c.344delG p.Gly115AlafsTer8 NA NA sporadic NA ToF P  

66 25132448 c.1285T>C p.Cys429Arg rs587777736 NA sporadic NA 

AOS (No 

cardiac/vascula

r defects 

reported)  

LP 

67 25132448 c.4487G>A p.Cys1496Tyr rs587781259 NA sporadic NA 

AOS (Mild 

narrowing of 

arotich arch, 

multiperforate 

PFO)  

LP 

68 25963545 c.1345T>C p.Cys449Arg  rs864622057 NA sporadic NA AOS LP 

69 25963545 c.1367G>A p.Cys456Tyr  rs864622058 NA sporadic NA AOS LP 

70 27760138 c.578G>A p.Gly193Asp rs774966208 NA familial Complete TOF, VSD LP 

71 29924900 c.4549G>A p.Asp1517Asn  
rs155472795

4 
NA sporadic NA AOS LP 

72 32129674 c.1292_1294delACA p.Asn431del NA NA Sporadic NA AOS LP 
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73 26785492 c.4549G>A p.Asp1517Asn 
rs155472795

4 
NA sporadic NA 

HLHS, 

hypoplastic 

aorta, ASD 

LP 

74 30582441 c.4646G>A p.Cys1549Tyr NA NA sporadic NA ToF LP 

75 30582441 c.1820G>A Cys607Tyr NA NA sporadic NA ToF LP 

76 30582441 c.599G>T p.Gly200Val NA NA sporadic NA ToF LP 

77 30582441 c.598G>C p.Gly200Arg NA NA sporadic NA ToF LP 

78 30582441 c.578G>C p.Gly193Ala  rs774966208 NA sporadic NA ToF LP 

79 30582441 c.428C>T p.Pro143Leu  
rs122819227

6 
NA sporadic NA ToF LP 

80 31654484 1364A>T p.Glu455Val NA NA Familial NA 

AOS 

(Pulmonary 

HTN) 

LP 

81 27479907 c.4646G>A p.Cys1549Tyr  NA sporadic NA CHD LP 

82 25500235 c.598G>C p.Gly200Arg NA NA Familial NA 

ToF,  PTA, 

VSD, PA, 

ALCAPA 

LP 

83 25963545 c.4120T>C p.Cys1374Arg rs864622060 NA familial 

Incomplete 

(3 carriers 

two 

affected) 

AOS  US 

84 29924900 c.1393G>A p.Ala465Thr  
rs105752381

9 
NA sporadic NA AOS US 

85 29924900 c.2704C>T p.Arg902Cys  
rs144834536

6 
4.17E-06 sporadic NA AOS US 

86 29924900 c.3281G>A p.Cys1094Tyr  
rs155472842

4 
NA sporadic NA AOS US 

87 30582441 c.5017G>C p.Gly1673Arg NA NA sporadic NA ToF US 

88 30582441 c.1441G>A p.Gly481Ser 
rs144814622

5 
4.06E-06 sporadic NA ToF US 

89 28991257 c.1253T>C p.Leu418Pro  NA NA sporadic NA ToF, ASD, PA US 

90 21457232 c.3239A>G p.Gln1080Arg NA 0.000032 Familial Complete HLHS US 

91 21457232 c.4427G>A p.Gly1476Asp 
rs146029784

0 
0.000004 sporadic NA HLHS US 

92 21457232 c.4477T>C p.Ser1493Pro rs749283347 0.000012 Sporadic NA HLHS US 

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Heart

 doi: 10.1136/heartjnl-2021-320428–7.:10 2022;Heart, et al. Debiec RM



 

12 

 

93 23102684 c.3269C>G p.Thr1090Ser rs761508282 0.000011 Sporadic NA BAV, TAA US 

94 25963545 c.1220C>G p.Pro407Arg rs754529382 0.000014 sporadic NA AOS US 

95 26164125 c.5891C>T p.Pro1964Leu 
rs138732966

7 
NA Familial NA 

CHD (HLHS, 

BAV, Bicuspid 

pulmonary 

valve) 

US 

96 26820064 c.136T>G p.Cys46Gly NA NA sporadic NA CoA US 

97 26820064 c.1030T>A p.Cys344Ser NA NA sporadic NA HLHS US 

98 26820064 c.3271G>A p.Gly1091Ser rs768095251 0.000056 familial 

Incomplete 

(3 

cariiers/2 

affected) 

