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Abstract

Background: Bicuspid aortic valve (BAV) is a frequent congenital heart defect with a high
heritability. Despite this, only a limited number of genes have been associated with the disease
and the molecular mechanisms remain unexplained in most cases. This study aimed to further
understand the genetic architecture of BAV.

Methods: A genome-wide association study meta-analysis including 9,631 cases among 65,677
participants was performed. Genes were prioritized using transcriptomic analyses based on RNA
sequencing in relevant tissues, including human foetal and adult aortic valves. The impact of

the knockdown and/or knockout of four candidate genes on cardiac development was verified in
zebrafish. A polygenic risk score was developed and its association with BAV was evaluated in an
independent cohort while its association with a wide range of phenotypes (n=976) was evaluated
in UK Biobank (n=355,618 individuals).

Results: Thirty-six genomic loci were identified, including 32 that were not described
previously. Among the prioritized genes, KANKZ2 and ERBB4 were identified as potentially
causal through transcriptomic analyses, colocalization and Mendelian randomization based on
gene expression in human aortic valves (n=484), while PRDMé6 and STRN were prioritized using
similar analyses from aortic (n=326) and left ventricular tissues (n=326), respectively. Targeting
four candidate genes (WNT4, LEF1, STRN and KANKZ) in zebrafish led to disruption in cardiac
development. A polygenic risk score was associated with an odds ratio of 2.07 (95% CI 1.90 —
2.25, P=5.43x107%2) per standard deviation for BAV and significantly associated with thoracic
aortic aneurysm and atrial fibrillation in UK Biobank.

Conclusions: This study supports a significant polygenic contribution to BAV, where the
combination of multiple common variants in genes involved in heart morphogenesis disrupts aortic
valve development.
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Introduction

Methods

Bicuspid aortic valve (BAV) is the most frequent congenital heart disease, affecting between
0.5 and 1% of the populationl-2. BAV is often accompanied by large vessels and/or other
heart defects such as aortopathy (aortic coarctation, dilatation or dissection), hypoplastic left
heart syndrome, ventricular and atrial septal defects®. It is associated with a significantly
increased risk of calcific aortic valve stenosis (CAVS), a condition with a high risk of

death and heart failure, as well as aortic valve insufficiency. It is estimated that two thirds

of patients with BAV will eventually develop CAVS while only 15% have a normally
functioning valve in the fifth decade?.

BAV has a strong genetic component, with a heritability estimated as high as 89%°. A
prevalence of 7.3% has been reported in individuals with a first-degree relative with BAV

in a recent meta-analysis®. The transmission of BAV is generally considered as autosomal
dominant with incomplete penetrance and variable expressivity’. Certain genetic syndromes
are associated with a high prevalence of BAV and rare mutations in genes mostly involved
in cardiac development have been identified in family studies’-. However, despite evidence
for a clear genetic role in BAV, the identified mutations only explain a minority of BAV
cases in sequencing studies®-12, Most cases of BAV are thought to be caused by complex
interactions between multiple genes. Recent genome-wide association studies (GWAS) for
BAV have suggested a polygenic contribution to the diseasel314. Common variants located
near GATA4, PALMD and TEX41 have been associated with BAV1415 The latest GWAS,
including 2,236 BAV cases and 11,604 controls, led to the identification of a fourth locus
implicating the MUC4 genel3,

Elucidating the molecular mechanisms responsible for BAV has the potential to improve

our understanding of this frequent condition and has implications for screening as well

as clinical management. In this study, we report the largest GWAS meta-analysis to date

for BAV, including 9,631 cases among 65,677 participants, and identify 32 novel genomic
loci. We performed integrative analyses leveraging human aortic valve transcriptome data to
prioritize several candidate causal genes and validated the implication of four novel genes
during zebrafish cardiac development. We also show a significant polygenic etiology of BAV
and report the first polygenic risk score (PRS) robustly associated with the disease.

Summary statistics of the meta-analysis are available in the NHGRI-EBI GWAS catalog
under accession number GCST90707263. The RNA sequencing data from the 484 human
aortic valves have been deposited in dbGaP under accession code phs003541.v1.pl.

The GTEX project v8 data used in this study are available through dbGaP: https://
gtexportal.org/home/protectedDataAccess. The adult and foetal aortic valve gene expression
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data are available in GEO under accession number GSE282030. Access to individual data
from All of Us (https://allofus.nih.gov/), UK Biobank (https://www.ukbiobank.ac.uk/) and
CARTaGENE (https://cartagene.qc.ca) is available for registered researchers following the
respective application process. GWAS summary statistics from FinnGen are available at
https://www.finngen.fi/. The manuscript conforms to the STROBE guidelines.

Study populations

Participants were recruited as part of 17 studies in Europe and North America (Supplemental
Methods). The diagnosis of BAV was established using review of medical records,
cardiovascular imaging, or direct visualization of the aortic valve during surgery. DNA was
extracted from a blood or saliva sample. All phenotype and genotype data were collected
following informed consent obtained from all participants and the study was approved by the
respective institutional review boards (Supplemental Methods).

