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Abstract: The NOTCH-signaling pathway is responsible for intercellular interactions and cell fate
commitment. Recently, NOTCH pathway genes were demonstrated to play an important role in
aortic valve development, leading to an increased calcified aortic valve disease (CAVD) later in life.
Here, we further investigate the association between genetic variants in the NOTCH pathway genes
and aortic stenosis in a case–control study of 90 CAVD cases and 4723 controls using target panel
sequencing of full-length 20 genes from a NOTCH-related pathway (DVL2, DTX2, MFNG, NUMBL,
LFNG, DVL1, DTX4, APH1A, DTX1, APH1B, NOTCH1, ADAM17, DVL3, NCSTN, DTX3L, ILK, RFNG,
DTX3, NOTCH4, PSENEN). We identified a common intronic variant in NOTCH1, protecting against
CAVD development (rs3812603), as well as several rare and unique new variants in NOTCH-pathway
genes (DTX4, NOTCH1, DTX1, DVL2, NOTCH1, DTX3L, DVL3), with a prominent effect of the
protein structure and function.

Keywords: aortic stenosis; calcified aortic valve disease; signal transduction; NOTCH-signaling pathway

1. Introduction

Aortic valve stenosis (AS) is one of the most common valvular heart diseases in
developed countries [1]. The results of several epidemiological studies demonstrated that
the incidence of AS increases with age and the prevalence of AS among people over 75 years
is 12.4% (from 6.6% to 18.2%), and for severe forms of AS, it ranges from 1.1% to 5.7% [2,3].
Currently, the most common cause of aortic stenosis is calcification of the tricuspid (TAV)
and bicuspid (BAV) aortic valves due to degenerative calcific aortic valve disease (CAVD),
with other causes being significantly less common [4]. BAV is one of the most frequently
diagnosed congenital heart defects, occurring in 1–2% of the population [5,6]. Due to
impaired vale architecture and increased hemodynamical stress, BAV patients are more
prone to aortic valve calcification [5]. The clinical importance of CAVD is strengthened
by the limited number of therapeutical approaches and absence of effective targeted drug,
which can delay or stop the progression of aortic stenosis [7].

Several signaling cascades important for embryonic heart development have been
shown to play an important role in cardiovascular pathology in an adult life. Among
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those, NOTCH-signaling was described as one of the key contributors of aorta and aortic
valve pathologies [8–10]. The NOTCH pathway is one of the main intercellular signaling
mechanisms that mediates the interaction and communication between neighboring cells.
NOTCH-signaling links the fate of one cell to that of surrounding cells through physical
interaction between the NOTCH receptor and membrane-bound ligands expressed in the
nearby cell. The outcome of NOTCH-signaling is highly pleiotropic, strictly dependent
on the cellular context and can affect cell differentiation, proliferation and apoptosis [11].
An alteration in NOTCH1-signaling is associated with a wide range of diseases, including
various types of malignancies and developmental disorders [8].

In the cardiovascular system, NOTCH signaling is involved in angiogenesis, early
cardiomyocyte differentiation [12], ventricular trabeculation [13], cardiac valve formation
and [14] outflow tract development [15]. Consequently, NOTCH1 variants were identified
as a cause of congenital BAV, CAVD and aortic aneurhysma; the causative role of NOTCH1
and several other genes linked to the NOTCH1 signaling cascade, such as DLL1 and
JAGGED1, with congenital cardiovascular pathologies has been reported [16].

To further decipher the association of genetic landscape in NOTCH-signaling genes
with CAVD, we sequenced coding and non-coding regions of 20 genes involved in the
NOTCH-signaling cascade (DVL2, DTX2, MFNG, NUMBL, LFNG, DVL1, DTX4, APH1A,
DTX1, APH1B, NOTCH1, ADAM17, DVL3, NCSTN, DTX3L, ILK, RFNG, DTX3, NOTCH4,
PSENEN) in a cohort of 90 patients diagnosed with AS. With this approach, we identified
a potentially protective common genetic variant rs3812603 in NOTCH1 and risk variant
rs73185723 in DVL3, as well as several rare and new variants of unknown significance with
potential impact on the development of CAVD.

2. Materials and Methods
2.1. Ethics Statement

This study was performed according to the Declaration of Helsinki, and approval
was obtained from Almazov National Medical Research Centre Ethical Committee (Saint-
Petersburg, Russian Federation) before the initiation of the study. Written form informed
consent was obtained from all participating patients (Protocol № 24 dated 23 March 2020).

