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Abstract

Bicuspid aortic valve (BAV) is the most common congenital heart defect (CHD), affecting 1-2% of the population. BAV is
associated with thoracic aortic aneurysms (TAAs). Deleterious copy number variations (CNVs) were found previously in up
to 10% of CHD cases. This study aimed at unravelling the contribution of deleterious deletions or duplications in 95
unrelated BAV/TAA patients. Seven unique or rare CNVs were validated, harbouring protein-coding genes with a role in the
cardiovascular system. Based on the presence of overlapping CNVs in patients with cardiovascular phenotypes in the
DECIPHER database, the identification of similar CNVs in whole-exome sequencing data of 67 BAV/TAA patients and
suggested topological domain involvement from Hi-C data, supportive evidence was obtained for two genes (DGCR6 and
TBX20) of the seven initially validated CNVs. A rare variant burden analysis using next-generation sequencing data from
637 BAV/TAA patients was performed for these two candidate genes. This revealed a suggestive genetic role for TBX20 in
BAV/TAA aetiology, further reinforced by segregation of a rare TBX20 variant with the phenotype within a BAV/TAA
family. To conclude, our results do not confirm a significant contribution for deleterious CNVs in BAV/TAA as only one
potentially pathogenic CNV (1.05%) was identified. We cannot exclude the possibility that BAV/TAA is occasionally
attributed to causal CNVs though, or that certain CN'Vs act as genetic risk factors by creating a sensitised background for
BAV/TAA. Finally, accumulative evidence for TBX20 involvement in BAV/TAA aetiology underlines the importance of
this transcription factor in cardiovascular disease.

Supplementary information The online version of this article (https://
doi.org/10.1038/s41431-019-0364-y) contains supplementary
material, which is available to authorized users.
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Introduction

Bicuspid aortic valve (BAV) is the most common con-
genital heart malformation, affecting 1-2% of the general
population. It is characterised by abnormal fusion of two
aortic valve leaflets during embryonic development [1].
Although most BAV patients remain asymptomatic, 35%
develop severe cardiovascular complications such as
coarctation of the aorta (CoA), thoracic aortic aneurysms
(TAAs) and dissections (TAADs) [2]. Owing to the current
lack of curative therapies and accurate predictive bio-
markers, the two latter manifestations are associated with
high morbidity and mortality rates. Prophylactic aortic
surgery can be life-saving, but requires early TAA identi-
fication and continuous cardiovascular surveillance [1]. To
develop novel medical therapies, acquisition of more
detailed insights in the aetiology of BAV/TAA is
indispensable.

Historically, TAA development in BAV patients was
considered to be the sole result of abnormal haemodynamic
flows downstream of the BAV causing increased shear
stress on the aortic wall. Meanwhile, many studies have
pointed towards the involvement of genetic factors in the
aetiology of BAV/TAA [1, 3, 4]. Despite the high herit-
ability of human BAV (89%) [5] and numerous efforts to
pinpoint the genetic causes for BAV/TAA, only a few
disease genes have been published such as NOTCHI [6]
and SMADG [7]. Moreover, these genes explain only a small
fraction of all BAV/TAA patients.

Although most genetic studies in hereditary diseases
are focussing on single-nucleotide variation, copy number
variations (CNVs) are a major source of human genetic
variability [8], and have been shown to contribute to a
multitude of diseases [9, 10]. An increased burden of
(likely) pathogenic CNVs has been found in patients with
congenital heart defects (7.8-8.8%) compared to controls
(4.3-4.4%) [10, 11]. Family-based CNV studies for con-
genital heart diseases (CHDs) have also demonstrated that
both inherited and de novo copy number events associate
with disease [12, 13]. Overall, de novo and/or inherited
CNVs are estimated to cause non-syndromic CHD in 5-
10% of the probands [12-14]. Only a minority of the
cases included in the above described studies presents
with BAV, BAV/TAA or isolated TAA(D) (Supplemen-
tary Table 1). With regards to BAV/TAA, a recent study
demonstrated an enrichment of the total number of CNVs
per individual in BAV patients with early-onset TAAD
compared to patients with a tricuspid aortic valve and
early-onset TAAD [15]. Patients with Turner syndrome
(TS; 45X0) have also been shown to present with larger
(>200 kb) and more rare CNVs as compared to controls
(p<0.003 and p <0.005, respectively) [16]. This is par-
ticularly relevant for BAV/TAA, since one-third of
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patients with TS presented with BAV, of which 25%
develop TAA [17, 18].

We hypothesise that CNVs might explain, at least par-
tially, the unknown genetic aetiology of BAV/TAA. We
aimed at unravelling the contribution of unique and rare
deleterious CNVs in patients with BAV/TAA using a
genome-wide SNP array approach.