Genetic association analyses

Heritability

DNA genotyping was performed at 8 different sites using microarrays (Table S1). A total of
11 association analyses between BAV cases and matched controls were performed. Quality
control procedures included the removal of variants with low call rate, deviating from
Hardy-Weinberg equilibrium or with low minor allele frequency and samples with low call
rate, high heterozygosity rate, sex discrepancy or non-European ancestry (established using
principal component analysis of genotyping data). Phasing and imputation were performed,
with TOPMed version r2, Haplotype Reference Consortium version 1.1, UK10K or 1000
Genomes phase 3 as reference. Association analysis was performed with SAIGE or firth
logistic regression, adjusting for four to ten ancestry-derived principal components and
study-specific covariables (Table S1). The summary statistics from each site were examined
centrally for further quality control (Supplemental Methods). A fixed-effect meta-analysis
was performed with METAL8 using inverse-variance weighting. Only variants present

in at least two cohorts were considered. The genome-wide significance level was set at
P<5.0x1078, Heterogeneity was evaluated using the Cochran’s Q-test. A random-effects
meta-analysis was performed as a sensitivity analysis. We verified the association of the lead
variant at each genome-wide significant locus in individuals of European ancestry from three
large population cohorts: FinnGen, All of Us, and UK Biobank (Supplemental Methods).
We then evaluated the association of the lead variants with common BAV complications,
namely aortic valve stenosis and thoracic aortic aneurysm, using results from recent GWAS
meta-analyses!’:18,

The phenotypic variance explained by SNPs (SNP heritability) was calculated using LD-
score regression!®. Heritability was transformed in the liability scale using a population
prevalence of 1% (Supplemental Methods).

Variant annotation and gene mapping

ANNOVARZ0 was used to perform variant annotation. Enrichment for functional
consequences was calculated using Fisher's exact test from variants in linkage
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disequilibrium (LD) with independent significant variants (r220.6), using 1000 Genomes
phase 3 European as reference panel. Missense variants with A<1x107° were retrieved to
identify variants in high LD (r2>0.8) with one of the lead SNPs. CAVIAR?! (assuming a
single causal variant) and SuSiE22 were used to determine 95% credible sets of genetic
variants for each genomic locus.

Expression quantitative trait loci (eQTL)

We have previously generated transcriptomic data from human aortic valve samples from
484 individuals'’. Among the bicuspid valves (n=211), 81.8% had severe stenosis and
25.1% had regurgitation grade 3 or 4, compared to 82.5% and 37.5% for the diseased
tricuspid valves (n=215). An additional 58 healthy tricuspid aortic valves were collected
from heart transplant receivers (Table S2). All individuals were of European ancestry,
established from self-report and principal component analysis from genotypes. Briefly,
RNA sequencing was performed on a NovaSeq 6000 instrument (lllumina), aiming for
>50 million paired reads per sample. We calculated eQTL for genetic variants located 1
megabase (Mb) up- and downstream of the transcription start site of the genes located

on chromosome 1 to 22 (cis-eQTL). Further details on the analysis can be found in the
Supplemental Methods. We also retrieved significant eQTLs in 43 non sex-specific tissues
from the Genotype-Tissue Expression (GTEX) project v823,

Transcriptome-wide association study (TWAS)

Effects of genetic variants on gene expression in the aortic valve were combined with

the GWAS meta-analysis results to perform a TWAS. Gene expression models were
developed using the PredictDB pipeline?4 and the TWAS was performed with the S-
PrediXcan extension?® in MetaXcan version 0.7.4. Elastic-net models were trained using
nested cross validation from genotype and gene expression adjusted for age, sex, smoking,
60 Probabilistic Estimation of Expression Residuals (PEER) factors26 and the first five
ancestry-based principal components. Variants located in a window of +/- 1 Mb of the gene
of interest were selected. The statistical significance threshold was set at a false discovery
rate (FDR) <5%. The same method was used to perform TWAS in three other tissues from
GTEXx v8: aorta (n=326), heart left ventricle (n=326) and right atrial appendage (n=313).
These tissues were selected for their proximity with the aortic valve and considering that
BAV is often accompanied by aortopathy and/or congenital heart defects.

Bayesian colocalization and Mendelian randomization (MR)

Colocalization between eQTL and BAV risk was evaluated using COLOC for the genes
identified by TWAS?. Variants located within 1 Mb of the gene were considered. A
posterior probability of shared signal (PP4) >0.75 was selected to identify a high probability
of colocalization. MR was used to evaluate the causal effect of the changes in gene
expression level (exposure) on BAV (outcome). Further details on the analysis can be found
in the Supplemental Methods.
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Selection of candidate genes

We generated a list of candidate genes at each genome-wide associated locus based on
variant annotation and gene expression in relevant tissues. More precisely, nearest protein-
coding genes to the lead GWAS SNPs, genes with a missense variant in LD (r2=0.8) with

a lead GWAS SNP, genes prioritized by the combined SNP-to-gene strategy (cS2G)28 with

a high probability (=0.6), genes that were significant eQTL for a lead GWAS SNP in the
aortic valve, aorta, left ventricle or right atrial appendage, and genes significant in the TWAS
analysis in the aortic valve, aorta, left ventricle or right atrial appendage were selected. For
eQTL and TWAS, only the strongest genes at the locus for the aortic valve or the other
tissues were included if not already included in the list.

Pathway enrichment

We used Metascape?? to identify enriched terms in Gene Ontology biological processes,
KEGG pathways, Reactome gene sets, canonical pathways, and WikiPathways for the list
of candidate genes. Terms were reported when there was a minimum of five overlapping
genes and a hypergeometric test was significant using a threshold of A<0.001. Terms with a
g-value <0.05 corresponding to a FDR <5% are highlighted.

Foetal aortic valve expression

Human embryos and fetuses included in this study were obtained from voluntary abortions,
with age ranging from 9 to 13 post-conception weeks (PCW) (Table S3). Specimen

were anonymously donated to research after informed written consent from donors in
concordance with French legislation and with prior approval of the protocol (to S.Z.)

from the “Agence de la biomédecine” (N° PFS14-011). Human aortic valves at 20 PCW
were obtained from medically terminated pregnancies after parents provided their written
informed consent to participate in this study (Table S3). The human foetal aortic valves were
recognized by their anatomical landmarks. Under the microscope the aortic valve leaflets

of 8 foetus hearts at the 9 PCW, 13 PCW, and 20 PCW were isolated with minimal aortic
wall contamination and immediately flash frozen in liquid nitrogen. Adult aortic valves were
obtained at autopsy of individuals without cardiac problems who suffered a traumatic death
(n=3) (Table S4). The investigation conformed to the principles outlined in the Declaration
of Helsinki. Following extraction and library preparation, total RNA was sequenced using
the llumina Hiseq 2500 as 50bp single-end reads. The TPM values for the candidate genes
were compared between foetal (n=8) and adult aortic valve tissue (n=3) using a two-tailed,
unpaired t-test. Further details on the analysis can be found in the Supplemental Methods.

