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Assessing the contribution of rare variants
to congenital heart disease through a
large-scale case-control exome study
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Amilcar Perez-Riverol2, Anne-Karin Kahlert1, Ulrike Bauer7, Thomas Pickardt7, Sabine Klaassen8,9,
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Several studies have demonstrated the value of large-scale human exome and genome data analysis
to maximise gene discovery in rare diseases. Using this approach, we have analysed the exomes of
4747 cases and 52,881 controls to identify genes which confer a substantial risk of congenital heart
disease (CHD). We identi�ed both rare loss-of-function and missense coding variants in 14 genes,
which reached genome-wide signi�cance at FDR 5%. Ten genes have been associated with CHD,
whereas four genes (PBX1, KAT6B, SHOX2, HCAR1) have not been reported as genome-wide
signi�cant so far. We highlight distinct genetic contributions to syndromic and non-syndromic CHD by
independently analysing probands from these two groups. In addition, by integrative analysis of
exome data with single-cell transcriptomics data from human embryonic hearts, we identi�ed cardiac-
speci�c cells, such as neural crest cells and endothelial cells, as well as putative biological processes
underlying the pathogenesis of CHD. In summary, our �ndings strengthen the association of known
CHD genes and have identi�ed additional novel disease genes contributing to the aetiology of CHD.

Congenital Heart Disease (CHD) is a global health challenge, affecting
~1–2% of live births worldwide1. However, despite advances in our
understanding of the underlying disease aetiology in recent years, a sig-
nificant proportion of CHD cases remains unexplained, suggesting that
genetic mechanisms and other risk factors remain poorly understood2,3.
Recent advances in exome and genome sequencing technologies have
opened up new avenues of study and have resulted in novel insights into the

genetic and epigenetic mechanisms underlying rare diseases, such
as CHD4,5.

Previous studies have defined the association of inherited and de novo
variations as a cause of CHD6,7. In addition, these studies have highlighted
the differences between the genetic architecture of syndromic (with extra-
cardiac malformations and/or neurodevelopmental delay) and non-
syndromic (isolated) CHD6,7. Continuing collaboration between the
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scientific community and healthcare teams has driven efforts to integrate
and analyse larger cohorts of patients, and has demonstrated the potential of
this approach to uncover novel variants and genes associated with CHD6–8.

Here, we present a whole-exome sequencing analysis of 4747 CHD
cases and 52,881 controls. This is one of the largest cohorts of non-
syndromic CHD cases (n = 2929) studied so far, meaning that we are in an
advantageous position to refine our understanding of the genetic mechan-
isms underlying non-syndromic CHD specifically. This is especially
important given that the vast majority of individuals with CHD (~75%)
have non-syndromic CHD6,7.

We used the case-control cohort to investigate monogenic factors
contributing to CHD. We integrated data obtained in the case-control study
with single-cell transcriptome data obtained from human embryonic
hearts9. This complementary analysis identified biological processes enri-
ched for genes differentially expressed in cardiac-specific cells, found also
significant in our case-control analysis. Importantly, the data suggest a
difference in cardiac developmental mechanisms between syndromic and
non-syndromic CHD.

Taken together, we have identified ten genome-wide significant
(Bonferroni adjusted P < 0.05) genes and an additional four genes at FDR
5%, which are associated with CHD.

Results
Cohort description and analysis workflow
We combined and analysed the exomes of 4747 CHD cases (aCHD, refers to
all CHD cases) and 52,881 controls. CHD cases were further classified into
syndromic CHD (sCHD, individuals with extracardiac malformations or
neurodevelopmental disability, n = 1818) and non-syndromic CHD
(nsCHD, individuals with isolated CHD, n = 2929). Detailed information
about patient phenotype, ancestry, age and gender is summarised in Sup-
plementary Data 1. An overview of cardiac sub-phenotypes distribution

across the case cohort is represented in Supplementary Fig. 1. All samples
and genetic variants were subjected to a sequence of quality control steps to
obtain a final cohort of unrelated and matched-ancestry individuals, as well
as a set of high-confidence variants for downstream analysis (see Methods
and Supplementary Information).