Methods and materials
Study population

The cohort consisted of 95 unrelated BAV/TAA patients
who had been selected based on the following inclusion
criteria: (1) BAV (~echocardiography) and (2) aortic dia-
meter at the sinus of Valsalva or ascending aorta of at least
40 mm in adults, or a Z-score exceeding 3 in children
(~echocardiography, computed tomography or magnetic
resonance imaging). A positive family history was defined
as having at least one first- or second-degree relative with
BAYV and/or TAA. Patients were recruited in four different
centres (Antwerp, Montreal, Stockholm, Liibeck). Periph-
eral blood was collected for genomic DNA (gDNA)
extraction from leukocytes. The local ethics committees
approved the study protocol and all participants gave
informed consent. The overall workflow is schematically
shown in Fig. 1.

CNV analysis and data filtering

CNV analysis was carried out with the HumanCytoSNP-12
BeadChip (Illumina, San Diego, USA), which allows gen-
otyping of 298 563 SNP markers (mean probe spacing,
7.5kb). The BeadChip was scanned by the iScan Reader
(Ilumina, San Diego, USA) and the raw data were processed
using the Illumina GenomeStudio software package. CNVs
were subsequently identified with CNV-Webstore [19]
(http://cnv-webstore.ua.ac.be/cnv-webstore), an in-house
developed tool for CNV detection, visualisation, interpreta-
tion and storage. This web-based tool enables the identifi-
cation of rare small scale CNVs of at least three consecutive
SNPs by combining existing methods (QuantiSNPv1.1,
PennCNV rev081119 and VanillalCEv1.4.0) in a majority
vote-based calling as described elsewhere [19]. The tool
reports minimal affected regions, corresponding to the first
and last affected probes, and maximal affected regions,
corresponding to the last and first unaffected probes,
respectively. Unique and rare CNVs (i.e. minor allele fre-
quency below 1% in the HapMap project database and the
Toronto database of Genomic Variants [20]) affecting
protein-coding genes with a role in the cardiovascular sys-
tem were selected for further genetic follow-up. Selection of
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95 unrelated BAV/TAA patients |

HumanCytoSNP-12 BeadChip (Illumina)
GenomeStudio (I1lumina) & CNV-Webstore

1390 CNVs

Filtering

1. Low frequency CNVs (<1%)
« 35 cohorts of Database of Genomic Variants
» HapMap database

2. Potential role in cardiovascular system
¢ Gene function (NCBI, OMIM, PubMed)
¢ Gene expression (Human Protein Atlas)
* Animal models (Zebrafish Information Netwerk, Mouse

Genome Informatics

I 16 prioritised CNVs

Experimental confirmation (MLPA, MAQ, qPCR)

| 7 candidate CNVs

In search for extra genetic evidence of CNV involvement
1. Overlapping CNVs in patients with CHD
* DECIPHER
* In-house WES data of 67 BAV/TAA patients
2. Disruption of highly interactive chromatin domains
¢ Online Hi-C data

2 candidate genes

In search for extra genetic evidence based on gene of interest
Variant burden test on rare deleterious NGS variants of
637 BAV/TAA patients

\]

v

CNV affecting gene of interest

CNV not affecting gene of interest

Dosage-sensitive effect?

Fig. 1 Flowchart of our strategy and tools used to identify causative
CNVs for BAV/TAA. Genome-wide raw microarray data of 95
unrelated BAV/TAA patients were analysed with GenomeStudio
software and an in-house developed online tool called the CNV-
Webstore. Rare and unique CNVs with protein-coding genes with a
potential role in the cardiovascular system and with a low frequency in
healthy individuals (MAF < 1%) were prioritised using data of control
samples, NCBI gene, OMIM, PubMed, Human Protein Atlas, Zebra-
fish Information Network and Mouse Genome Informatics. Only
validated CNVs were further investigated. Additional genetic evidence
was searched by looking for overlapping CNVs in similar cases in
DECIPHER and in-house WES (whole-exome sequencing) data of 67
BAV/TAA patients on which CNV-calling was performed (unpub-
lished data). For CNVs not affecting our gene of interest, public

protein-coding genes with a role in the cardiovascular
system was done through manual inspection of the
literature (https://www.ncbi.nlm.nih.gov/pubmed) as well
as databases on established genotype—phenotype correla-
tions (https://www.ncbi.nlm.nih.gov/gene, http://omim.org/),
gene expression profiles (http://www.proteinatlas.org/) and
animal models (http://www.informatics.jax.org/, https://zfin.
org/).