Prioritization of candidate genes from selected features

To prioritize candidate protein-coding genes at the genome-wide significant loci, we
assessed a combination of nine features from different sources. We used the following
criteria: (1) nearest protein-coding gene to the lead GWAS SNP; (2) the lead GWAS SNP
is in LD (r2>0.8) with a missense variant for the gene; (3) the gene is prioritized by cS2G
with a high probability (=0.6); (4) the lead GWAS SNP is a significant eQTL for the gene
in the aortic valve or in the aorta, left ventricle or right atrial appendage; (5) the gene is
significant in the TWAS analysis in the aortic valve or in the aorta, left ventricle or right
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atrial appendage; (6) there is evidence of colocalization (PP4=0.75) in the aortic valve or in
the aorta, left ventricle or right atrial appendage; (7) there is evidence of causality between
gene expression and BAV using MR (Ayw<0.05, Aym<0.05 and Aet>0.01) in the aortic
valve or in the aorta, left ventricle or right atrial appendage; (8) the gene has different
expression in foetal compared to adult aortic valve (P-pr<0.05); (9) the gene was previously
associated with a monogenic condition involving the heart or great vessels in the Online
Mendelian Inheritance in Man (OMIM) catalog.

Zebrafish husbandry, generation of morphants and crispants, imaging

Zebrafish were maintained under standardized conditions according to FELASA
guidelines3? and experiments were conducted in accordance with the European
Communities Council directive 2010/63. The experiments were also performed in
compliance with French or German and Brandenburg state law, and carefully monitored

by the local authority for animal protection. We followed the ARRIVE and GV-SOLAS
guidelines for research involving animals and regarding the 3R principles for experimental
animal use. The wild-type AB zebrafish line (WT) was used for live imaging experiments
and the Tg(flila:NLS-mCherry)**s10 line was used for confocal imaging of fixed specimens.
Morpholino oligonucleotides (MOs) were obtained from Gene Tools (Philomath, OR, USA)
and injected into one-cell stage embryos. Crispants were obtained by co-injecting two or
three non-overlapping gRNAS targeting either /fef1, wntda, wni4b, kank2 or strnwith Cas9
protein into one-cell stage embryos. All gRNAs were prepared and the RNP complexes were
assembled as described previously3L. The sequences of the injected MOs and gRNAs as well
as the steps to confirm knockout efficacy are available in the Supplemental Methods. All
primers are listed in Table S5. Outflow tract (OFT) valve live imaging, immunostainings,
and confocal imaging were performed to characterize the knockdown and knockout models.
Further details on the analysis can be found in the Supplemental Methods.

Polygenic risk score (PRS) and phenome-wide association study

We developed PRS using the LDpred2-auto algorithm32. First, to evaluate the performance
of a PRS to identify BAV, we ran the GWAS meta-analysis after excluding the QUEBEC-
BAV / CARTaGENE cohort, selected as the validation cohort. Second, in order to perform a
phenome-wide association study, we used the summary statistics obtained from the complete
GWAS meta-analysis to generate a second PRS using LDPred?2 as described above. We
evaluated the association between this second PRS and 976 selected phenotypes in UK
Biobank (Table S6). The analyses in UK Biobank were conducted under data application
number 25205.

Statistical analysis

Analyses were performed using R version 4.4.3 unless otherwise specified. Additional
details are available in the Supplemental Methods.
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Identification of BAV genomic loci

We performed a GWAS meta-analysis including 9,631 BAV cases and 56,046 controls

of European ancestry from 17 studies in Europe and North America, combined into

11 case-control association analyses (Supplemental Methods and Table S7). A total of
9,700,115 variants passed the quality control process. The genomic inflation factor was
1.066 and the LD score regression intercept was 1.029. Thirty-six loci reached genome-wide
significance (P<5x1078), including the four loci reported in previous GWAS (near the genes
GATA4, PALMD, TEX41, and MUC4) (Table 1 and Figure 1). There were 32 novel loci

not previously associated with BAV. Among these, three loci had prior association with
CAVS, located near ACTR2, TMEMA44 and LPAY’, and two loci had prior association with
ascending thoracic aorta diameter, near PRDM6 and FGF9*8 (Table S8). As a sensitivity
analysis, we performed the meta-analysis using random effects, which yielded similar results
(Table S9). In a replication meta-analysis from FinnGen, All of Us and UK Biobank
(n=4321 cases and 1,085,665 controls), all the 36 lead variants had the same direction of
effect and 30 (27 novel) were associated at a nominal threshold (A<0.05) (Table S10). The
SNP heritability (phenotypic variance explained by SNPs) was estimated at 11.7% (standard
error=1.4%) on the liability scale.

Variant annotation and prioritization

There was a significant enrichment for exonic variants among the variants in linkage
disequilibrium with independent significant SNPs (Fisher’s exact test, =0.0015). Missense
variants in MUC4 (rs2246901) and APOBEC4 (rs1174658) were in high LD (r220.8) with a
lead SNP (Table S11). The 95% credible sets identified using CAVIAR (assuming a single
causal variant) and SuSiE are reported for each locus in Table S12. For 12 loci (hearest
genes: WIN'T4, PALMD, RCSD1, SLC8A1, ZEB2, TMEMA44, MYLK4, LPA, DEFB136,
ADAMTSL1, 5518 ARFGAP3), some of the credible sets contained fewer than five
variants.

