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Abstract
Background: Bicuspid aortic valve is the most common congenital valvular heart 
defect in the general population. BAV is associated with significant morbidity due to 
valve failure, formation of thoracic aortic aneurysm, and increased risk of infective 
endocarditis and aortic dissection. Loss of function mutations in NOTCH1 (OMIM 
190198) has previously been associated with congenital heart disease involving the 
aortic valve, left ventricle outflow tract, and mitral valve that segregates in affected 
pedigrees as an autosomal dominant trait with variable expressivity.
Methods: We performed whole-exome sequencing in four members of a three-
generational family (three affected and one unaffected subject) with clinical pheno-
types including aortic valve stenosis, thoracic aortic aneurysm, and ventricular septal 
defect.
Results: We identified 16 potentially damaging genetic variants (one stop variant, 
one splice variant, and 14 missense variants) cosegregating with the phenotype. Of 
these variants, the nonsense mutation (p.Tyr291*) in NOTCH1 was the most deleteri-
ous variant identified and the most likely variant causing the disease.
Conclusion: Inactivating NOTCH1 mutations are a rare cause of familial heart dis-
ease involving predominantly left ventricular outflow tract lesions and characterized 
by the heterogeneity of clinical phenotype.
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1 |  INTRODUCTION

Bicuspid aortic valve (BAV), which affects 1%–2% of the gen-
eral population, is a congenital heart defect where the aortic 
valve consists of two rather than three separate leaflets (Mordi 
& Tzemos, 2012). BAV is associated with significant mor-
bidity in later life due to aortic valve stenosis, regurgitation or 
infective endocarditis, and the majority of patients with BAV 
will require aortic valve replacement (Michelena et al., 2008). 
BAV normally follows an autosomal dominant inheritance pat-
tern with reduced penetrance. Individuals with BAV are also at 
greater risk of thoracic aortic aneurysm (TAA) and aortic dis-
section (Michelena et al., 2011). Mutations in several genes in-
cluding NOTCH1 (OMIM 190198), SMAD6 (OMIM 602931), 
and ROBO4 (OMIM 607528) have been shown to cause BAV; 
however, the number of BAV families where the disease- 
causing mutation has been identified remains relatively low 
(Garg et al., 2005; Gillis et al., 2017; Gould et al., 2019).

NOTCH1 is the gene with the strongest evidence for 
causative association with congenital aortic valve disease in-
cluding BAV. NOTCH1 encodes a transmembrane receptor 
involved in developmental processes and cell fate decisions. 
Aside from BAV, mutations in NOTCH1 have been reported 
to associate with other congenital cardiac lesions including 
congenital aortic valve stenosis, coarctation of aorta, and hy-
poplastic left heart syndrome and, less frequently, right-sided 
cardiac lesions (Freylikhman et al., 2014; Helle et al., 2019; 
Kerstjens-Frederikse et al., 2016; Southgate et al., 2015). 
Evidence also exist to link NOTCH1 genetic variants with 
tricuspid aortic valve calcification leading to aortic stenosis 
and development of ascending thoracic aneurysm (Acharya 
et al., 2011; Ducharme et al., 2013).

Here, we report the whole-exome sequencing in members 
of a nuclear pedigree affected by BAV, ventricular septal de-
fect (VSD), aortic valve stenosis, and TAA segregating with 
a pathogenic NOTCH1 mutation.

2 |  MATERIALS AND METHODS

2.1 | Ethical compliance

The study protocol was approved by the local Research Ethics 
Committee and the study was performed in accordance with 
the Good Clinical Practice Standards. All subjects participating 
in the BRAVE study provided informed consent for the study 
procedures, use of clinical data, and publication of results.

2.2 | Study subjects

The subjects of the study were members of a nuclear fam-
ily recruited as part of the University of Leicester Bicuspid 

aoRtic vAlVe gEnetic research (BRAVE) study; an ongoing 
collection of patients diagnosed with BAV. For patients who 
consented for participation, clinical data were obtained from 
research questionnaires, medical notes, imaging studies, and 
operation notes. Relatives with unknown affection status un-
derwent transthoracic echocardiogram to assess aortic valve 
status.