Regulatory effect?

available Hi-C data were consulted for the presence of a potential
topological associated domain (TAD), minor allele frequency (MAF)
boundary (promoter.bx.psu.edu/hi-c/). In case of supportive evidence,
more genetic data for the involvement of the gene of interest in the
BAV/TAA pathology by means of a variant burden analysis on rare
deleterious next-generation sequencing (NGS) variants detected in 637
BAV/TAA patients and the gnomAD database. BAV bicuspid aortic
valve, TAA thoracic aortic aneurysm, SNP single-nucleotide poly-
morphism, CNV copy number variation, MLPA multiplex ligation-
dependent probe amplification, MAQ multiplex amplicon quantifica-
tion, gPCR quantitative polymerase chain reaction, NCBI National
Center for Biotechnology Information, OMIM Online Mendelian
Inheritance in Man, TAD topological associated domain, MAF minor
allele frequency

CNV validation, fine mapping and genetic follow-up

Validation and breakpoint refinement of selected CNVs
involved both confirmation of the called CNV, and ver-
ification of actual involvement of the gene of interest in the
CNV, by experimentally refining the called CNV bound-
aries. Three independent methods were available: Multiplex
Amplicon Quantification (MAQ) (Flagged You-MAQ
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control Assay, Agilent, Niel, Belgium), Multiplex Ligation-
dependent Probe Amplification (MLPA, SALSA MLPA
EK reagent kit, MRC-Holland, Amsterdam, Nederland) or
quantitative PCR (qPCR, gPCR Mastermix Plus for SYBR
Green I, Eurogentec S.A., Seraing, Belgium). Primers and
probes were developed with online available tools (https:/
tools.multiplicom.com/magq-design/index.html;  http://osa-
bioinform.uhmec.sunysb.edu/mlpa2/cgi-bin/mlpa.cgi; http:/
primer3.ut.ee/) and specialised software packages were used
for data analysis (MAQ-S Software, Agilent, Niel, Belgium;
GeneMarker, SoftGenetics, LLC, State College, USA,;
qBase™ VS, http://www.gbaseplus.com).

Additional genetic evidence for pathogenicity of the
selected CN'Vs was acquired by looking into the presence
of overlapping CNVs in patients with a similar phenotype
using (1) DECIPHER [21] and (2) in-house available
CNV-called whole-exome sequencing (WES) data of 67
unrelated BAV/TAA patients using eXome-Hidden Mar-
kov Model (XHMM) with default parameters on the
joined coverage estimates and minimum quality of 70
(unpublished data) [22-25]. Moreover, if validated CNVss
were not affecting the gene of interest, online available
Hi-C data of Human Umbilical Vein Endothelial Cell
(HUVEC) (promoter.bx.psu.edu/hi-c/) were checked for
CNV-afflicted disturbances of topological associated
domains (TADs) and boundaries. The candidate CNVs
listed in Table 3 were submitted to the ClinVar repository
(SCV000854402—SCV000854408).

Replication of candidate BAV/TAA genes

For the most interesting candidate genes, i.e. those
implicated in more than one CNV and those for which an
adjacent TAD boundary was disturbed by the CNV,
additional genetic evidence for involvement in the BAV/
TAA pathology was pursued via a single nucleotide var-
iant burden analysis. In an in-house available WES (n =
196) and targeted gene panel (n=441) dataset of 637
BAV/TAA patients (unpublished data; identical patient
inclusion criteria), were filtered and analysed as pre-
viously described [7]. The gene panel consisted of vali-
dated CNV-selected protein-coding genes (Table 3, genes
in bold). The genomes from the gnomAD database (mean
coverage >40x per gene) were filtered in an identical
manner and served as the control cohort. Statistics
involved the two-tailed y* test with Yates correction.
Prediction programmes (CADD, MutationTaster2, Poly-
phen2, SIFT) were used to evaluate the pathogenic effect
of the identified variants. Finally, segregation analysis of
identified variants was performed if DNA of affected or
unaffected relatives was available. Variants identified in
the candidate BAV/TAA gene(s) were deposited in the
ClinVar database (SCV000854409—SCV000854412).
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Table 1 Characteristics of 95 unrelated BAV/TAA patients

Information Cohort (n =95) (%)
Average age (years)* 49.5+13.1
Male 75 (79%)
BAYV morphology
Unicuspid 1 (1%)

Type 0 (lat; ap)
Type 1 (L-R; R-N; N-L)

6 (5; 1) (6%)
49 (38; 9; 2) (52%)

Type 2 (L-R/R-N) 20 (21%)