2.2. Discovery Cohort Description

Of the total database of patients with AS, 90 patients with severe AS were ran-
domly selected who were surgically treated at Almazov National Medical Research Center,
St. Petersburg, Russian Federation between 2010 and 2018. The type of aortic valve
morphology was confirmed intraoperatively.

Inclusion criteria:

• Patients with AS of TAV and BAV due to CAVD.
• Patient with AS and Vmax at the aortic valve more than 4.0 m/s and effective orifice

area less than 1 cm2.
• Patients with intraoperatively confirmed BAV or TAV.
• Patients with genotype–phenotype correlation analysis AS.
• Consent of the patient to be included in the study.

Exclusion criteria:

• Patient with AS and Vmax at the aortic valve that was less than 4.0 m/s and effective
orifice area that was more than 1 cm2.

• Patients with known infective endocarditis and rheumatic disease.
• Patients with connective tissue disorder (like Marfan) and/or positive family history

of aortic valve disease or aortic aneurysm.
• Refusal of the patient to be included in the study.
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2.3. Control Cohort Description

The control group included 4723 DNA samples that were collected within a framework
of the national epidemiological study—ESSE RF. The control subjects were not ascertained
for the aortic stenosis and include a random snapshot of the population aged 18–64 years
old. The control group was genotyped using the FinnGen Axiom array and genotypes were
imputed using the HRC reference panel. Genetic and clinical data collection and analysis
for the control cohort were earlier described [17].

2.4. Clinical Assessment and Echocardiography

All patients in this study underwent a comprehensive two-dimensional and Doppler
transthoracic ECHO using the Vivid 7.0 system (General Electric, Chicago, IL, USA) accord-
ing to the current guidelines [18]. The criteria for severity of aortic valve stenosis included
aortic valve area (AVA, cm2), calculated using the continuity equation, AVA indexed for
body surface area (AVA/BSA, cm2/m2), mean transvalvular pressure gradient and peak
aortic jet velocity (Vmax). A patient was included in the study group if Vmax at the aortic
valve was more than 4.0 m/s [18]. Diagnosis of BAV was based on short-axis imaging of
the aortic valve, demonstrating the existence of only 2 commissures delimiting only 2 aortic
valve cusps.

2.5. NOTCH Panel Sequencing and Variant Validation

The Haloplex Target Enrichment System (Agilent, Waldbronn, Germany) for Illumina
MiSeq instrument (Illumina, San Diego, CA, USA) included 20 genes participating in
NOTCH-signaling cascade. Sequencing protocol, library preparation and variant valida-
tion were performed according to standard protocol as earlier described [19]. Alignment,
data processing and variant calling were performed according to GATK BestPractice recom-
mendations (Broad Institute, Cambridge, MA, USA) using hg38 human genome reference.
Variant annotation was performed using ANNOVAR (Philadelphia, PA, USA) and the
assessment of rare and newly identified variants was performed according to ACMG guide-
lines [20]. All rare and newly identified variants were confirmed using Sanger sequencing.

For the case–control analysis, the following quality filtration was applied: (1) DP ≥ 10;
(2) GQ ≥ 20; (3) allele balance filtration; (4) Hardy–Weinberg equilibrium p > 10−4;
(5) variant call rate ≥ 0.8; and (6) sample call rate ≥ 0.8. For a case–control analysis
of common variants (MAF > 0.01), we kept 284 variants that passed quality filtration
both in the case and control cohorts. The identification of significant and considerable
genetic variants was carried out using expression quantitative trait loci (eQTL) and the
Genotype-Tissue Ex-pression (GTEx).

2.6. Protein Structural Modeling

The protein sequences and domain organization were obtained from the Uniprot
database [21]. Functional prediction and annotation of missense variants in the human
genes were assessed based on five prediction scores (REVEL, VEST4, ClinPred, SIFT, Muta-
tion Taster, Provean) obtained from the dbNSFPv4.4 database [22]. Each domain in a given
protein was numbered according to its order of appearance in a protein structure. Related
protein sequences from other organisms were identified by BLASTP [23] searches against
the UniProt/SwissProt database using the E-value threshold of 0.001. Multiple sequence
alignments for individual domains were calculated by T-Coffee [24] and visualized in
Jalview 2.8.2 [25]. We calculated the position-specific conservation score (Cs), which varies
between 0 (is not conserved) and 5 (is conserved). Conservation scores of identical positions
are set to 11.