We evaluated the distribution of high-confidence loss-of-function
(hcLOF) and missense constrained variants (missC) across a spectrum of
LOF and missense constrained genes (Methods). In addition, we performed
gene-based burden testing to identify genes conferring a high risk of CHD,
as well as the expression pattern at single-cell resolution. Figure 1 simplifies
the workflow followed in this study to discover novel associations
with CHD.

Distinct pattern of loss-of-function constrained genes identified
between sCHD and nsCHD
Previous studies have suggested a greater contribution of loss-of-function
(LOF) variants to sCHD, compared to non-syndromic forms6,7. To deter-
minate if this holds true in this present cohort, we evaluated the burden of
rare variants in the sCHD and nsCHD cohort, compared with controls
across the per gene spectrum of loss-of-function intolerance. Following the
approach proposed by the gnomAD consortium10, we divided 19,923
protein-coding genes into ten bins (~1900 genes per bin) based on its
observed/expected LOF ratio upper fraction (termed LOEUF) and applied a
logistic regression model (see Methods) to each bin (i.e., gene-set). This
allowed us to assess enrichment across three different functional categories
of variants (hcLOF, missC and synonymous), stratified by CHD probands
(aCHD, sCHD and nsCHD).

The highest enrichment was observed in the most LOF-constrained
genes (bin 1) for hcLOF variants (Fig. 2 and Supplementary Data 2). These
variants provided a major contribution to sCHD cases (OR = 2.27,
P < 2 × 10−16), and much less so for nsCHD (OR = 1.52, P = 1.2 × 10−13). A

Fig. 1 | Analysis work�ow for disease gene discovery. Quality control processes
were conducted at the sample and variant levels. 1 Gene-set enrichment analysis was
performed on the gene intolerance to missense and loss-of-function spectrum. 2
Gene-based case-control burden testing (Fisher’s Exact test) was performed for
high-confidence loss-of-function (hcLOF) and missense constrained variants

(missC) independently. The per gene minimal p-value (P) from both analyses was set
as the study-wide p-value, corrected for multiple testing using the Bonferroni and
B-H methods. 3 Expression profiling of significant CHD genes differentially
expressed on cardiac specific cell clusters.
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moderate enrichment was observed for missC variations, suggesting that
this class of variants could have a similar (although smaller) functional
impact compared to hcLOF variants. The observed effect may be explained
by the defined set of constrained missense variants likely operating through
a haploinsufficient mechanism. Although reduced in magnitude, this same
pattern was alsoobserved in the set of genes in the secondLOEUFconstraint
bin, whereas no enrichment was observed towards less LOEUF-constrained
bins (Fig. 2). Synonymous variants showed only small and inconsistent
deviations from an odds ratio of 1 across LOEUF bins, without a systematic
constraint-dependent enrichment, supporting their use as anegative control
set (Fig. 2 and Supplementary Data 2).

When the same analysis was performed across the missense constraint
spectrum, assessed by the observed/expected missense ratio upper fraction
gene-based metric (termed MOEUF), a similar pattern as described above
(higher enrichment in the most missense-constrained genes) was observed
(Supplementary Fig. 2).

These results demonstrate a larger effect of hcLOF compared to missC
variants across the LOEUF and MOEUF spectrum, with the major con-
tribution observed in sCHD, compared with nsCHD. Nevertheless, the
results suggest that both hcLOF and missC variants are important genetic
components contributing to CHD development.

Gene-based enrichment analysis
To identify genes that confer a significant risk of CHD, we performed a case-
control burden analysis by combining rare variants (MAF < 0.001) at the
gene level. It has been demonstrated that following a method of collapsing
variants within specific genomic regions (e.g., genes) increases the power to
discover new associations at low allele frequencies11. Following this princi-
ple, we conducted a Fisher’s exact test to identify genes with a significant
burden of non-synonymous variants in CHD cases compared to controls,
and evaluated them independently for sCHD and nsCHD.