Unknown 19 (20%)
Aortic valve insufficiency 31 (33%)
Aortic stenosis 19 (20%)
Aortic valve insufficiency and aortic stenosis 29 (31%)
Coarctation 3 (3%)
Hypertrophic cardiomyopathy 2 (2%)
Left ventricle hypertrophy 1 (1%)
Diabetes 1 (1%)
Liver failure 1 (1%)
Average diameter thoracic aorta® (mm)

Ascending 56 + 6.6

Sinus of valsalva 553 +4.7
Family history

Sporadic 35 (37%)

Familial 11 (12%)

Unknown 49 (51%)

Calculations are based on data availability

lat Lateral, ap anterior-posterior, L left coronary, R right coronary, N
non-coronary

*The average age is calculated on 93 BAV/TAA patients

"The dimensions of thoracic aorta is calculated on 89 BAV/TAA
patients: ascending aorta (n = 82) and the sinus of Valsalva (n=7)

Results
CNV analysis: filtering and validation

A genome-wide microarray-based CNV analysis was per-
formed in 95 unrelated BAV/TAA patients in order to
reveal the contribution of rare CNVs to the genetic aetiol-
ogy of BAV/TAA (Table 1). The average age at inclusion
of cases was 49.5+13.1 years and 79% of patients were
male, complying with the known BAV 3:1 male pre-
ponderance. For the patients with known family history,
positive family history was reported for 24% of cases (n =
11/46). Left-right fusion was most commonly observed
(40%, n=238), followed by the left-right/right-non-cor-
onary subtype (21%, n =20). Besides the aortic aneurysm,
86% of the patients presented with at least one additional
cardiovascular finding, i.e. aortic valve stenosis (n =48),
aortic valve insufficiency (n = 60), coarctation of the aorta
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Table 2 Overview of the characteristics of the identified CNVs

Parameter BAV/TAA cohort (n =95)

Unfiltered data Candidate CNVs

Identified CNVs 1 390 7
Duplicated regions 56% 86%
Average minimal size 134 386bp 138 788bp
Average maximal size 948 408bp 311 699bp
Deleted regions 44% 14%
Average minimal size 48 075bp 163 476bp
Average maximal size 119 530bp 360 167bp
Genes affected by CNV* 1 638 25
Recurrent genes affected by  71% 0%

CNV

Calculated on the minimal size of the called CNV

(n=3), hypertrophic cardiomyopathy (n=2) and left
ventricular hypertrophy (n=1).

Upon inspection of the general characteristics of the
high-quality yet otherwise unfiltered CNVs, we observed on
average 15 CNVs in each BAV/TAA patient (Table 2).
Duplications were more common (56% versus 44%) and
larger than deletions ((134-948 kb) versus (48—-120kb)).
Per patient, the copy number of on average 17.2 genes was
altered, of which on average 12.2 genes were duplicated/
deleted in more than one patient. The latter genes were
located in known hypervariable regions coding for olfactory
receptors, components of the immune system and micro-
RNAs. Subsequent filtering for unique or rare CNVs (MAF
<1%) of which the encoded protein exerts a function in the
cardiovascular system (Supplementary Table 2) resulted in
a selection of 16 prioritised CNVs. Further validation with
an independent technique (MLPA, MAQ or qPCR) con-
firmed seven of these CNVs (6 duplications and 1 deletion),
and fine mapping revealed that four CNVs truly affect the
coding region of the gene of interest (KLFI2, FBN3,
ZNF626, DGCR6) whereas three other CNVs did not
(RHOU with WNT3A, TBX20 and NOMO3) (Table 3). All
protein-coding genes within rare CNVs not surviving our
gene-based filter strategy are summarised in Supplementary
Table 3.

From candidate CNVs to candidate genes

Candidate CNVs affecting the coding region of the gene of
interest

The three genes affected by a duplication were KLFI2,
FBN3 and ZNF626, while the deletion contained the
DGCR6 gene (Table 3). The first duplication was affecting
the 3’ UTR, last exon and partially last intron of KLFI2, a
gene coding for a transcriptional regulator predominantly