BAV, HLHS,  US 

99 26820064 c.4382A>G p.Lys1461Arg NA NA Familial NA BAV US 

100 26820064 c.5006T>G p.Met1669Arg NA NA familial NA BAV US 

101 28246602 c.3913G>A p.Glu1305Lys rs775602958 NA sporadic NA BAV, AS US 

102 28246602 c.3799G>A p.Asp1267Asn NA NA sporadic NA BAV, AS US 

103 28387797 c.1334C>T p.Thr445Met rs752919688 0.000012 sporadic NA VSD, AOS US 

104 28649221 c.6365C>T p.Pro2122Leu rs767587816 8.3E-06 sporadic NA 

Middle size 

arteries 

dissections, 

TAA 

US 

105 28659821 c.982A>T p.Thr328Ser NA NA sporadic NA BAV, TAA US 

106 28659821 c.1951G>A p.Asp651Asn 
rs118286738

6 
8.1E-06 sporadic NA BAV, TAA US 

107 28659821 c.4013C>T p.Ala1338Val 
rs139724977

1 
0.000014 sporadic NA BAV, TAA US 

108 28659821 c.5047C>T p.Arg1683Trp rs755746883 0.000004 sporadic NA BAV, TAA US 

109 28659821 c.6413C>T p.Pro2138Leu rs756571156 8.4E-06 sporadic NA BAV, TAA US 

110 29332214 c.6949G>T p.Gly2317Cys NA NA sporadic NA PS US 

111 29907982 c.2123A>G p.Tyr708Cys NA NA sporadic NA TAA US 

112 29924900  c.4240T>A p.Cys1414Ser NA NA Familial 

Incomplete 

6carriers/3 

affected) 

AOS US 
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113 29924900  c.1669+5G>A NA rs771590616 NA Familial 

incomplete 

(3 carriers / 

2 affected) 

 US 

114 29924900 c.5272C>G p.Arg1758Gly rs777859108 4.2E-06 Familial Complete AOS US 

115 29924900 c.6100T>A p.Trp2034Arg NA NA sporadic NA AOS US 

116 29924900 c.6128C>T p.Ala2043Val 
rs155482668

8 
NA sporadic NA AOS US 

117 29924900 c.1582G>A p.Asp528Asn rs757988142 8.1E-06 sporadic NA AOS US 

118 30582441 c.6011G>T p.Arg2004Leu NA NA sporadic NA ToF US 

119 30582441 c.5624A>G p.Asn1875Ser NA NA sporadic NA ToF US 

120 30582441 c.5497G>C p.Asp1833His NA NA sporadic NA ToF US 

121 30582441 c.4483C>A p.Gln1495Lys 
rs103636398

6 
NA sporadic NA ToF US 

122 30582441 c.4025G>A p.Gly1342Asp rs775187426 9.6E-06 sporadic NA ToF US 

123 30582441 c.3974C>T p.Ala1325Val NA 8.4E-06 sporadic NA ToF US 

124 30582441 c.3880G>A p.Glu1294Lys 
rs124703542

9 
4.5E-06 sporadic NA ToF US 

125 30582441 c.1934G>A p.Cys645Tyr NA 0.000004 sporadic NA ToF US 

126 30582441 c.1412T>A p.Ile471Asn NA NA sporadic NA ToF US 

127 30582441 c.1057C>T p.Arg353Cys 
rs130011021

6 
0.000032 sporadic NA ToF US 

128 30582441 c.875G>A p.Cys292Tyr NA NA sporadic NA ToF US 

129 30582441 c.545G>A p.Cys182Tyr NA NA sporadic NA ToF  US 

130 30582441 c.490T>G p.Cys164Gly  NA NA sporadic NA ToF US 

131 30582441 c.214G>A p.Gly72Arg  rs892114222 8.8E-06 sporadic NA ToF US 

132 30582441 c.4428_4430delCGG p.Gly1477del   NA sporadic NA ToF US 

133 30582441 
c.436_450dupTCCAACCCCTGCGC

C 
p.Ser146_Ala150dup   NA sporadic NA ToF US 

134 31330235 c.1619G>A p.Gly540Asp rs767618789 8.1E-06 sporadic NA BAV US 

135 31330235 c.2551G>C p.Glu851Gln NA NA sporadic NA BAV US 
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136 25931334 c.5061G>C p.Gln1687His  NA NA familial NA 
HLHS, AS, 