Expression quantitative trait loci

Among the 36 meta-analysis lead SNPs, 25 significant expression quantitative trait loci
(eQTL) were identified in the aortic valve, located in 18 loci (Table S13). In the Genotype-
Tissue Expression (GTEX) project, 48 significant eQTLs were found in 17 loci, including 6
additional loci with no eQTL in the aortic valve (Table S14). Fibroblasts, atrial appendage,
and aorta were among the tissues with the highest number of significant SNP-gene pairs,
with 15, 14, and 12, respectively. Taken together, the most significant eQTL was in the
aortic valve for 12 loci, including eight genes for which the eQTL was only found in the
aortic valve (absent from 43 other tissues in GTEX): WNT4, PALMD, ERBB4, LEF1, LIFR,
LINC01600, VTA1and FGFI. For 12 other loci, the most significant eQTL was found

in a GTEX tissue (distributed among nine tissues). These associations include STRN and
ATP13A3in the left ventricle, and MGST2and PRDME6 in the aorta.

Circulation. Author manuscript; available in PMC 2026 March 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Thériault et al. Page 8

Transcriptome-wide association studies, colocalization and Mendelian randomization

To identify relevant genes, we performed a transcriptome-wide association study leveraging
expression data from 484 human aortic valves. Genetically-predicted expression levels of 27
genes were significantly associated with BAV (Prps<0.05) (Table S15). Among these, 13
had a high probability of colocalization (posterior probability of shared signal [PP4] >0.75),
of which five had supportive evidence of causality from Mendelian randomization analyses,
including three located in genome-wide significant loci: ATP13A3 (previously associated
with CAVSY), KANK2and ERBB4 (Figure 2), and two in other loci: FESand CSK (Table
S15).

The same analyses in relevant tissues from GTEX (aorta and heart tissues) replicated the
results for ATP13A3 (aorta) and FES (aorta) and identified other candidate causal genes in
genome-wide significant loci: PRDM6 (aorta) and STRN (left ventricle) (Figure 2), and in
one other locus: NNT (right atrial appendage) (Table S16).

Identification of candidate genes

To select candidate genes at each genome-wide significant locus, we used evidence from
variants location and annotation, combined SNP-to-gene strategy, TWAS, colocalization and
MR in the aortic valve, aorta and heart tissues. A total of 55 genes were identified, ranging
from one to three genes per locus (Table S17).

Pathway enrichment

A pathway enrichment analysis using Metascape was performed from the 55 candidate
selected genes (Table S18). The enriched terms (P-pr<0.05) included enzyme-linked
receptor protein signaling pathway, tube morphogenesis, and heart development. Glial

cell differentiation, calcium signaling pathway, cell population proliferation and regulation
of actin filament-based process also showed enrichment using a less stringent threshold
(P<0.001) (Figure 3). Genes associated with terms related to developmental processes
included LEF1, WNT4, ERBB4and PRDME.

Foetal aortic valve expression

Gene expression of the 55 candidate genes was compared between human foetal (at 9,

13 and 20 post-conception weeks, n=8) and normal adult aortic valve tissues (n=3). The
expression of 29 genes was significantly different in foetal tissues (Prps<0.05), including
ATPI13A3, DPF3, LEF1, PALLD, PRDM6, RCSD1, RPS23, SLC8A1, STRN, SUB1, TBX3
and VTAZ1 with higher expression, suggesting their involvement in aortic valve development
(Figure S1).

Association with monogenic conditions

Among the 55 candidate genes, seven were previously associated with a monogenic form

of a cardiovascular condition, including PRDMG6 (patent ductus arteriosus) and ATP13A3
(pulmonary hypertension) (Table S17). Of note, only GATA4 was previously reported in a
sequencing study in familial cases of BAV33.
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Prioritization of candidate genes

To prioritize the candidate genes, we summarized the evidence from different sources using
nine features based on variant location, annotation, gene expression in relevant tissues and
association with a monogenic condition. Taken together, 13 genes located at genome-wide
significant loci had five or more features suggesting their implication in BAV (Figure 4 and
Table S17). The ten genes with the most features were PRDM6, ATP13A3, ERBB4, STRN,
ARPC5, KANKZ, LEF1, MUC4, RBM38, and SLC8A1. Overall, bioinformatics analyses
supported by gene expression data from adult and foetal aortic valves prioritized several
candidate genes, many of them involved in cardiac morphogenesis.

Functional experiments reveal an involvement of several candidate genes in zebrafish
cardiac development

In order to validate candidate genes by functional analyses, we selected the zebrafish model
and focussed on the cardiac outflow tract (OFT) valve, which is related to the aortic valve

in higher vertebrates and humans (Figure 5A-C)34:35, We selected candidate genes identified
at GWAS loci with an association between a lower predicted expression in the aortic valve
or other heart tissues and BAV risk. These included LEFI and WNT4, two components of
the canonical WNT signaling pathway previously implicated in cardiac valvulogenesis36-37.
In addition, we selected STRNand KANKZ, two genes with several features suggesting a
possible association with BAV (Figure 4), but which have not been previously implicated

in valvulogenesis. The zebrafish genome harbors two WNT4 paralogues, wnt4a and wnt4b,
and a single orthologous gene for /efl, strn, and kank?2.