Known 3D structures of protein domains were extracted from the Protein Data
Bank [26]. If the 3D structure was absent in the database, we chose Alphafold2 pro-
tein structure obtained from the Uniprot database. In silico mutagenesis and visualization
were conducted using the PyMol v2.5.0 software.
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3. Results

The study group included 90 CAVD patients—59 with BAV and 31 patients with TAV
(Table 1). The BAV subgroup was significantly younger than the subgroup of TAV patients
(p = 0.00004). The levels of maximum systolic blood pressure (Systolic BP) and maximum
diastolic blood pressure (Diastolic BP) were higher in the TAV subgroup (p = 0.02). In addition,
higher levels of C-reactive protein (p = 0.02) were found in the group of patients with TAV.
Patients with BAV had higher levels of total cholesterol (p = 0.03). No other significant
demographic and clinical differences were noted between the BAV and TAV patients.

Table 1. Demographic and clinical characteristics of CAVD patients depending on valve morphology.

Characteristics
AS Group with BAV

Me (Q1;Q3)
(n = 59)

AS Group with TAV
Me (Q1;Q3)

(n = 31)
p Value

Age, years 56 (52;61) 61 (60;63) 0.00004
Gender, m/f 1.36:1 1:1.2 0.26

Arterial hypertension, n (%) 11 (18.6) 9 (29.03) 0.39
Chronic heart failure, n (%) 19 (32.2) 12 (38.7) 0.54

Coronary heart disease, n (%) 12 (20.3) 11 (3.5) 0.12
Systolic BP, mmHg 160 (140;180) 180 (170;200) 0.02
Diastolic BP, mmHg 90 (85;100) 100 (100;110) 0.02

Systolic BPof, mmHg 130 (120;150) 130 (120;156) 0.27
Diastolic BPof, mmHg 80 (74;90) 80 (70;90) 0.79

Aortic sinus, mm 34 (32.3;40) 35 (33;39) 0.66
Ascending aorta, mm 39 (35;43) 37.5 (35;40) 0.36

Mean pressure gradient, mmHg 49.7 (44;70) 50 (40;62) 0.37
Vmax, m/s 4.7 (4.24;5.18) 4.6 (4.2;5) 0.42
AVA, cm2 0.8 (0.7;0.9) 0.9 (0.7;1) 0.21

Hemoglobin, g/dL 138 (129;150) 136 (132;145) 0.43
Red blood cell count, ×106 cells/micro-L 4.65 (4.3;5.1) 4.7 (4.47;4.84) 0.75

White blood cell count, ×103 cells/micro-L 6.4 (5.7;7.6) 6.6 (5.6;7.5) 0.96
C-reactive protein, mg/dL 1.56 (0.85;2.77) 2.01 (1.49;3.48) 0.02

Blood glucose level, mmol/L 5.5 (5;6.15) 5.96 (5.2;6.46) 0.08
Blood creatinine level, mmol/L 79 (71;90) 75.5 (65;87) 0.25

Total cholesterol, mmol/L 5.7 (4.72;6.48) 5.12 (4;5.63) 0.03
Triglicerides, mmol/L 1.36 (0.99;2.07) 1.08 (0.91;1.62) 0.39

Low density lipoprotein, mmol/L 3.78 (2.64;4.24) 3.28 (2.3;4.4) 0.54
High-density lipoproteins, mmol/L 1.22 (0.98;1.5) 1.17 (1;1.59) 0.87

BP—blood pressure; BPof—office blood pressure; Vmax—peak aortic jet velocity; AVA: aortic valve area.

Sequencing analysis of 20 NOTCH pathway-related genes was performed using NGS tar-
get panel and resulted in the identification of coding and non-coding rare and common genetic
variants. As a first step, we performed an association analysis comparing the data with popula-
tional cohort data previously obtained on 4723 subjects. An association analysis revealed a com-
mon variant rs3812603 in the intron of NOTCH1 (NC_000016.10:g.136508456T>C, rs3812603)
underrepresented in the study group (atrial fibrillation (AF) in CAVD group 0.42, AF in
controls 0.59, p-value = 1.90 × 10−5; β = −0.0112) and a common variant in intron of DVL3
(NC_000003.12:g.184168569C>T, rs73185723) overrepresented in CAVD patients (AF in CAVD
group 0.22, AF in controls 0.12, p-value = 1.49 × 10−4; β = 0.0149). Analysis of eQTL using
GTEx data showed that NC_000016.10:g.136508456T>C and NC_000003.12:g.184168569C>T
were significantly associated with increased expression in aortic tissue (p-value = 3.8 × 10−5

and p-value = 8.3 × 10−6, respectively,).
The coverage data allowed us to perform deeper genotype–phenotype correlation

analysis on 76 out of 90 patients; 14 patients were excluded from the analysis due to the
low number of reads covering the chr9:136508456 region. Detailed clinical analysis of
76 patients depending on NOTCH1 intronic rs3812603 genotype reveled an association
of T-allele with lower systolic blood pressure (p = 0.02), meaning that carriers of T-allele
develop CAVD on a lower hypertensive level (Table 2), although this was not significant
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after multiple hypothesis correction. No other differences in clinical parameters were noted
between the carriers of T and C-alleles.