2.3 | DNA isolation, quality control, and 
exome sequencing

Samples of blood (EDTA) were obtained from each par-
ticipant. Automated DNA extraction was carried out on the 
QIAsymphony SP robot using QIAsymphony DSP DNA Midi 
Kit (QIAGEN GmbH, Hilden, Germany). All samples were 
checked for purity and normalized to a standard concentra-
tion of 100 ng/μl. Whole-exome sequencing was performed 
by BGI Shenzhen, Guangdong, China. BGI Exome (59 M) 
capture kit was used for library capture and sequencing per-
formed using the Illumina HiSeq platform (Illumina, San 
Diego, USA). Sequence reads for each sample were aligned 
to the reference genome (GRCh37 (hg19)) using Burrows-
Wheeler Aligner BWA V0.7.15 (Li & Durbin, 2009). Variant 
calls were hard filtered according to quality control metrics: 
Quality by depth, Fisher strand (to detect strand bias), RMS 
Mapping quality, and Read position rank sum (testing for dis-
tance from the end of read). Annotation included the assign-
ment of amino acid changes, gnomAD allele frequency, and 
functional prediction score from CADD (Rentzsch, Witten, 
Cooper, Shendure, & Kircher, 2019). Variant filtering was 
carried out to highlight rare (minor allele frequency <0.001) 
and damaging variants segregating with disease status within 
the pedigree. Filtered variants were classified according to 
the American College of Medical Genetics and Genomics 
(ACMG) guidelines (Richards et al., 2015). The NOTCH1 
(NM_017617.5) variant was confirmed by PCR and Sanger 
sequencing. Figure 1b Sanger sequencing was performed 
by Source Bioscience, Nottingham, UK; PCR Forward 
Primer: 5′-CCTTCAGCACCCCACTCAG-3′, PCR Reverse 
primer: 5′-CCGTGACACTTGGGACGTTC-3′ (Eurofins, 
Ebersberg, Germany).

3 |  RESULTS

The genetic family tree is presented in Figure 1a.The 
Proband was a 24-year-old Caucasian male attending a regu-
lar follow up in the Adult Congenital Heart Clinic of the East 
Midlands Congenital Heart Centre, Leicester, UK. He had 
undergone an open heart repair of a large sub-aortic VSD 
at the age of one year. Cardiac MRI performed at the age 
of 28 years showed good long term results of VSD repair, 
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well-functioning BAV with right and left cusp fusion pattern, 
and dilatation of the aortic root (39 mm) and ascending aorta 
(40 mm) (Figure 1c and d). The proband's mother underwent 

aortic valve replacement for severe aortic valve stenosis at 
the age of 50 years. She had undergone a CT angiogram of 
her aorta at the age of 46 years, which showed heavily calci-
fied, probably tri-leaflet aortic valve, dilatation of the aortic 
root (38 mm), and ascending aorta (44 mm) (Figure 1e and 
f). Pre-operational trans-oesophageal echocardiogram identi-
fied the valve as tri-leaflet with severe calcification, severe 
stenosis, and moderate incompetence. The maternal grand-
mother underwent aortic valve replacement with a mechani-
cal aortic valve prosthesis and simultaneous coronary artery 
bypass surgery at the age of 55 due to severe aortic valve 
stenosis and obstructive coronary artery disease. The most 
recent transthoracic echocardiogram performed at the age of 
72 years showed no evidence of aortic root or ascending aorta 
dilatation. The proband's maternal grandfather underwent 
transthoracic echocardiogram as a part of the study recruit-
ment protocol. This showed normally functioning tri-leaflet 
aortic valve.

Exome sequencing, which was performed in the four fam-
ily members with known affection status (proband, affected 
mother, affected maternal grandmother, and unaffected ma-
ternal grandfather), identified 16 rare, potentially damaging, 
genetic variants comprising two potential loss of function 
variants (one stop and one splice variant), and 14 missense 
variants, co-segregating with the aortic valve disease pheno-
type (Table 1). We classified each variant in accordance with 
the ACMG guidelines and identified A c.873C>G/p.Tyr291* 
stop mutation in NOTCH1, the most deleterious variant in 
our analysis, as causative.