As with earlier comparable case-control exome studies12–14, the burden
test was performed separately for hcLOF (Plof) and missC (Pmiss), and the
minimalp-value observed pergene between these twovariant categorieswas
selected as the study-wide p-value (P). hcLOF variants were defined using
the LOFTEE tool10, whereas missense variants were defined based on dif-
ferent missense deleteriousness prediction scores (see Methods and Sup-
plementary Fig. 3). Ten genes were identified with significant P, after
correcting for multiple testing using the Bonferroni method (Table 1 and
Supplementary Data 3). Eight genes were associated with sCHD (KMT2A,
SMAD4, PTPN11, TAB2, NSD1, BCOR, KAT6A, PBX1) and two were
identified through the nsCHD (FLT4 and NOTCH1) analysis. In addition,
four genes showed significant associations with CHD at FDR 5% (CTCF,
KAT6B, SHOX2,HCAR1). The evaluation of the set of synonymous variants
showed a similar distribution of expected vs. observed p-values, suggesting
negligible genomic inflation of the test statistic (Supplementary Fig. 4).

Of the genes identified as significant in sCHD, KMT2A (AD
Wiedemann-Steiner syndrome OMIM 159555) showed the highest
enrichment (Fig. 3a). NOTCH1 (AD Adams-Oliver syndrome 5, Aortic
valve disease 1 OMIM 190198) showed the highest number of variations in
the nsCHD cohort (Fig. 3b) and warranted further investigation (compa-
nion manuscript).

Other genes reaching a significant level of association included NSD1
(AD Sotos Syndrome OMIM 606681), TAB2 (AD Non-Syndromic CHD 2,
OMIM 605101), KAT6A (AD Arboleda-Tham Syndrome OMIM 601408),
PTPN11 (AD Noonan Syndrome OMIM 176876), SMAD4 (AD Mhyre
Syndrome OMIM 600993), FLT4 (AD Congenital heart defects, multiple
types, 7 OMIM 136352), and the X-linked gene BCOR (XLD Syndromic
Micropthalmia OMIM 300485). They have all been previously described in
the context of CHD, and our results corroborate these findings. The rela-
tively low number of variations observed in well-known syndromic CHD
genes (e.g., CHD7 and KMT2D) could be because most participants were
non-syndromic, unlike in previous studies.

The association of PBX1 (AD Congenital anomalies of kidney and
urinary tract syndrome with or without hearing loss, abnormal ears, or
developmental delay OMIM 176310), CTCF (AD Intellectual develop-
mental disorder, autosomal dominant 21 OMIM 604167) and KAT6B (AD
Genitopatellar syndrome and SBBYSS syndrome OMIM 605880) with
CHD(Table 1)have been previously reported in single cases or small patient
cohorts, and our results add further evidence for an association with CHD.

HCAR1 (OMIM 606923) and SHOX2 (OMIM 602504) have not
previously been associated with CHD at a genome-wide level. However,
both genes were significantly associated with nsCHD at FDR 5% (Fig. 3b).

We also performed the same gene-based burden analysis for homo-
zygous and likely compound heterozygous protein-altering variants; how-
ever, no significant associations were detected (Supplementary Data 4).

Differentially expressed genes in cardiac-specific cells show a
distinct enrichment pattern in syndromic and non-
syndromic CHD
Previous studies have revealed significant levels of expression in the heart of
genes associated with CHD7,8. By using publicly accessible bulk RNAseq
data15 (tissue expression for heart, kidney, brain, and liver in 4–8 week-post-
conception, see Methods), we consistently showed that genes with sig-
nificant level of association in our case-control analysis also showed high
expression in cardiac tissues (Supplementary Fig. 5). Moreover, syndromic
CHD genes showed a systematic elevated expression in brain and liver
(Bonferroni corrected P < 0.05), compared to non-syndromic CHD (Sup-
plementary Fig. 6). The difference in expression patterns between these two
groups was negligible in the heart, though (P > 0.05, Wilcoxon test; Sup-
plementary Fig. 6). Despite its relevance, bulk RNAseq data analysis does
not stretch as far as thedelineation of expressionpatterns at the cellular level.