Table 2. Clinical characteristics of CAVD patients depending on rs3812603 genotype.

Characteristics

rs3812603

p ValueAllele T
Me (Q1;Q3)

(n = 25)

Allele C
Me (Q1;Q3)

(n = 51)

Age, years 57 (53;61) 60 (53;63) 0.22
Gender, m : f 1:1.08 1.2:1 0.57
BAV, n (%) 18 (72) 33 (64.7) 0.52

Arterial hypertension, n (%) 17 (68) 45 (88.2) 0.07
Chronic heart failure, n (%) 6 (24) 20 (39.2) 0.29

Coronary heart disease, n (%) 7 (28) 13 (25.5) 0.96
Systolic BP, mmHg 160 (140;180) 180 (150;190) 0.02
Diastolic BP, mmHg 100 (80;100) 100 (90;100) 0.15

Systolic BPof, mmHg 130 (120;140) 135 (120;150) 0.19
Diastolic BPof, mmHg 80 (78;90) 80 (70;90) 0.52

Aortic sinus, mm 33 (32;36) 35 (33;40) 0.07
Ascending aorta, mm 38 (34;45) 39 (36;43) 0.89
Aortic maximum, mm 38 (35;42) 40 (36;43) 0.53

Mean pressure gradient, mmHg 47.9 (43.5;64) 54.5 (44;72) 0.44
Vmax, m/s 4.42 (4.2;4.96) 4.88 (4.34;5.2) 0.20
AVA, cm2 0.83 (0.7;0.96) 0.85 (0.7;0.9) 0.75

BAV—bicuspid aortic valves; BP—blood pressure; BPof—office blood pressure; Vmax—peak aortic jet velocity;
AVA: aortic valve area.

In a sub-cohort of BAV patients, we identified nominal association of T allele with
smaller aortic size at sinus level (p = 0.02, Table 3).

Table 3. Clinical characteristics of BAV CAVD patients depending on rs3812603 genotype.

Characteristics

rs3812603

p ValueAllele T
Me (Q1;Q3)

(n = 18)

Allele C
Me (Q1;Q3)

(n = 33)

Age, years 55.5 (50;59) 56 (52;61) 0.441054
Gender, m : f 1:1.25 2:1 0.1071

Arterial hypertension, n (%) 12 (66.7) 28 (84.8) 0.1254
Chronic heart failure, n (%) 7 (38.9) 14 (42.4) 0.5230

Coronary heart disease, n (%) 5 (27.8) 6 (18.2) 0.4398
Systolic BP, mmHg 160 (140:170) 170 (140;185) 0.141425
Diastolic BP, mmHg 90 (80;100) 92.5 (90;100) 0.170381

Systolic BPof, mmHg 129 (120;150) 130 (120;150) 0.944091
Diastolic BPof, mmHg 80.5 (80;90) 80 (75;85) 0.233399

Aortic sinus, mm 33 (32;35) 36 (33;40) 0.028920
Ascending aorta, mm 39 (35;45) 40 (36;44) 0.932005
Aortic maximum, mm 40 (36;45) 41(36;44) 0.774599

Mean pressure gradient, mmHg 48.5 (43;70) 55(44;72) 0.839622
Vmax, m/s 4.6 (4.1;5.4) 4.9 (4.38;5.2) 0.831224
AVA, cm2 0.7 (0.6;0.8) 0.85 (0.7;0.9) 0.146324

BP—blood pressure; BPof—office blood pressure; Vmax—peak aortic jet velocity; AVA: aortic valve area.

In the TAV-only patient group, the genotype–phenotype association analysis was not
performed due to the low number of patients included (n = 31). To sum up, genotype
association analysis performed on genetic variants from the entire regions of 20 NOTCH-
signaling-related genes identified that allele T rs3812603 is overrepresented in the CAVD
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group and is associated with lower systolic blood pressure and a small diameter of the
aortic sinus.