First, we used a CRISPR/Cas9-mediated knockout approach to target the genomic loci of
the five selected zebrafish genes. The embryonic “crispant” phenotypes of /efl, wnt4aand
wnit4b were severe and included cardiac edema, which precluded the analysis of cardiac
valves (Figure S2). To overcome this difficulty and to visualize OFT valve development,
we switched to an antisense morpholino oligonucleotides (MO)-based knockdown approach,
targeting the translational start (ATG-MO) for these three genes and titrated the MOs

to identify a concentration which did not induce any gross developmental phenotypes.
Subsequently, we imaged the valve at 7 days post-fertilization (dpf) using two-photon
microscopy. In wild-type (WT) and standard control MO (Gene Tools), the OFT valve
developed normally with two defined valve leaflets (Figure 5B, F). In comparison, the OFT
valves in nearly 80% of /efZ morphants were highly dysmorphic, enlarged and misshapen
compared with the WT (/£<0.0001, Figure 5D, F). Among wnt4a or wni4b morphants,
approximately 25% displayed dysmorphic OFT valve leaflets and this proportion increased
to nearly 60% in wnit4al wnit4b double morphants (P=0.0003, Figure 5E, F). These results
indicate that a loss of /efZ or wni4 results in defective OFT valve development. Moreover,
we designed a second set of MOs, targeting exon-intron splice sites (spIMO) of /ef1, wnt4a
or wnt4b which allowed us to establish that RNA transcription had been disrupted by RT-
PCR (Figure S3). As for the ATG-MO, /efl and wntda+wnt4b spIMO injections resulted in
significant dysmorphic valve development, which provides further evidence that these genes
are required for normal aortic valve development (£=0.0004 and A£<0.0001 respectively,
Figure S3).
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The other two candidate genes (strn, kank2) were analyzed by CRISPR/Cas9-mediated
knockout using pairs of gRNAs flanking parts of the coding regions to induce genomic
deletions (Figure S4A, B). Quantitative PCR confirmed significantly reduced expression of
both strnand kankZ2in injected embryos (Figure SAC).

Live imaging of the OFT valve at 7 dpf using two-photon microscopy revealed that 40%

(n = 6/15) of strn crispants exhibited dysmorphic valve leaflets (P=0.0068, Figure 5G, I),
while no obvious valve defects were observed in kankZ crispants (P = 0.48, Figure 5H,

I) or with control crispants (£>0.9999, Figure 5I). These live imaging experiments and
gPCR, described above, were performed on injected embryos without prior genotyping, as
genotyping requires sacrificing the embryos and is thus incompatible with live imaging and
RNA extraction.

To assess genome editing efficacy, PCR was used to detect genomic deletions in a separate
set of embryos. We defined complete deletion as the presence of a deletion-specific band
and absence of the wild-type band (Figure S4A’, B”). Complete deletions were detected in
20.5% of embryos for strn (n = 8/39) and 36.4% for kank2 (n = 12/33).

To further elucidate whether a loss of strnor kank2 may cause more subtle defects

in valvulogenesis, we performed whole-mount immunohistochemistry on crispants with
complete deletions at 5 dpf that were generated in a 7g(flila:NLS-mCherry)'s10

transgenic background marking endothelial cells. Additional labeling against Alcam to
mark endothelial cells contributing to the valve leaflets and myocardial cell membranes

and against DAF-FMDA to mark vascular smooth muscle cells was performed. At 5

dpf, the WT OFT region is characterized by a thickened layer of smooth muscle cells
surrounding the endothelium, with a characteristic two-leafed structure formed by OFT
valve endothelial cells that can be identified based on Alcam expression (Figure 5C; Figure
S4D). Careful inspection of these valvular structures in crispants (n=9 for strr;, n=9 for
kank?2) did not reveal any abnormalities (Figure S4E, F). Next, we used three-dimensional
reconstructions of confocal microscopic z-stack recordings for morphometric measurements
of the entire OFT region, which revealed that strn crispants, but no kank2 crispants,

had a significantly shortened OFT length (~=0.044) and reduced OFT length/width ratio
(P=0.046) (Figure S4G). This suggested an involvement of strnin OFT morphogenesis.
Since other morphometric measurements of this region were not significantly altered, kank2
is apparently dispensable for correct OFT formation in zebrafish.

To assess whether strnor kank2have any role in the development of the valve at the
atrioventricular canal (AVC) separating the atrium and the ventricle, we characterized its
development at 60 hours post-fertilization (hpf). At this stage, some AVC endocardial

cells have ingressed into the cardiac jelly separating the endocardium and myocardium

and have formed a multi-layered leaflet structure (Figure S4H)38, High-resolution confocal
microscopic z-stack recordings did not reveal any gross abnormalities in AVC valve
morphogenesis in strn (n=10 crispants analyzed) or kankZ crispants (n=10 crispants
analyzed) (Figure S41, J). Yet, quantifications of Alcam+ endocardial cells revealed a
significantly increased cell count (P=0.0034) in kankZ2 crispants compared with WT or strn
crispants (analysis based on n=4 WT embryos, n=10 kank2 crispants, n=10 strn crispants)
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(Figure S4K). Taken together, these analyses provide functional evidence for a potential
involvement of several candidate genes identified from the BAV GWAS meta-analysis in
zebrafish cardiac valvulogenesis.

Polygenic risk score

In order to support the polygenic nature of BAV and estimate the potential value for risk
prediction, we developed a PRS using LDpred2 in a subset of cohorts (n=8,853 cases

and 50,600 controls) and evaluated its performance in the QUEBEC-BAV / CARTaGENE
cohort (n=778 cases and 5,446 controls). Each standard deviation increase (SD) of the

PRS was associated with an odds ratio (OR) of 2.07 (95% CI 1.90 — 2.25, P=5.43x10762)
for BAV. A PRS above the 90t percentile was associated with an OR of 3.39 (95%

Cl 2.83 — 4.06) (Figure 6A). The area under the receiver operating characteristic curve
(AUC) was 0.692 (95% CI 0.673 — 0.711) (Figure 6B). We then created a second PRS
using the complete meta-analysis summary statistics and evaluated its association with 976
phenotypes in UK Biobank. As expected, there was a significant association with surgical
intervention to the aortic valve (OR=1.52 per SD, 95% CI 1.46 - 1.59, P=1.91x10784),
aortic valve stenosis (OR=1.34 per SD, 95% CI 1.30 - 1.38, P=3.72x10~/3) and aortic valve
insufficiency (OR=1.19 per SD, 95% CI 1.13 - 1.25, P=4.13x10~11), but also with thoracic
aortic aneurysm (OR=1.26 per SD, 95% CI 1.18 - 1.36, A=1.45x10719) and atrial fibrillation/
flutter (OR=1.03 per SD, 95% CI 1.02 - 1.05, £=9.10x10~7) (Figure 6C and Table S6).
These findings support a polygenic contribution to BAV and some of its comorbidities.