Fig. 2 | Enrichment analysis across the LOF con-
straint gene spectrum. Protein-coding genes were
binned based on the LOEUF metric as proposed by
gnomAD. Every bin contains ~1900 genes. Top bins
(1, 2) contain genes with the highest intolerance to
loss-of-function. a Enrichment analysis comparing
aCHD vs. controls. b Enrichment analysis stratified
by syndromic status (sCHD and nsCHD) vs. con-
trols in the top constraint LOF bin (1). The x-axis
indicates the constraint bins; the y-axis shows the
Odds Ratios (OR) and the 95% confidence interval.
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To accomplish this, we assessed the mutational burden of rare non-
synonymous variants (hcLOF and missC) within differentially expressed
genes (DEGs) in cardiac-specific cells. We meta-analysed the exome data
with a publicly available human heart transcriptomic dataset generated
from early developmental stages of the human heart (6.5 and 7 weeks post-
conception)9. Using the logistic regression framework mentioned above, we
performed gene-set enrichment analysis on DEGs defined on 15 distinct
cardiac cell clusters (C0-C14) reportedbyAsp et al.9. Both hcLOFandmissC
mutations were evaluated independently, and the analysis was stratified
further by proband CHD status versus controls (aCHD, sCHD and nsCHD,
Fig. 4).

Five cardiac-specific cell clusters were found significantly enriched
(Bonferroni adjusted P < 0.05) for hcLOF variations when analysing aCHD
probands vs. controls (Fig. 4): Smooth muscle cells (C5), Cardiac neural crest
cells (C14), Epicardium-derived cells (C3), Capillary endothelium (C0) and
Atrial cardiomyocytes (C7). Enrichment of hcLOF variants for DEGs in
Smooth muscle cells (C5) showed a significant contribution to both sCHD
and nsCHD. Cardiac neural crest cells (C14) and Atrial cardiomyocytes (C7)
contributed to sCHD in the main, whereas the cluster of Capillary endo-
thelium cells was significantly enriched in nsCHD versus controls (Fig. 4).

A similar enrichment pattern was observed for missC variants (Sup-
plementary Fig. 7). In addition to the clusters previously enriched for hcLOF
variants—Capillary Endothelium (C0), Smooth Muscle Cells (C5), Atrial
Cardiomyocytes (C7), and Cardiac Neural Crest Cells (C14)—two addi-
tional cardiac-specific clusters, Endothelium/Pericytes (C10) and Fibro-
blasts (C2), showed a significant burden of missC variants in CHD cases
compared to controls.

The synonymous variants set was used as a negative control and did
not identify enrichment in any clusters evaluated (Bonferroni adjusted
P > 0.05, Supplementary Fig. 8).

Together, these results provide valuable evidence regarding the pos-
sible mechanisms involved in the pathogenesis of CHD.

Gene ontology (GO) enrichment analysis
To provide additional supporting evidence for our previous findings, we
performed Gene ontology (GO) enrichment analysis to identify relation-
ships between enriched genes in the case-control burden analysis (unad-
justed P < 0.001; Supplementary Data 5) and biological processes. We
analysed the set of nsCHD (n = 32) and sCHD (n = 49) genes indepen-
dently, with the Enrichr tool16 (see Methods). The two gene sets were nearly
mutually exclusive, with NOTCH1 being the only gene overlapping
between them.

The data suggested that genes identified in the nsCHD analysis are
mainly associated with more specific cardiac development biological pro-
cesses, with noteworthy contributions from MYH6, NOTCH1 and SHOX2
(Supplementary Fig. 9a). Top GO terms enriched in the sCHD analysis were
related to the regulation of DNA transcription. The observed signal was
driven by CTCF, KAT6A, KAT6B, KMT2A, PBX1, among others (Supple-
mentary Fig. 9b).