In patients carrying the DLV3 rs73185723 variant, there were no significant differences
among the groups of patients with T- and C-alleles in characteristics such as gender,
age, aortic size, CHF and CHD. However, the clinical analysis of patients depending on
the rs73185723 genotype revealed nominal associations of C-allele with lower systolic
(p = 0.007) and diastolic (p = 0.04) blood pressure, meaning that carriers of C-allele develop
CAVD on a lower hypertensive level (Table 4).

Table 4. Clinical characteristics of CAVD patients depending on rs73185723 genotype.

Characteristics

rs73185723

p ValueAllele T
Me (Q1;Q3)

(n = 32)

Allele C
Me (Q1;Q3)

(n = 44)

Age, years 61 (55;64) 59 (53;62) 0.1612173
Gender, m/f 1:0.9 1:1 0.8906

Arterial hypertension, n (%) 27 (84.4) 34 (77.3) 0.4387
Chronic heart failure, n (%) 15 (46.9) 15 (34.1) 0.2164

Coronary heart disease, n (%) 7 (21.9) 24 (54.5) 0.5219
Systolic BP, mmHg 180 (160;200) 160 (140;180) 0.006908
Diastolic BP, mmHg 100 (90;100) 90 (85;100) 0.036068

Systolic BPof, mmHg 130 (120;150) 130 (120;140) 0.136841
Diastolic BPof, mmHg 80 (74;90) 80 (70;87.5) 0.611371

Aortic sinus, mm 35 (33;40) 34 (32;39) 0.478722
Ascending aorta, mm 39 (37;42) 38 (34;42) 0.245006
Aortic maximum, mm 40 (37;42) 38.5 (34.5;42.5) 0.406663

Mean pressure gradient, mmHg 53.5 (46;64) 49 (43;66) 0.714627
Vmax, m/s 4.8 (4.1;5.1) 4.7 (4.2;4.9) 0.256888
AVA, cm2 0.83 (0.65;0.93) 0.85 (0.7;1) 0.498415

BP—blood pressure; BPof—office blood pressure; Vmax—peak aortic jet velocity; AVA: aortic valve area.

However, when restricting the analysis only to BAV patients, T-allele was associated
with higher blood pressure levels, both systolic (p = 0.005) and diastolic (p = 0.02). No other
differences in clinical parameters were noted between the carriers of T and C-alleles (Table 5).

Table 5. Clinical characteristics of BAV CAVD patients depending on rs73185723 genotype.

Characteristics

rs73185723

p ValueAllele T
Me (Q1;Q3)

(n = 20)

Allele C
Me (Q1;Q3)

(n = 27)

Age, years 59 (52.5;64) 55 (50;60) 0.1735001
Gender, m/f 1.2:1 1.1:1 0.8307

Arterial hypertension, n (%) 16 (80) 19 (70.4) 0.6816
Chronic heart failure, n (%) 11 (55) 8 (29.6) 0.0797

Coronary heart disease, n (%) 4 (20) 3 (11.1) 0.6658
Systolic BP, mmHg 180 (150;200) 145 (140;165) 0.004804
Diastolic BP, mmHg 100 (90;100) 90 (80;90) 0.022784

Systolic BPof, mmHg 140 (120;150) 125 (120;140) 0.056344
Diastolic BPof, mmHg 80 (77;90) 80 (70;85) 0.320321

Aortic sinus, mm 35.5 (33;40.5) 33.5 (32;37) 0.181866
Ascending aorta, mm 39 (37;42) 39 (33;45) 0.760475
Aortic maximum, mm 40 (37;42.5) 39 (33;46) 0.586622

Mean pressure gradient, mmHg 49.7 (42;63) 51 (43.5;70.8) 0.684966
Vmax, m/s 4.70 (4.1;5.14) 4.68 (4.4;5) 0.990928
AVA, cm2 0.85 (0.7; 0.96) 0.75 (0.7;0.9) 0.603780

BP—blood pressure; BPof—office blood pressure; Vmax—peak aortic jet velocity; AVA: aortic valve area.
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As a next step, sequencing analysis of 20 NOTCH-pathway-related genes aimed to
identify unique and rare (<1:10,000) coding genetic variants for their possible impact
on the development of aortic valve calcification and CAVD. We identified seven rare
coding variants in six patients, including two previously unreported variants and one LOF
(Table 6).

Table 6. New and rare (<1:10,000) genetic variants in NOTCH-signaling related genes detected in
patients with CAVD.