NOTCH1 loss of function mutations has previously 
been reported to cause BAV (Garg et al., 2005; Kerstjens-
Frederikse et al., 2016) and Tyr291*, which is encoded by 
NOTCH1 exon 6 and located in the 7th EGFR-like extracellu-
lar domain of NOTCH1 (Figure S1).

4 |  DISCUSSION

Herein we present a nuclear family affected by a complex 
cardiac phenotype comprising a combination of BAV, aor-
tic valve stenosis, TAA, and VSD. The proband presents the 
most common type of BAV with the fusion of the right and 
left valve leaflets and visible raphe. Consistent with this type 
of BAV leaflet fusion is the dilatation of the aortic root ob-
served in the patient (Miskowiec et al., 2018). Both in the 
maternal grandmother and the proband's mother, the stenosed 
aortic valves were described as trileaflet and heavily calci-
fied. Ascending aorta dilatation is present in the proband and 
his mother but not in the maternal grandmother. It can only 
be speculated whether the lack of dilatation of the thoracic 
aorta in the grandmother might be a result of favorable hemo-
dynamic function of the aortic valve, incomplete penetrance 
of the NOTCH1 mutation or other genetic/environmental 

F I G U R E  1  Clinical phenotypes observed in the pedigree. (a) 
Pedigree of the affected family and phenotype key; squares represent 
males, circles represent females; proband is indicated with black 
arrow; phenotypes are marked in solid black in the relevant quadrant of 
the figure; solid grey represents family members of unknown affection 
status not recruited to the study; black diamond represents subjects 
with available DNA; p.Tyr291* identifies subjects positive for the 
mutation in NOTCH1 (NM_017617.5). (b) Sanger sequence trace; 
normal sequence from the maternal grandfather of the proband (top) 
and the heterozygous c.873C>G variant in the proband (bottom). (c) 
MRI picture of the bicuspid aortic valve in the proband—two leaflets 
marked with arrows. (d) Reconstruction of the thoracic aorta in the 
proband (note dilatation of the ascending aorta—arrow). (e) Image of 
the calcified aortic valve in the proband's mother; calcium deposits 
marked with an arrow. (f) Image of the calcified aortic valve and 
dilatation of the ascending aorta (arrow) in the proband's mother
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modifiers (Hope et al., 2012). The co-existence of BAV and 
VSD (observed in the proband) has been previously reported 
in the literature; however, no accurate estimate of the preva-
lence of the combined lesion exists (Duran et al., 1995). The 
clinical picture observed in the presented pedigree is consist-
ent with previous reports on clinical phenotypes associated 
with inactivating NOTCH1 mutations (Kerstjens-Frederikse 
et al., 2016; Southgate et al., 2015). The majority of con-
genital lesions present in patients with inactivating NOTCH1 
mutations group around the left ventricular outflow as in the 
reported pedigree. Mutations in NOTCH1 have been reported 
to associate with both familial and sporadic forms of BAV. 
However, to our knowledge, inactivating NOTCH1 muta-
tions leading to NOTCH1 haploinsufficiency have almost ex-
clusively been reported in the familial form of BAV disease 
(Gillis et al., 2017; Kerstjens-Frederikse et al., 2016).

To our knowledge, the p.Tyr291* NOTCH1 mutation, 
cosegregating with the phenotype within our pedigree, is the 
most proximal stop mutation reported to date (Figure S1) It is 
possible that this early stop codon leads to nonsense-mediated 
decay. This, in turn, would effectively lead to NOTCH1 hap-
loinsufficiency in the carriers of the mutation. Alternatively, 
the NOTCH1 allele containing the premature stop produces 
a truncated 291 amino-acid long polypeptide chain. The stop 
codon is localized within the seventh EGFR-like extracellu-
lar domain. NOTCH1 contains 36 EGFR-like domains in the 
extracellular portion of the receptor with the ligand-binding 

site formed by domains 11–13 (Hambleton et al., 2004). The 
receptor lacking EGFR-like domains 11–13 would, therefore, 
not be able to interact with ligands or induce signaling and 
would, therefore, be functionally inactive (Ge, Liu, Hou, & 
Stanley, 2008).