CoA 
US 

137 31633846 c.3973G>A p.Ala1325Thr rs767910007 0.000041 sporadic NA HLHS US 

138 31654484 c.1246T>A p.Cys416Ser NA NA Familial NA AOS (PS) US 

139 31654484 c.1732G>C p.Gly578Arg NA NA Familial NA AOS (ASD) US 

140 32165302 c.2054A>T p.Asn685Ile NA NA Sporadic NA ToF US 

141 32748548 c.1757C>T p.Thr586Ile NA NA sporadic NA BAV, TAA US 

142 32748548 c.3068A>G p.Asn1023Ser rs937138982 6.1E-06 sporadic NA BAV, TAA US 

143 32748548 c.3397T>G p.Cys1133Gly NA NA sporadic NA BAV, TAA US 

144 32748548 c.4010C>G p.Pro1337Arg 
rs104383221

2 
NA sporadic NA BAV, TAA US 

145 32748548 c.4718C>T p.Thr1573Met rs573864607 0.000026 sporadic NA BAV, TAA US 

146 32748548 c.6365C>T p.Pro2122Leu rs767587816 8.3E-06 sporadic NA BAV, TAA US 

147 32748548 c.2806G>A p.Gly936Ser rs773847667 0.000016 sporadic NA BAV, TAA US 

148 32871987 c.1023C>A p.Ser341Arg NA NA sporadic NA 

Hypoplastic 

coronary 

arteries 

US 

149 33064175 c.3679C>T p.Pro1227Ser rs777652834 0.000075 sporadic NA BAV, TAA US 

150 33110418 c.2444G>A p.Cys815Tyr NA NA sporadic NA 
ToF, PA, Right 

aortic arch 
US 

151 33110418 c.1816G>A p.Glu606Lys 
rs138179222

9 
NA Familial NA ToF US 

152 33110418 c.2045G>A p.Cys682Tyr NA NA sporadic NA ToF US 

153 33110418 c.1243G>A p.Glu415Lys NA NA Familial NA ToF US 

154 33110418 c.4606T>C p.Cys1536Arg NA NA Familial NA 
ToF, HLHS, 

BAV, CoA 
US 

155 33110418 c.1869C>A p.Asn623Lys NA NA sporadic NA 

ToF, Right 

aortic arch, 

absent 

pulmonary 

valve, learning 

difficulties 

US 

156 33110418 c.2128G>A p.Asp710Asn rs950236535 NA sporadic NA ToF US 
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157 33110418 c.847T>G p.Cys283Gly NA NA Familial NA TOF US 

158 27479907 c.273_278delGGGCTT p.Gly92_Phe93del  NA Familial  NA CHD US 

159 25500235 c.3271G>A p.Gly1091Ser rs768095251 0.000056 Familial NA CHD US 

160 25500235 c.4078G>A p.Gly1360Ser rs769493139 0.000012 Familial NA CHD US 

161 28991257 c.1430T>A p.Ile477Asn NA NA sporadic NA ToF US 

162 28991257 c.961T>G p.Cys321Gly NA NA sporadic NA 
BAV, ASD, 

VSD 
US 

163 17662764 c.4049G>T p.Arg1350Leu rs150343794 9.1E-06 Sporadic NA BAV, TAA LB 

164 18593716 c.1981G>A p.Gly661Ser rs201077220 0.00036 Sporadic NA 
BAV, CoA, 

AS, HLHS 
LB 

165 18593716 c.4049G>T p.Arg1350Leu rs150343794 9.1E-06 Sporadic NA AS LB 

166 23578328 c.851C>T p.Pro284Leu rs376104770 0.000093 Familial complete BAV, TAA LB 

167 25260786 c.6481C>T p.Pro2161Ser rs201518848 0.000047 sporadic NA BAV LB 

168 25907466 c.157G>A p.Val53Met rs757497167 0.00004 Familial Complete BAV/TAA LB 