Patient Gene Chromosome Position (hg39) and
Variant Nomenclature

rs
MAF

ACMG
Classification

227 DTX4 Chr11:59204760, NM_015177.2:c.1711G>A:p.V571I rs376862310
0.00002 LB

189
NOTCH1 Chr9:136513042, NM_017617.5:c.2446A>G:p.N816D rs1589064290

- VUS

DTX1 Chr12:113058440, NM_004416.3:c.248G>A: p.R83H rs772474000
0.00002 VUS

180 DVL2 Chr7:7226041, NM_004422.3:c.2035C>T:
p.P679S

rs147610025
0.00006 VUS

166 NOTCH1 Chr9: 136508235, NM_017617.5:c.3322C>T,
pQ1108Ter - LP

004 DTX3L Chr 3:122568647, NM_138287.3:c.558A>C:p.Q186H rs1466715187
- VUS

048 DVL3 Chr3:184166219, NM_004423.4:c.857C>Ap.A286D rs1358353596 C>T
- VUS

The clinical significance of the variants was assessed according to ACMG guidelines. LB—likely benign,
VUS—variant of unknown significance.

In addition to ACMG interpretation, pathogenic/benign status of variants was as-
sessed using three prediction tools: VEST4, REVEL, and ClinPred (Table 7). Variants
p.Asn816Asp and p.Gln1108Ter in Notch1, and p.Ala286Asp in DVL3 were classified as
pathogenic by all tools. In contrast, variants p.Pro679Ser in DVL2 and p.Gln186His in
DTX3L were not damaging, and two variants, p.Val571Ile (DTX4) and p.Arg83His (DTX1),
had conflicting interpretation (Table 7). Variants p.Val571Ile (DTX4), p.Arg83His (DTX1),
p.Gln1108Ter (NOTCH1), p.Ala286Asp (NOTCH1), and p.Ala286Asp (DVL3) are located in
highly conserved positions in the protein (their Cs scores ≥ 5). Of note, in Notch1 protein,
missense variants p.Asn816Asp and p.Gln1108Ter are located in the EGR21 and EGR29
domains, respectively, and can participate in several interprotein interactions (Figure 1A).
According to the structural modeling, p.Asn816Asp participates in the NOTCH1/DLL4
interaction in the interface between two proteins and can be important in protein bind-
ing (Figure 1B,C). The terminated variant in 1108 NOTCH1 position was found in EGF29
(p.Gln1108Ter), which has high similarity with mouse Notch1 EGF26 (Figure 2A,B). Residue
Gln is located in the 1108 position, which is absent in the mouse EGF26 domain. Accord-
ing to the Alphafold structure of the NOTCH1 EGF29, region 1100–1143 forms an alpha
helix and may be important in binding with the POFUT1 protein (Figure 2C). The termi-
nated mutation in 1108 may be crucial in forming the alpha helix in EGF29 (Figure 2D).
In a human DVL3 protein, missense variant p.Ala286Asp was found in a PDZ domain
(Figure 3). PDZ is a conserved domain among DVL proteins through which DVL binds to
the membrane-bound receptor Frizzled and to other signal transduction molecules in the
cytoplasm [27]. The PDZ domain consists of 89 amino acids comprising residues 245–334
which fold into two alpha-helices and six beta-strands exposing a distinct peptide-binding
groove [28] (Figure 3A). Variant p.Ala286Asp is located in an alpha helix near a binding
pocket which is formed by hydrophobic residues Phe259, Leu260, Gly261, Ile262, Ser263,
Ile264, and Val316. Replacement of the highly conserved hydrophobic alanine in the
286 position by the polar asparagine may influence the recognition and binding affinity of
the DVL PDZ domain and its binding partners.



J. Cardiovasc. Dev. Dis. 2024, 11, 226 8 of 14

Table 7. Functional prediction of missense variants in proteins by sequence-based computational methods.

Gene Uniprot Protein Variant Domain Cs VEST4 REVEL ClinPred SIFT Mutation Taster PROVEAN

DTX4 Q9Y2E6 p.Val571Ile DTC 9 D T T pathogenic uncertain benign
moderated

NOTCH1 P46531 p.Asn816Asp EGR-CA 3 D D D benign moderated uncertain benign
DTX1 Q86Y01 p.Arg83His WWE 11 D T D uncertain uncertain uncertain
DVL2 O14641 p.Pro679Ser Dsh-C 0 T T T benign uncertain benign

NOTCH1 P46531 p.Gln1108Ter EGR 5 D D D - uncertain -
DTX3L Q8TDB6 p.Gln186His disorder 0 T T T benign benign benign
DVL3 Q92997 p.Ala286Asp PDZ 11 D D D pathogenic uncertain pathogenic