Discussion
In this study, we amassed 57,628 human exomes and conducted both a
gene- and gene-set centred case-control burden analysis to increase our
understanding of the genetic causes of CHD. After quality control at the
sample and variant level, we provide a comprehensive CHD case-control
cohort with unrelated and ancestry-matched individuals. Specifically, the
availability of detailed phenotype data allowed us to explore the differences
between syndromic and non-syndromic forms of CHD.

By utilising gene-level constraint information10, we investigated the
contribution and properties of loss-of-function and missense constraint

Table 1 | Top 21 genes in the case-control burden analysis using the Fisher Exact test stratified by syndromic status (sCHD and
nsCHD). A total of 16,351 genes were tested per variant type (hcLOF and missC)

Genes Analysis CSQ sCHD nsCHD Controls P P (FDR) P (Bonferroni) Known CHD

KMT2A sCHD hcLOF 8 0 0 9.76E-13 3.19E-08 3.19E-08 yes

SMAD4 sCHD missC 11 3 16 2.47E-10 4.04E-06 8.09E-06 yes

NOTCH1 nsCHD hcLOF 2 7 0 8.48E-10 2.77E-05 2.77E-05 yes

PTPN11 sCHD missC 11 5 25 8.78E-09 9.57E-05 2.87E-04 yes

TAB2 sCHD hcLOF 5 1 0 3.13E-08 2.56E-04 1.02E-03 yes

NSD1 sCHD hcLOF 5 1 1 1.83E-07 1.20E-03 5.98E-03 yes

BCOR sCHD hcLOF 4 0 0 9.93E-07 4.06E-03 3.25E-02 yes

KAT6A sCHD hcLOF 4 1 0 9.93E-07 4.06E-03 3.25E-02 yes

PBX1 sCHD missC 6 3 6 7.73E-07 4.06E-03 2.53E-02 no

FLT4 nsCHD hcLOF 0 5 0 3.32E-07 5.43E-03 1.09E-02 yes

CTCF sCHD missC 4 1 1 4.84E-06 1.58E-02 1.58E-01 yes

KAT6B sCHD hcLOF 4 1 1 4.84E-06 1.58E-02 1.58E-01 no

SHOX2 nsCHD missC 1 10 21 1.81E-06 1.98E-02 5.93E-02 no

HCAR1 nsCHD missC 2 9 18 4.40E-06 3.60E-02 1.44E-01 no

ADNP sCHD hcLOF 3 0 0 3.15E-05 6.44E-02 1.00E + 00 yes

CHD7 sCHD hcLOF 3 0 0 3.15E-05 6.44E-02 1.00E + 00 yes

EP300 sCHD hcLOF 3 1 0 3.15E-05 6.44E-02 1.00E + 00 yes

KMT2D sCHD hcLOF 3 0 0 3.15E-05 6.44E-02 1.00E + 00 yes

KRT25 sCHD missC 8 3 31 2.51E-05 6.44E-02 8.19E-01 no

QRICH1 sCHD hcLOF 3 0 0 3.15E-05 6.44E-02 1.00E + 00 no

SLC38A9 nsCHD missC 0 6 6 1.19E-05 7.78E-02 3.89E-01 no

Analysis: sCHD or nsCHD vs. controls. CSQ: denotes the consequence group with the minimal p-value (P). sCHD: number of syndromic cases (heterozygous). nsCHD: number of non-syndromic cases
(heterozygous). Controls: number of controls (heterozygous). P: the minimal observed p-value per gene between Plof and Pmiss. P (FDR): Adjusted minimal p-value (P) using the B-H method with
n = 2 × 16,351. P (Bonferroni): Adjusted minimal p-value (P) using the Bonferroni method with n = 2 × 16,351. In bold are highlighted the ten genes with Bonferroni adjusted P < 0.05. Known CHD: Indicates
whether the gene has a well-established association with CHD (“yes”) or has not been reported as genome-wide signi�cant thus far (“no”). Supplementary Data 3 contains the results for all protein-coding
genes tested. Supplementary Data 6 contains individual and variant-level information for rare protein-altering variants in prioritised CHD genes.
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