169 25907466 c.3706C>T p.Pro1236Ser rs749988739 0.000021 sporadic NA BAV/TAA LB 

170 26708639 c.4472C>T p.Thr1491Met rs369915496 0.00002 sporadic NA BAV, TAA LB 

171 26708639 c.454G>A p.Gly152Ser rs750242131 0.00005 sporadic NA BAV, TAA LB 

172 26820064 c.839A>G p.Asn280Ser rs367825691 0.00028 sporadic NA CoA LB 

173 26820064 c.1801G>A p.Glu601Lys rs749381544 0.000051 sporadic NA AS LB 

174 26820064 c.2003C>T p.Pro668Leu rs576030298 0.000039 sporadic NA BAV, TAA LB 

175 26820064 c.2636G>A p.Arg879Gln rs368011392 0.000091 sporadic NA HLHS LB 

176 26820064 c.3328G>A p.Val1110Ile rs778969906 4.1E-06 sporadic NA CaA LB 

177 26820064 c.3859C>T p.Arg1287Cys rs751275854 0.000017 sporadic NA HLHS LB 

178 26820064 c.4031C>T p.Thr1344Met rs201215245 0.00002 familial 

Incomplete 

(3 

carriers/2 

affected) 

BAV, HLHS,  LB 

179 26820064 c.4049G>T p.Arg1350Leu rs150343794 9.1E-06 Familial 

Incomplete 

(4 

carriers/3 

HLHS, CoA, 

VSD,  
LB 
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affected) 

180 26820064 c.4969A>C p.Ser1657Arg NA NA sporadic NA BAV LB 

181 26820064 c.6938G>A p.Arg2313Gln rs371069660 0.000086 sporadic NA HLHS LB 

182 26820064 c.7397C>T p.Thr2466Met rs369167555 0.000042 sporadic NA HLHS LB 

183 26820064 c.7432G>A p.Ala2478Thr rs779039862 0.00002 sporadic NA HLHS LB 

184 27760138 c.3860G>A p.Arg1287His rs763679772 0.000064 familial NA TOF, VSD LB 

185 27989580 c.3835C>T p.Arg1279Cys rs182330532 0.00038 Familial 

Incomplete 

(5 

carriers/4 

affected) 

ASD, PFO LB 

186 28387797 c.4492A>G p.Lys1498Glu rs745681787 0.000043 sporadic NA BAV, TAA LB 

187 28387797 c.5414T>C p.Leu1805Pro rs201779159 0.000054 sporadic NA BAV, TAA LB 

188 28659821 c.4021G>A p.Glu1341Lys rs372767143 4.9E-06 sporadic NA BAV, TAA LB 

189 28659821 c.5248G>A p.Val1750Met rs368396893 4.2E-06 sporadic NA BAV, TAA LB 

190 28659821 c.5414T>C p.Leu1805Pro rs201779159 0.000054 sporadic NA BAV, TAA LB 

191 29162281 c.4297G>A p.Gly1433Arg rs751904604 4.1E-06 sporadic NA BAV, AS LB 

192 29924900 c.5218G>T p.Ala1740Ser rs864622062 NA sporadic NA AOS LB 

193 29924900 c.5452C>G p.Leu1818Val 
rs106479698

3 
NA sporadic NA AOS LB 

194 30255099 c.5215G>A p.Val1739Met rs377294245 0.000019 Familial NA BAV, TAA LB 

195 30511478 c.7178A>G p.Gln2393Arg NA NA sporadic NA 

HLHS, BAV, 

CoA, HAA, 

ASD, VSD 

LB 

196 30511478 c.3853G>A p.Val1285Met rs756972680 0.000013 sporadic NA HLHS LB 

197 25931334 c.5332G>C p.Ala1778Pro rs986394043 NA familial NA 
ASD, AVSD, 

IAA 
LB 

198 25931334 c.4918G>A p.Ala1640Thr rs976118697 0.000016 familial NA 
ASD, AVSD, 

IAA 
LB 

199 25931334 c.6685G>A p.Val2229Met rs202096917 0.00017 familial NA TOF LB 

200 25931334 c.580A>C p.Thr194Pro rs770333242  NA familial NA 

HLHS, CoA, 

AS, TOF, 

DORV, MS 

LB 
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201 32748548 c.383G>A p.Arg128His rs754086897 8.4E-06 sporadic NA BAV, TAA LB 