UniProt ID: accession number of a protein in the Uniprot KB database encoded by gene; Domain: protein domain
which contains missense variant. Domain abbreviation as in Uniprot database: DTC, Deltex C-terminal domain;
EGR-CA, calcium-binding epidermal growth factor-like domain; WWE, the WWE domain is named after three
of its conserved residues; Dsh-C, segment polarity protein dishevelled C-terminal; EGR, epidermal-growth-
factor-like domain; PDZ, PDZ-domain, also known as discs-large homologous regions. Cs, conservation score
of a mutated position in the alignment. For VEST4, REVEL, and ClinPred we used the following abbreviations:
D—damaging; T—tolerated.
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Figure 1. Structure of NOTCH1 EGF CA domain. (A) Domain organization of the human Notch1
protein sequence performed using the Uniprot database. Variants p.Asn816Asp and p.Gln1108Ter,
are mapped to the protein structure. (B) Three-dimensional structure of EGF modules of the NOTCH
extracellular domain bound to DLL4 [29]. (C) Interface region between Notch1 and DLL4 proteins.
EGR domain is colored with green, DLL4 is colored with blue. Calcium ions are represented as gray
spheres. Mutated residue in 816 position is marked in red color.

To sum up, target sequencing of 20 NOTCH-signaling-related genes allowed us to
identify rare genetic variants in the NOTCH1, DVL2, DVL3, DTX1, DTX3L and DTX4 genes
with structural and functional impact on the NOTCH1 structure and on protein–protein
interactions. Of the variants identified, two variants in NOTCH1 and a variant in DVL3
demonstrated prominent structural damaging effect and can potentially be associated with
the development of aortic valve pathology.
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Figure 2. The Notch1 EGR-like domain. (A). A local alignment of a mouse Notch1 EGF26 (PDB ID:
5ky4 chain B). with a human Notch1 EGF29. Conservation score is visualized under the alignment for
each column. Residues matching the consensus sequence residue at a given position are colored dark
blue, while those that do not match the consensus residue, but have a positive BLOSUM62 score [30],
are colored light blue. Positions with conservation score equal to 10 are marked as ‘+’. Positions with
all identical residues are marked as ‘asterisk’. Yellow arrows indicate β-strands, red barrel indicates
α-helix (B) A crystal structure of mouse Notch1 EGR-domain (PDB ID: 5ky4). (C) Alphafold2 model
of a human Notch1 EGR-domain. (D). Mouse POFUT1 (green) in complex with mouse Notch1 EGF26
(orange) [31]. Orange letter ‘N’ means N-terminal part of an EGR-like domain.
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Figure 3. A human DVL3 protein. (A) X-ray structure of the PDZ domain of DVL3 (PDB ID: 6zbq).
Mutated residue in 286 position is marked as a sphere in red color. (B) Domain organization of
the human DVL3 protein sequence performed using the Uniprot database. Variant p.Ala286Asp is
mapped to the protein structure. (C) A local alignment of a human PDZ domain with orthologues.
Conservation score is visualized as in Figure 2A.

4. Discussion

CAVD remains one of the most common heart diseases [32], with different genetic
mechanisms for initiating aortic valve calcification in patients with BAV and TAV [33].
A number of studies support the association of variants in the NOTCH1 gene not only
with BAV but with other cardiovascular abnormalities such as ascending aortic dilation
and aortic coarctation [34,35]. Currently, the only effective treatment for severe aortic
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valve calcification is surgical aortic valve replacement [36], which, in turn, carries certain
operational risks and places a heavy socioeconomic burden on the health care system [37].
In our study, we included 59 patients with BAV and 31 patients with TAV. According to a
previous publication, the population is dominated by men with AS, while in our study, the
groups of men and women were comparable [38]. The mean age of patients with AS and
BAV was lower than that of patients with AS and TAV, which is consistent with the available
data that patients with BAV were younger than patients with TAV [39]. One of the known
risk factors for the development of aortic valve calcinosis is high blood pressure [37]. In our
analysis, we found that patients with CAVD and TAV had significantly higher systolic and
diastolic blood pressure values than patients with BAV, which is consistent with another
publication confirming differences in the risk factors and pathogenesis of AS depending
on valve morphology [40,41]. Patients with TAV had higher levels of C-reactive protein,
which is consistent with the results of previously published studies and may be explained
by the fact that patients with TAV are older and have more comorbid pathologies than
patients with BAV [36,42]. However, we did not find significant differences in the incidence
of chronic heart failure and coronary heart disease depending on the morphology of the
valves, which is not fully consistent with the publication data, and this may be explained by
the small size of the group. [2,3]. It was also found that carrying the T allele of the rs3812603
genotype of the NOTCH1 and the T allele of the rs73185723 genotype of the DLV3 was
associated with higher blood pressure values in patients with CAVD. Some studies have
described a relationship between aortic valve morphology, specifically the BAV, and the
incidence of aortic dilation [43–45]. We found that carrying the C allele of the rs3812603
genotype of the NOTCH1 in patients with BAV was associated with larger aortic sinus.