expressed in arterial endothelial cells [26, 27]. KLFI12 was
considered an interesting candidate gene as it was reported
to be downregulated in aneurysmal tissue of early ruptured
intracranial aneurysms (IA) as compared to unruptured IA
[28]. The second region was a duplication partially
encompassing the 5" UTR and exon 1 of FBN3, which
encodes an extracellular matrix protein expressed in the
endocardial cushions and blood vessels [29]. The last
duplicated region contained exon 1 and the 5 UTR of
ZNF626, of which little is known besides that it codes for a
transcription factor with expression in the cardiovascular
system. In DECIPHER, no supportive evidence for a role in
CHD or aortopathy was found for the CNVs affecting
KLFI2 and FBN3, as overlapping CNVs (deletions or
duplications) were only observed in highly dissimilar dis-
eases without cardiovascular involvement. Conversely, two
similar ZNF626 duplications as the one we found, were
either identified in a patient with a dilatation of the
ascending aorta and abnormality of the mitral valve and in
another patient presenting with an unspecified abnormality
of the cardiovascular system morphology in addition to
multi-systemic features like butterfly vertebrae, failure to
thrive and horseshoe kidney. In DECIPHER, 14 other
CNVs overlapping ZNF626 were reported as likely benign
or benign in patients with non-cardiovascular disease
(Supplementary Figure 1C). In-house CNV-calling on WES
data of 67 BAV/TAA patients identified no extra CNVs for
KLF12, FBN3 and ZNF626. In addition, Hi-C data of
HUVECs (promoter.bx.psu.edu/hi-c/) did not indicate the
presence of a TAD for any of the three aforementioned
regions, suggesting no regulatory effect via the disruption of
chromatin structure for any of these duplications (Supple-
mentary Figure 2A, B, C).

The fourth candidate CNV was a deletion encompassing
several genes, of which DGCR6 was the most interesting
one (Table 3). Since two functional copies of DGCR6 exist
due to a duplication of an ancestral locus [30], this deletion
was expected to result in 25% protein loss. Numerous
investigations have implied a potential role for DGCR6 in
neural crest cell migration [31], of which some studies
hypothesised that this gene can act as a modifier for the
cardiovascular phenotype observed in patients with
DiGeorge syndrome [32, 33]. This syndrome is caused by a
1.5 to 3.0Mb hemizygous deletion of chromosome
22q11.2, and haplo-insufficiency of TBXI is thought to be
the major disease cause [34, 35]. In the literature, one paper
described a patient with DiGeorge syndrome and BAV [36].
In our BAV/TAA patient, TBXI was not structurally
affected by the CNV. The DECIPHER database showed
that 230 out of 469 (49%) of the overlapping CNVs occur in
highly dissimilar diseases without cardiovascular abnorm-
alities. In-house CNV-calling on WES data of 67 BAV/
TAA patients identified three MAQ-validated additional
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Table 3 Candidate CNVs

ID Chromosomal location (hgl19) Minimal— Validation  Frequency Protein-coding genes CN of  Additional evidence
maximal size (bp) technique (%) gene of
interest CNV cases TAD
boundary

1 chrl:g. 405 624-560 082 MLPA 0.26 WNT3A, ARF1, clorf35, MRPLSS, GUKI, GIC2, 2 No Only for
(228224824 _228297613)_ IBAS57, OBSCN, TRIM11, TRIM17, HIST3H2A, RHOU
(228703236_228784907)dup HIST3H2BB, HIST3H3, RNF187, RHOU

2 chr7:2.(34899235_34920075) 291 990-370 389 ¢PCR 0.02 NPSRI, DPYI9LI, TBX20 2 Yes Yes
_(35212065_35269625)dup

3 chrl3:g. 130 587-165 051 MAQ 0.01 KLF12 3 No No
(74133837_74152544)_
(74283131_74298889)dup

4 chrl6:g. 54 647-570 377 MLPA 0.56 ABCC6, NOMO3, NPIPA7, NPIPAS 2 No Yes
(16308351_16633361)_
(16688008_16878729)dup

5 chrl9:g. 152 571-175 272 MAQ 0.19 ZNF626 3 Yes No
(20826692_20834979)_
(20987550_21001965)dup

6 chr19:2.(8206748_8213468)_ 13 964-29 025 MLPA 0.03 FBN3 3 No No
(8227432_8235774)dup

2 chr22:g. 163 476-360 167 MAQ 0.9 USP18, DGCR6, PRODH, 1 Yes Yes

(18656495_18844632)_
(19008108_19016663)del

Gene of interest in bold; underlined genes are not affecting the cardiovascular system (autosomal recessive/dominant, susceptibility genes)
(GJC2, OMIM608804, 613480, 613206; IBA57, OMIM615330, 616451; PRODH, OMIM239500, 600850). Chromosomal position are based on

Hgl9

Dup Duplication, Del Deletion, MLPA multiplex ligation-dependent probe amplification, gPCR quantitative polymerase chain reaction, MAQ
multiplex amplicon quantification, Bp base pairs, CN copy number, CNV copy number variation, TAD topological associated domain

DGCR6-containing duplications leading to a total CNV
incidence affecting this gene of 2.5% (4 out of 162) in our
BAV/TAA series. Finally, Hi-C data of HUVECsS predicted
a TAD boundary at the locations of the DGCR6 deletion
and duplications (Fig. 2a). DNA of only one affected rela-
tive of the four families was available for the segregation
analysis. No supportive evidence for full pathogenicity was
shown as this BAV/TAA individual did not carry the
structural variant containing DGCR6.