202 32748548 c.1870G>A p.Ala624Thr rs372771179 0.000033 sporadic NA BAV, TAA LB 

203 32748548 c.2675G>A p.Arg892His rs199506721 8.4E-06 sporadic NA BAV, TAA LB 

204 32748548 c.3835C>T p.Arg1279Cys rs182330532 0.00038 sporadic NA BAV, TAA LB 

205 32748548 c.4315G>A p.Asp1439Asn rs200232299 0.000026 sporadic NA BAV, TAA LB 

206 32748548 c.5438G>T p.Trp1813Leu rs755659037 0.000043 sporadic NA BAV, TAA LB 

207 32748548 c.7115G>A p.Arg2372Gln rs373119531 0.0001 sporadic NA BAV, TAA LB 

208 25500235 c.5438G>C p.Trp1813Ser rs755659037 0.000043 Familial NA CHD LB 

209 28991257 c.851C>T p.Pro284Leu rs376104770 0.000093 sporadic NA 
CoA, abnomral 

MV, ASD 
LB 

210 18593716 c.2047G>A p.Ala683Thr rs756434709 0.00002 Sporadic NA AS, HLHS  LB  

211 16729972 c.1787C>T p.Thr596Met rs61755997 0.00017 Sporadic NA BAV, TAA B 

212 17662764 c.4168C>A p.Pro1390Thr rs191645600 0.00056 Sporadic NA BAV, TAA B 

213 18593716 c.2080G>A p.Glu694Lys rs79782048 0.00064 Sporadic NA AS B 

214 18593716 c.7606G>A p.Val2536Ile rs111627256 0.00039 Sporadic NA BAV, CoA B 

215 25132448 c.5965G>A p.Asp1989Asn rs587777734 NA Familial NA 

AOS (No 

cardiac defects 

in the 

proband)  

B 

216 26164125 c.3767C>T p.Pro1256Leu rs80340744 4.1E-06 Familial  NA 

CHD (HLHS, 

BAV, Bicuspid 

pulmonary 

valve) 

B 

217 26820064 c.701G>A p.Arg234His rs150737112 0.00045 sporadic NA AVS B 

218 26820064 c.2080G>A p.Glu694Lys rs79782048 0.00064 sporadic NA BAV B 

219 26820064 c.7606G>A p.Val2536Ile rs111627256 0.00039 sporadic NA HLHS B 

220 28387797 c.4168C>A p.Pro1390Thr rs191645600 0.00056 sporadic NA BAV, TAA B 

221 29924900 c.6788G>A p.Arg2263Gln rs200521815 0.00036 sporadic NA AOS B 

222 31330235 c.4313G>A p.Arg1438His rs61751541 0.00011 sporadic NA BAV, TAA B 
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223 31867804 c.6797T>C p.Phe2266Ser NA NA Familial complete 
VSD, PDA, 

AVSD 
B 

224 32748548 c.701G>A p.Arg234His rs150737112 0.00045 sporadic NA BAV, TAA B 

225 32748548 c.1511G>A p.Arg504His rs201768800 0.00033 sporadic NA BAV, TAA B 

226 32748548 c.4898G>A p.Arg1633His rs375018022 0.00016 sporadic NA BAV, TAA B 

227 25500235 c.1787C>T p.Thr596Met rs61755997 0.00017 Familial NA CHD B 

          

MAF – Minor allele frequency, P – pathogenic, LP – Likely pathogenic, AI –aortic valve insufficiency, AOS – Adams Oliver syndrome AS – aortic valve stenosis, ASD- atrial septal defect, BAV – 
bicuspid aortic valve, CoA – coarctation of aorta, CHD - unspecified congenital heart disease, DORV – double outlet right ventricle, HLHS – hypoplastic left heart syndrome, HRV – hypoplastic 
right ventricle, MA, mitral atresia, MS – mitral valve stenosis, PA – pulmonary atresia, PDA – patent ductus arteriosus, PS – pulmonary valve stenosis, TA – tricuspid atresia, TAA – thoracic 
aortic aneurysm, TAPVR – total anomalous pulmonary venous return, TGA – transposition of great arteries, ToF – tetralogy of Fallot, TrA – truncus arteriosus, VSD - ventricular septal defect 
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Supplementary Figure 1. Schematic location of identified pathogenic and likely pathogenic mutations in NOTCH1 
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EGF- epidermal growth factor-like domain, LNR – Lin12/Notch domains, TM – transmembrane segment, ANK – ankyrin repeats 
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