Discussion

Through a GWAS meta-analysis including 9,631 BAV cases, we identified 36 genome-wide
significant loci, including 32 reported for the first time, 27 of which had evidence of
association in a replication analysis supporting the robustness of the findings. We prioritized
several candidate causal genes using multiple approaches based on extensive transcriptomic
data in human aortic valves and functional experiments in zebrafish. We also show a
significant polygenic contribution to BAV by deriving a first PRS robustly associated with
this condition.

Among the novel genomic risk loci, two genes, KANKZ2 and ERBB4, were identified

as potentially causal through eQTL, colocalization and Mendelian randomization analyses
based on expression in human aortic valves. KANKZ codes for KN motif and ankyrin
repeat domains 2, a regulator of actin polymerization with a negative effect on cell
migration through modulation of integrin activity3?. It is one of several actin regulatory
genes identified in the study (e.g., ACTRZ2, ARPCS5), suggesting an important role of this
molecule in aortic valve development. We show that genetically-predicted lower expression
of KANKZin human aortic valves is associated with BAV. Although we did not observe
major anomalies in heart or valve morphology in the molecular knockout zebrafish model,
there was a significant increase in endocardial cells at 60 hpf, consistent with a potential role
in cell migration during the development of aortic valve leaflets. ERBB4 codes for erb-b2
receptor tyrosine kinase 4, a membrane protein activated by neuregulins involved in cardiac
embryonic development and valvulogenesis*94. Evidence of reduction in the size of the
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endocardial cushion and absence of ventricular trabeculae was previously observed during
embryogenesis in a mouse £rbB4 knockout model#2. Our findings that £RBB4 expression
in human aortic valve is inversely related to BAV are coherent with a role of this gene

in aortic valve development. Another gene prioritized at a genomic locus, ATP13A3, was
recently identified in a TWAS for CAVSY” and previously associated with a monogenic form
of pulmonary artery hypertension?3.

Other genes were prioritized through transcriptomic analyses in relevant tissues, including
STRNand PRDME6. STRN encodes striatin, a component of the STRIPAK complex
mediating various signaling pathways and implicated in actin cytoskeleton organization and
cell adhesion**45, This locus was previously associated with heart failure; the lead variant
for BAV, rs62132550, is in high linkage disequilibrium (r?=0.938) with the lead variant
identified for heart failure, rs7605601 (same direction of effect)*6. A heterozygous knockout
mouse model showed inhibition of cardiomyocyte hypertrophy following angiotensin 11
stimulation, suggesting a role in cardiac remodelling#. We show that STRN expression

is notably higher in foetal compared to adult aortic valve tissue and that lower genetically-
predicted expression in the heart left ventricle is associated with BAV. The zebrafish
molecular knockout model showed OFT valve defects at 7 dpf and a reduction in the OFT
length at 5 dpf, consistent with a role of this gene in cardiac development. PRDME6 codes
for PR/SET domain 6, a transcriptional repressor involved in the epigenetic regulation of
vascular smooth muscle cells (VSMC) contractile proteins®8. It is highly expressed in the
cardiac OFT and loss-of-function variants in the gene have been associated with patent
ductus arteriosus, possibly through decreased VSMC proliferation and contractility*%:°0, We
observed an increased expression of PRDM6 in human foetal compared to adult aortic valve
tissue. PRDM6 was previously associated with thoracic aortic aneurysm by TWAS based on
genetically-predicted expression in the aorta (positive association)®L; we now show a similar
association for BAV.

Several of the prioritized genes were related to Wnt signaling, a highly conserved
developmental pathway involved in organogenesis, including heart valvulogenesis37-52, We
report evidence for a role in BAV of two important genes in this pathway located at
genome-wide significant loci, LEFZ and WNT4. Notably, the lead variants at these two

loci were negative eQTL only found in the aortic valve. LEFI encodes lymphoid enhancer
binding factor 1, a transcription factor acting as a nuclear effector after binding with
B-catenin, an important intracellular mediator in the canonical Wnt signaling pathway®3.
This gene was shown to be expressed specifically in endocardial cushions and forming
valve cusps during mouse embryogenesis3’->4. WNT4is a member of the Wnt family shown
to be expressed specifically in endocardial endothelial cells overlying the atrioventricular
and OFT cushions in mice embryos, with a potential role in endocardial-to-mesenchymal
transformation374, In zebrafish, a CRISPR/Cas9-mediated knockout of these genes (/ef1,
wnitda or wnt4b) caused severe cardiac edema while knockdown using morpholinos led to
dysmorphic OFT valve leaflets at 7 dpf in several individuals, with a higher proportion in the
double knockdown of wntd4aand writ4b compared to single gene knockdown, corroborating
the role of these genes in OFT development.
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Evidence of the causal implication of three other genes located outside of a genome-wide
significant locus was observed in the transcriptomic analyses. CSK; coding for C-terminal
Src kinase, phosphorylates multiple substrates and has an important role in angiogenesis.
Increase in CSK activity in endothelial cells was shown to induce vascular malformations
and ballooning in a 3D model®®. The lead variant in the meta-analysis is also strongly
associated with diastolic and systolic blood pressure as well as arteriolar tortuosity in

the retina®®:57. In our study, an increase in CSK genetically-predicted expression in the
aortic valve was associated with BAV. Genetically-predicted expression in the right atrial
appendage of NNT, coding for nicotinamide nucleotide transhydrogenase, a mitochondrial
protein, was also positively associated with BAV. Pathogenic mutations in NN/T have

been identified in individuals with left ventricular noncompaction. In the same study,
injection of morpholinos targeting orthologous genes in zebrafish caused cardiac edema and
contractile dysfunction, which was attributed to aberrant cardiomyocyte proliferation during
heart development®8. We also found a negative association between genetically-predicted
expression of FES in the aortic valve and aorta and BAV. This gene was previously identified
in a similar analysis for CAVSL” and has been associated with coronary artery disease>® and
blood pressure®®.