Candidate CNVs not affecting the coding region of the gene
of interest

For three out of the seven candidate CNVs, we were not
able to demonstrate that these affect the coding region of the
genes of interest, i.e. RHOU, WNT3A, NOMO3 and TBX20
(Table 3). The genes adjacent to the first duplication were
RHOU and WNT3A, for which both cardiovascular features
in zebrafish models were described including heart looping
abnormalities [37, 38]. The second duplicated region was
closely located to NOMO3, a gene known to encode for an
antagonist of the Nodal signalling pathway. As a member of
the transforming growth factor-f super family, Nodal sig-
nalling tightly regulates embryonic heart morphogenesis
[39]. The third and last region was a duplication 89 kb
upstream of the T-box family transcription factor TBX20. In
DECIPHER, no additional CNVs near RHOU, WNT3A or
NOMO3 were found in patients with cardiovascular disease,
but we did identify nine overlapping CNVs (deletions/
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duplications) for the region adjacent to TBX20. Two out of
nine reported patients (n=2/9, 22%), carrying a bigger
deletion (5.36 and 21.92 Mb, respectively) than our initial
finding, presented with syndromic CHD including an atrial
septal defect or a ventricular septal defect. In-house CNV-
calling on WES data of 67 BAV/TAA patients identified no
extra CNVs for the aforementioned genes. Furthermore, Hi-
C data in HUVECs were suggestive for a TAD boundary
near RHOU, NOMO3 and TBX20, that might be affected by
the CNV (Supplementary Figure 1A, B). Owing to the
segmental duplications, exact fine mapping of duplication
breakpoints was not possible for RHOU and NOMO3. Only
for the 5" end of the TBX20 duplication, we were able to
confirm it does affect the predicted TAD boundary
(Fig. 2b). Unfortunately, no DNA of relatives of the TBX20
proband was available to investigate segregation of the
CNV with the phenotype.

Replication of candidate BAV/TAA genes

For further replication of the candidate BAV/TAA genes,
we selected the two genes (DGCR6 and TBX20) for
which we identified additional CNVs (either in DECIPHER
or own data) as well as supportive evidence for
TAD-boundary involvement. To consolidate proof for their
involvement in BAV/TAA pathogenesis, a single-
nucleotide variant burden analysis was performed in 637
unrelated BAV/TAA patients for these two candidate genes.
Results of this analysis on rare deleterious heterozygous
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A.

Chromosome 22

22q11.21

In-house CNV calling on
WES data of BAV/TAA cases
(n=3)

BAV/TAA cohort

Hi-C data in HUVEC

Contact frequency
High

Chr22 18,000,000

B. Chromosome 7

al

20,000,000

TB/L\’Z 0
Tpl4.3-12.1 [ [ 7p14.2 |
DECIPHER |
(n=2) |
BAV/TAA cohort

Hi-C data in HUVEC

Contact frequency
High

Chi7\ 34,900,000

Chr7 33,000,000

34,000,000

Fig. 2 Extra genetic evidence for CNV involvement: DGCR6 and
TBX20. a Location of DGCR6 gene on chromosome 22. CNV-calling
on WES data of 67 BAV/TAA patient identified three validated
DGCR6-containing duplications, as marked with a blue bar. The red
bar represents the initial deletion identified in a BAV/TAA patient
using microarray. Hi-C data of HUVECsS predicted a TAD boundary at

35,100,000

36,000,000 37.000,000

the locations of the DGCR6 deletion and duplication. b Location of
TBX20 gene on chromosome 7. In DECIPHER, two overlapping
deletions, marked by red bars, were identified in patients with a car-
diovascular feature, i.e. atrial septal defect and ventricular septal
defect. Hi-C data in HUVECs were suggestive for a TAD boundary
near TBX20 that is affected by the CNV
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Table 4 Variant burden analysis for candidate genes: DGCR6 and
TBX20

Genes  Number of variants in Number of variants in  p-value
1 274 patient alleles gnomad alleles

DGCR6 2 146 in 30 906 0.102

TBX20 7 70 in 30 944 0.033

Variant burden analyses were performed comparing frequencies of the
variants fulfilling the two criteria that were mentioned in ‘Section
Replication of candidate BAV/TAA genes’ between BAV/TAA
patients and controls in gnomAD database (only genome data). Chi-
square test was executed with either Pearson chi-square test (two-
sided) or Fisher’s exact test (two-sided) (Statistical Package for the
Social Sciences (SPSS) Software). Statistical significance was
considered when p<0.05. Statistically significant p-values are
represented in bold.