The exact pathogenesis of BAV remains elusive. NOTCH 
pathways are important regulators of cell fate decisions, pro-
liferation, and apoptosis during embryonic development and 
in adult life (Meester et al., 2019). The NOTCH1 pathway 
is directly involved in the development of the valve-forming 
fields during cardiogenesis and is crucial for the correct de-
velopment of endocardial cushions through regulation of en-
docardial to mesenchymal transformation and remodeling of 
the immature aortic valve (Luna-Zurita et al., 2010, Koenig 
et al., 2016; Timmerman et al., 2004).

Accumulating evidence links NOTCH1 signaling with 
the development of aortic valve stenosis. NOTCH1 plays an 
important role in response to valve hemodynamic injury and 
stress (Chen et al., 2015). Several studies have suggested a 
protective role for NOTCH1 signaling in the prevention of 
aortic valve calcification by repressing activation of pro- 
osteogenic signaling within the aortic valve (Acharya et al., 
2011; Chen et al., 2015; Nigam & Srivastava, 2009) TAAs 
have also been consistently observed in pedigrees with in-
activating NOTCH1 mutations (Kerstjens-Frederikse et al., 
2016). TAA is a common phenotype associated with BAV 
and requires surgical intervention in one in four patients with 

T A B L E  1  Rare, potentially damaging, genetic variants co-segregating with affection status in the presented pedigree

Variant ID Gene
OMIM 
ID

MAF 
(gnomAD) Function

CADD score 
(PHRED) ACMG classification

c.873C>G/p.Tyr291* NOTCH1 190198 NA Stop gained 39 Pathogenic

rs200827136 ADAMTS16 607510 0.0004 Missense 32 Uncertain significance

rs193181260 PCNX2 617656 0.0001 Missense 32 Likely benign

rs149425237 PLOD1 153454 0.0005 Missense 28.5 Likely benign

c.2849A>G/p.Glu950Gly CNTNAP2 604569 NA Missense 28.6 Uncertain significance

rs763341735 CDH15 114019 0.00002 Missense 25.1 Benign

c.2237C>T/p.Ser746Phe ANKRD27 NA NA Missense 26.3 Uncertain significance

rs754855234 CTTNBP2 609772 0.00004 Missense 24.7 Uncertain significance

c.2236T>G /p.Tyr746Asp CNTN2 190197 NA Missense 26.4 Uncertain significance

rs201232704 PHRF1 611780 0.00009 Missense 23.6 Likely benign

rs765953991 KDM6A 300128 0.00001 Missense 27.1 Uncertain significance

rs371508867 ADGRL3 616417 0.00002 Missense 24.9 Uncertain significance

rs377579773 CADPS2 609978 0.00004 Missense 26.6 Uncertain significance

rs370275584 NOC3L 610769 0.0001 Missense 24.1 Uncertain significance

rs370153408 PRKDC 600899 0.00003 Missense 23.8 Likely benign

c.930+1G>C ANKRD36 NA NA Splice donor 
variant +intron 
variant

20.8 Likely benign

Note: CADD, combined annotation dependent depletion score; Gene, gene symbol; ID, identifier; MAF, genome aggregation database (gnomAD) minor allele 
frequency; NA, not available.
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BAV over 25 years of observation (Michelena et al., 2011). 
Accumulating evidence suggest that NOTCH1 apart from 
its role in vasculogenesis also plays a significant role in the 
pathological remodelling of aorta and development TAA 
(Malashicheva et al., 2020). NOTCH1 pathway has been 
shown to be downregulated in the aortic tissue of patients 
with BAV (Balistreri et al., 2018). In addition, Notch1 haplo-
insufficiency in mice can lead to the development of ascend-
ing aortic dilatation accompanied by histological changes in 
the aortic media typical of TAA (Koenig et al., 2017).

In view of the above evidence, the presence of a dam-
aging NOTCH1 mutation in the presented pedigree provides 
the likely biological explanation for the occurrence of BAV, 
sub-aortic VSD, aortic valve calcification, and TAA in the 
presented pedigree. The identification and reporting of the 
genetic causes of BAV will lead to a better understanding of 
both disease pathogenesis and the development of comorbid-
ities such as aortic stenosis and may lead to the development 
of effective therapies.
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