Taken together, the majority of the genomic risk loci identified for BAV were not previously
associated with valvular heart diseases or aortic dilation. Some of the loci identified, such as
the LPA locus, have been associated with CAVS. They could contribute to the development
of aortic stenosis in individuals with BAV, as previously suggested®. However, it remains
possible that some of the loci identified in CAVS GWAS reflect their association with BAV
since the valve morphology is often not accurately identified in large biobanks. Another
hypothesis is that some loci are associated both with BAV and CAV'S on a tricuspid valve,
as already reported for NOTCH161:62 and PAL MD'583, An enrichment of BAV has also
been found in first-degree relatives of patients with CAVS with a tricuspid aortic valve,
suggesting a complex interplay and a common genetic predisposition between BAV and
CAVS54, Further studies are needed to understand the biological mechanisms at play.

Among the candidate genes identified, only a few were previously associated with a
monogenic condition, of which only GATA4 had rare variants reported in cases of BAV33.65,
These findings suggest that common variants with lower effect sizes in distinct genes are
involved in BAV. Overall, the phenotypic variance explained by the evaluated variants

was estimated at 11.7%. In addition to the contribution of rare variants, gene-gene and
gene-environment interactions could explain part of the missing heritability. We also report
for the first time a PRS strongly associated with BAV, implicating a significant polygenic
contribution to the development of this congenital heart defect. Each SD of the PRS was
associated with an OR of 2.07, which is higher than what has been observed for complex
traits, including CAVS86:67_ The PRS was also associated with frequent complications of
BAV in an independent cohort, including aortic valve stenosis and regurgitation, thoracic
aortic aneurysm (encompassing ascending aorta, aortic arch and descending aorta), and atrial
fibrillation. Such scores could therefore potentially be used to facilitate early identification
of individuals at high risk of BAV and its consequences. Prospective studies are needed to
determine the predictive value for the progression of BAV-related diseases.
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The study has some limitations. First, several cohorts recruited participants undergoing
surgery for aortic valve replacement, which might have led to a bias towards BAV
complicated with either aortic stenosis, regurgitation or aortopathy. Second, the analysis
was restricted to participants of European ancestry due to a lack of sufficient cases for

other ancestries. Incidence has been reported to be lower in African populations®8, which
could explain why we were not able to include a sufficient number of individuals. Analyses
including more diverse populations are needed to verify if the results are generalizable and
discover other loci that could be specific to other ancestries. Third, further functional studies
are needed to clarify the precise role of the identified genes in the development of BAV.

In conclusion, through a comprehensive genomic approach, we identified several novel
genes involved in BAV, many of which are related to pathways involved in cardiac
embryonic development. Our findings highlight a polygenic origin for BAV, where the
combination of several common variants disrupts aortic valve development.
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Non-standard Abbreviations and Acronyms

AUC area under the receiver operating characteristic curve
AVC atrioventricular canal
BAV bicuspid aortic valve
CAVS calcific aortic valve stenosis
cS2G combined SNP-to-gene
dpf day post-fertilization
eQTL expression quantitative trait locus
FDR false discovery rate
GTEX Genotype-Tissue Expression
GWAS genome-wide association study
hpf hour post-fertilization
LD linkage disequilibrium
MAF minor allele frequency
MOs morpholino oligonucleotides
MR Mendelian randomization
OFT outflow tract
OMIM Online Mendelian Inheritance in Man
OR odds ratio
PCW post-conception week
PP4 posterior probability of shared signal
PRS polygenic risk score
SD standard deviation
TWAS transcriptome-wide association study
VSMC vascular smooth muscle cell
WT wild-type
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Clinical Perspective
What Is New?

. Through an international genome-wide association study meta-analysis, we
identified 32 novel genetic regions associated with bicuspid aortic valve and
prioritized WNT4, LEF1, STRN and KANKZfrom transcriptomic analyses
and a zebrafish model.

. We developed the first polygenic risk score for bicuspid aortic valve, which
was also associated with related complications.

What Are the Clinical Implications?

. The identification of genes and pathways could lead to the development
of prognostic markers and personalized management in individuals with a
bicuspid aortic valve.

. A polygenic risk score could help to identify individuals at risk of this
congenital heart defect and its complications.
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Figure 1: Manhattan plot of the genome-wide association studies meta-analysis for BAV.
The nearest gene at each genome-wide significant locus is indicated, in black for known loci

and in red for novel loci. The association of each variant with BAV was obtained from an
inverse-variance weighted fixed-effect meta-analysis combining the effect per allele in the
cohorts with available data. A p-value below 5.0x1078 was considered significant (genome-
wide threshold). The genomic inflation factor was 1.066 and the LD score regression
intercept was 1.029. The quantile-quantile plot (inset) illustrates the distribution of p-values
for all variants tested.
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Figure 2: Transcriptomic analyses identify novel candidate causal genes at genome-wide

significant loci.