single-nucleotide variants show a significant burden for
TBX20 variants (p = 0.033) (Table 4). Only rare deleterious
next-generation sequencing variants (n = 7) were identified
in our targeted gene panel dataset of BAV/TAA patients
(c.117C>G  (p.(Ile39Met)), c¢.374C>A  (p.(Ser125%)),
c.527A>C (p.(Aspl76Ala) (4x)) and ¢.533C>T (p.
(Pro178Leu))) (NM_001077653.2). All variants are absent
from the gnomAD database, except for one (p.(Pro178Leu),
7270 496 or 0.0026%). Three out of the four different
variants  (c.374C>A  (p.(Ser125%)), ¢.527A>C (p.
(Aspl76Ala)) and c.533C>T (p.(Pro178Leu))) were located
within the functionally important T-box domain of the
TBX20 protein (Fig. 3b). In-silico programmes predicted a
pathogenic effect of the variants (Fig. 3c). For one TBX20
mutation carrier (c.117C>G), gDNA of his sibling and
children was available for segregation analysis. Sanger
sequencing chromatograms confirmed the presence of this
TBX20 variant in the proband, and its absence in the
unaffected (n=3) family members, i.e. no BAV and/or
TAA (Fig. 3a).

Discussion

Prior studies have suggested a potential role for causative
CNVs in the genetic aetiology of BAV/TAA. Up to now
most CNV studies have included patients with a variety of
congenital heart malformations like tetralogy of Fallot,
atrial septal defects and ventricular septal defects [10—14].
So far, only a minority of the studied patients presented
isolated BAV/TAA. Generally, the CNV-uptake in non-
syndromic CHD probands caused by de novo and/or
recurrent CNVs was estimated between 5 and 10% [12-14].
Due to lack of BAV/TAA-specific clinical information
within the reported CNV studies for CHD and cardiovas-
cular disease, the current CNV-uptake number in BAV/
TAA patients could not be determined [12, 15, 40, 41].

SPRINGER NATURE

Within these CHD cohorts, harbouring rare CNVs encom-
passed genes playing an important role in vascular biology
and/or angiogenesis with a strong focus on genes regulating
ECM (HAS?2) [15] and its interaction with vascular smooth
muscle cells in addition to known disease-causative genes
for aortic valve defects (HOXA3) [15] and arterial/aortic
aneurysms (MYH11) [40, 41]. In our study population, we
did not identify CNVs that affect previously identified
BAV/TAA genes or loci (Supplementary Table 4). We did
not observe a major contribution of deleterious CN'Vs to the
BAV/TAA phenotype, as only one (1/162; 0.6%) potential
pathogenic CNV (affecting 7BX20) was identified within
our cohort. Based on the identification of overlapping
CNVs in patients with similar cardiovascular phenotypes
and the potential effect of the CNVs on TADs, we sought
further supporting genetic evidence for pathogenicity for
two candidate CNVs (DGCR6 and TBX20). A single-
nucleotide variant burden analysis strengthened the genetic
evidence for the involvement of TBX20 (p =0.03) in the
BAV/TAA pathology. For DGCR6, burden analysis did not
show a significant number of variants in the BAV/TAA
cohort and segregation analysis demonstrated that the CNV
affecting DGCR6 was absent in an affected relative in one
of the four BAV/TAA families with DGCR6 CNVs.

The role of TBX20 has been extensively studied in CHD
pathogenesis [42—45]. In 2007, one nonsense and two
missense mutations in 7BX20 were first described in
patients with diverse cardiac pathologies including defects
of septation and valvulogenesis (most prominently mitral
valve disease) and cardiomyopathy [43]. Also, one proband
presented with mild coarctation of the aorta in addition to an
atrial septal defect. Subsequent TBX20 mutational screening
studies expanded the clinical spectrum of (likely) patho-
genic TBX20 mutation carriers with tetralogy of Fallot, total
anomalous pulmonary venous connection, double outlet
right ventricle and persistent truncus arteriosus [42, 44, 45].
So far no CNVs (deletions and/or duplications) of TBX20
have been described in literature, apart from the ones
reported in the DECIPHER database as described in the
results section. The mutation spectrum includes mostly
missense mutations (n = 11/14) affecting the T-box domain
of TBX20 (n=28/11). In our BAV/TAA cohort, four
unrelated patients carried the missense variant (¢.527A>C
(p-(Aspl76Ala))) at the exact same position (in a CpG
island) as a previously reported mutation (c.527A>C (p.
(Aspl76Ala))) in a patient with atrial septal defect, dilated
right atrium and ventricle [44]. The human transcription
factor TBX20 is expressed in the aorta (Genotype-Tissue
Expression database version 7, https://www.gtexportal.org/
home/), pulmonary valve (Functional Annotation of Mam-
malian Genomes 5, http://fantom.gsc.riken.jp/5/) and heart
muscle (Human Protein Atlas dataset, https://www.proteina
tlas.org/). More in-depth data from mice showed expression
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. B. c.117C>G .527A>C
BAV/TAA family p.(Ile39Met) p.(Asp176Ala)
TBX20 (c.117C=G) €.374C>A | ¢.533C>T
p.(Ser125*) | p.(Pro178Leu)