The high population prevalence and great clinical significance of CAVD constantly
initiate a variety of genetic and molecular studies on the process of aortic valve calcification.
This research became even more significant and intense with the development of biological
therapies, recognition of the role of inflammation in CAVD and new challenges in the
fields of unticalcification drugs [46–50]. This triggered a new round of molecular stud-
ies linking the biochemical background (apoprotein(a), apoB, LDL-C, triglyceride level),
environmental and acquired factors (smoking, obesity) and genetic factors. The latter
became extensively explored due to GWAS and next-generation sequencing technologies
leading to the description of several key polygenic risk factor and monogenic causes and
CAVD and bicuspid aortic valve. Among these genes and pathways is the Notch1 signaling
cascade, described in connection to congenital heart disorders, bicuspid aortic valve and
aortic aneurhysma infamilial cases of congenital heart and valve malformations. Later,
several common genetic variants from the Notch1 cascade were confirmed to be related
to CAVD, underlining the role of Notch1 cascade and Notch1-related genes in aortic arch
and valve pathology [8,51–54]. In addition, several loci were demonstrated and replicated
in genome-wide association studies, with an expression effect on the inflammatory genes
and Notch-signaling associate genes according to GTEx database [55,56]. In our study, we
further confirmed the role of Notch signaling in the development of aortic valve pathology
and identified two common genetic variants and several rare amino acid substitutions
in association with aortic calcification. The structural modeling of the identified variants
revealed that at least three of them (Asn816Asp, Gln1108Ter in NOTCH1 and in Ala286Asp
DVL3) had a prominent effect on protein structure and function. We further identified two
common variants (rs3812603 in NOTCH1 intron and—rs73185723 in DVL3) in association
with CAVD, which further underlined the importance of this gene in relation to aortic
disorders. In addition, rs3812603 identified in NOTCH1 seems to be the only protective
variant in relation to CAVD development to date. This notion needs further validation and
replication on bigger cohorts; however, the identification of potentially protective NOTCH1
variants can initiate a new round of research focused on Notch-signaling genes. In this
regard, it is important to note that eQTL analysis using GTEx demonstrated the link of
rs3812603 with the expression DNLZ, and of rs73185723 with the expression of HSP90AA5P.
For both, loci are in connection with the regulation of heat-shock-protein-related genes of
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smooth muscle cells and, potentially, can modify their chaperon activity [57]. In addition,
DVL3 is able interfere with TAP/TAZ signaling and through nuclear translocation lead to
upregulation of osteogenesis-associated genes independent of canonical Wnt/β-catenin
signaling [58]. In addition, DVL3 is known to play an essential role in left ventricular
outfloor tract development. The association of this gene’s rare and common variants with
CAVD supports its potential importance for inherited and acquired aortic valve disorders
and cardiac outfloor tract pathologies. Taking into account the lower systolic and diastolic
blood pressure in carriers of C allele of rs73185723 in the DVL3 gene, we can assume that
the carriers of these variants are more prone to aortic valve calcification independently of
other CAVD risk factors and of valve morphology. The molecular processes underlying
cardiac valve development include cell differentiation, proliferation, apoptosis and migra-
tion, as well as organization of the extracellular matrix. Any minor change in the molecular
signals regulating cell differentiation, proliferation, apoptosis and migration of aortic valve
cells, as well as the organization of the extracellular matrix due to tiny modulation of
Notch1-Wnt-signaling, can cause congenital heart valve defects, including BAV, that will
directly affect the predisposition to CAVD [9].

5. Conclusions

We confirmed the prominent role of Notch-signaling pathway genes (NOTCH1 and
DVL3) in the development of CAVD and, for the first time, suggested the protective role of
rs3812603 in AS development regardless of the presence or absence of BAV.

6. Limitations

This study has several important limitations, such as the small number of patients
included in this study (less than 100 patients), and the unavailability of the genetic material
from the relatives to uncover the pathogenic effect of the genetic variants. In addition, pa-
tients with mild and moderate severity of AS, connective tissue diseases, chronic rheumatic
disease and infective endocarditis were also excluded from the study group.
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