LocusCompare plots showing the p-value distribution for the GWAS meta-analysis and
tissue eQTLs at 4 loci. A, KANKZ locus, expression in aortic valve. B, ERBB4 locus,
expression in aortic valve. C, PRDM6 locus, expression in aorta. D, STRN locus, expression
in heart left ventricle. 2 for bicuspid aortic valve was obtained from the inverse-variance
weighted fixed-effect GWAS meta-analysis. Pfor eQTL was obtained from the nominal
association between genotype and normalized gene expression.
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G0:0007167 : enzyme-linked receptor protein signaling pathway
G0:0035239 : tube morphogenesis

G0:0060485 : mesenchyme development

G0:0007507 : heart development

G0:0007169 : cell surface receptor protein tyrosine kinase signaling pathway
G0:0002009 : morphogenesis of an epithelium

G0:0060562 : epithelial tube morphogenesis

G0:0010001 : glial cell differentiation

G0:0001568 : blood vessel development

G0:0007420 : brain development

G0:0001944 : vasculature development

G0:0048729 : tissue morphogenesis

G0:0060322 : head development

G0:0048598 : embryonic morphogenesis

G0:0030900 : forebrain development

hsa04020 : Calcium signaling pathway

G0:0045165 : cell fate commitment

G0:0042063 : gliogenesis

G0:0048568 : embryonic organ development

G0:0008283 : cell population proliferation

G0:0045596 : negative regulation of cell differentiation
G0:0090287 : regulation of cellular response to growth factor stimulus
R-HSA-9675108 : Nervous system development

G0:0032970 : regulation of actin flament-based process
G0:0008015 : blood circulation

Figure 3: Pathway enrichment for candidate genes.
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Bubble plot showing the enriched terms for the 55 candidate genes selected based on variant
annotation and transcriptomic analyses. The terms were selected from Gene Ontology
biological processes, KEGG pathways, Reactome gene sets, canonical pathways, and
WikiPathways. The analysis was performed using Metascape. The statistical significance of
the association for each term was obtained from a hypergeometric test and is illustrated by
the color (p-value). The gene ratio is illustrated by the size of the bubble. *: terms enriched

at false discovery rate <5%.
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Figure 4: Genes with multiple features suggesting their implication in BAV.
Summary matrix showing the candidate genes with five or more features. Nearest gene: gene

closest to a lead SNP in the GWAS meta-analysis; Missense: lead GWAS SNP is in linkage
disequilibrium (r2>0.8) with a missense variant for the gene; cS2G: gene prioritized by the
combined SNP-to-gene strategy with a high probability (=0.6); eQTL.: significant expression
quantitative trait locus in human aortic valve, aorta, heart left ventricle or right atrial
appendage at false-discovery rate <5%; TWAS: significant in transcriptome-wide association
study at false discovery rate <5%; COLOC: colocalization PP4>0.75; MR: significant in
inverse-variance weighting Mendelian randomization analyses at false-discovery rate <5%
and no evidence of pleiotropy (Egger intercept P>0.01); Foetal valve expression: gene

has higher expression in foetal compared to adult aortic valve at false discovery rate

<5% using a two-tailed, unpaired t-test; Monogenic: gene associated with a monogenic
condition involving the heart or great vessels in the Online Mendelian Inheritance in

Man (OMIM); Magenta squares indicate a significant positive association between gene
expression and disease risk; Blue squares indicate a significant negative association between
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gene expression and disease risk; Black squares implicate genes from approaches without
direction of effect inference.
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Figure 5. Outflow tract valve defects in zebrafish models of GWAS candidate genes.
A. Scheme of the zebrafish heart at 7 days post-fertilization (dpf). The two-chambered heart

has one outflow tract region (OFT) where a two-leafed aortic valve (AoV) has formed.

The OFT endothelium is surrounded by a thickened layer of smooth muscle cells. The
atrioventricular canal (AVC) is a narrowing of the heart tube located between the ventricle
(V) and the atrium (A). Here, an AVC valve has formed. B. Representative two-photon
image of the wild-type OFT at 7 dpf labeled with BODIPY ceramide. Valve leaflets

are outlined with a dashed white line. C. Representative confocal microscopic image of
wild-type OFT whole-mount immunohistochemistry staining at 5 dpf labeled with mCherry
(endocardium), DAF (smooth muscle cells), Alcam (myocardium and endothelial valve
leaflets) and DAPI (nuclei). D, E, G, H. Representative two-photon images of OFT valves
in 7 dpf /ef1 morphants (D), wnt4a/wnt4b double morphants (E), strn crispants (G), and
kankZ2 crispants (H), labeled with BODIPY ceramide. Valve leaflets are outlined with a
dashed white line. F, I. Quantifications of OFT valve defects observed in 7 dpf larvae after
knockdown of /efl (n=24), wntd4a (n=18), wnt4b (n=16) or wntda+wnt4b (n=17) compared
to non-injected (NI) controls (n=16) and standard control morpholinos (n=18) (F) and in
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strn (n=15) and kank2 (n=15) crispants compared to non-injected (NI) controls (n=16)
and control gRNAs (n=19) (I). */<0.05, **F<0.01, ***<0.001, ****/<0.0001; two-sided
Fisher’s exact test. Scale bars: 15 um.
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Figure 6: A polygenic risk score is associated with BAV and other cardiovascular phenotypes.
A, Distribution of the normalized polygenic risk score (PRS) in cases of BAV (n=778) and

controls (n=5,446) from QUEBEC-BAV / CARTaGENE. The dashed line represents the 90t
percentile of the distribution in controls. B, Receiver operating characteristic curve showing
the capacity of the PRS to identify BAV in QUEBEC-BAV / CARTaGENE. The dashed line
represents an area under the curve (AUC) of 0.5 (no ability to identify BAV). C, Association
between the PRS derived from the complete meta-analysis and 976 phenotypes in UK
Biobank using logistic or linear regression. The triangles represent the direction of effect
(up indicates a positive association and down indicates a negative association). Phenotypes
significantly associated with the PRS at false-discovery rate <5% are labeled. The red line
corresponds to a p-value of 5.1x107° (Bonferroni threshold). The blue line corresponds to a
p-value of 0.05.
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