N_

Il

C

C. Overview of frequency and predication programmes of TBX20 variants.
Variant gnomAD CADD MutationTaster2 PolyPhen2 SIFT
i3 c.117C>G Absent 231 Disease-causing Benign Tolerated
. €.374C>A Absent 40 Disease-causing NA NA
c.527A>C Absent 32 Disease-causing Probably Damaging
damaging
III:1 lll:2 €.533C>T 7/270496 29 Disease-causing Probably Damaging
damaging

Fig. 3 7BX20 variants identified in BAV/TAA cases: segregation
analysis and next-generation sequencing variants. a Segregation ana-
lysis of p.(Ile39Met) in BAV/TAA family. The arrow indicates the
family’s proband; squares are males; circles are females; full-filled
symbols indicate BAV/TAA (bicuspid aortic valve-related thoracic
aortic aneurysm); plus symbol indicates presence of the variant; minus

of Thx20 in cardiac progenitor cells, developing myo-
cardium, endocardial cushions of the outflow tract, atrio-
ventricular canal, and leading edge of the interatrial septum
primum [46]. Previously, a link between Smad6a and thx20
expression has been shown during cardiogenic differentia-
tion in vivo [47]. This is highly interesting as SMAD6 has
recently been identified as the most important gene in the
aetiology of BAV/TAA [7].

Overall, 1% of the BAV/TAA patients are currently
explained by a TBX20 CNV (n = 1/162) or a TBX20 SNV
(n="7/637). Yet, further work is essential to elucidate the
potential involvement of this gene in the BAV/TAA
pathology. Interestingly, our 7BX20 proband also presented
with the CNV affecting the DGCR6 gene, and, as such, an
extra genetic burden for this patient might contribute to the
BAV/TAA phenotype.

Despite many efforts in gene discovery, the aetiology
of BAV/TAA remains mainly elusive [48]. A very het-
erogeneous genetic architecture for the BAV/TAA
pathology has been revealed by these studies [48], and to
some extent by the CNV work presented here. In the
future, whole genome sequencing may provide crucial
missing information in the elucidation of the genetic
causes. In addition, epigenetic controlling mechanisms
may be involved [49]. Ultimately, the clinical presentation
of a BAV/TAA patient may likely be explained best by
the interplay of genetic variants and epigenetic regulatory
modifications with valve-mediated hemodynamic blood
flow disturbances.

symbol represents absence of the variant. b Overview of all TBX20
variants identified within our BAV/TAA cohort using next-generation
sequencing plotted on the protein structure. ¢ Overview of frequencies
and in-silico predictions of TBX20 variants using gnomAD database,
CADD, MutationTaster2, Polyphen2 and SIFT. NA not applicable

This study should be interpreted in light of a few lim-
itations. First, the sample size of our initial CNV-cohort was
rather small, in particular for a genetically complex phe-
notype such as BAV/TAA. Second, CNVs might map to
essential non-coding sequences such as cardiac enhancers as
numerous studies have been recognising their importance in
embryonic cardiogenesis and disease progression [50].
However, the current version of the CNV-Webstore does
not annotate these enhancers. And finally, duplications
might not be in tandem and cause disease due to disruption
of genes at a different genomic location. Depending on the
size of the CNV, fluorescence in-situ hybridisation techni-
que could detect such events. Yet, the number of duplica-
tions identified within our cohort is too large to investigate
in a cost-efficient manner. Moreover, we did not have
access to patient-specific cells.

In conclusion, our BAV/TAA cohort is not strongly
enriched for deleterious CNVs that are directly causing the
BAV/TAA phenotype. This finding is in contrast to prior
studies of other left-sided CHDs, in which CNVs were
identified as a significantly contributing factor. However,
we cannot exclude the possibility that certain copy numbers
contribute as modifiers, creating a sensitised background for
BAV/TAA.
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