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Several genome-wide association studies (GWAS) have been undertaken to identify common
variants associated with the risk of congenital heart defects (CHDs). GWAS are commonly
used to identify disease-associated variants for conditions that appear to be genetically
complex. Such studies have contributed to understanding of a range of conditions (e.g.,
diabetes), including other structural birth defects (e.g., cleft lip; Lupo, Mitchell & Jenkins,
2019; Tam et al., 2019). However, in the majority of GWAS of CHDs, X-linked variants
have been excluded. Exclusion of data from the X-chromosome is a common practice in
GWAS because the statistical methods for X-linked and autosomal variants differ and
methods for X-linked variants have lagged behind those for autosomal variants. There are,
however, methods for analyzing common variants across the X-chromosome that can be
used to expand the scope of GWAS and could reveal novel CHD-related genes.

We have reported on GWAS and meta-analyses of two common types of CHDs, conotruncal
heart defects (CTDs), and left ventricular outflow tract obstructions (L\VOTOs), that are
more common in males than females (Agopian et al., 2017). These analyses were, however,
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restricted to autosomal variants. Here, we present results from X-chromosome-wide analyses
and meta-analyses conducted in the same five study populations (Table 1). Briefly, study
participants were recruited under protocols approved by the Children’s Hospital of
Philadelphia (CHOP) or Pediatric Cardiac Genomics Consortium (PCGC) clinical centers.
Adults participants provided informed consent for themselves and their participating minor
children. Cases included individuals with a CTD (A= 1,123) or an LVOTO (N = 384) who
were not diagnosed with an underlying syndrome. Four datasets were based on case-parent
trios and a fifth was based on cases and controls.

Study participants were genotyped using Illumina single nucleo-tide polymorphism (SNP)
arrays (550, 610, 1M or 2.5M). Autosomal variants were imputed and standard quality
control (QC) procedures were conducted for the autosomal variants (Agopian et al., 2017).
For this study, we performed additional, X-specific imputations and QC procedures.
Preimputation X-chromosome QC procedures (Konig, Loley, Erdmann, & Ziegler, 2014)
were applied separately to each dataset using PLINK v1.9 (Chang et al., 2015). We excluded
variants in the pseudoautosomal region of the X-chromosome and cases with discrepancies
between reported and genotypic sex or an f-estimate between 0.31 and 0.80. In addition,
heterozygous genotyping calls in males were set to missing. We also excluded trios with an
X-chromosome Mendelian error rate >1%, subjects with an X-chromosome genotyping call
rate <95% and SNPs with an X-chromosome Mendelian error rate >10%, minor allele
frequency (MAF) <1%, or call rate <90%. Following these exclusions, we removed variants
with a MAF <1% in either sex as well as variants with significantly different (o< 1077)
missing rates in males and females.

After the preimputation QC exclusions, the three CHOP datasets were combined and X-
chromosome SNPs present in all three datasets were used for imputation. Similarly, the two
PCGC datasets were combined and SNPs present in both were used for imputation. Haplo-
types were prephased using SHAPEIT v2.r644 (Delaneau, Zagury, & Marchini, 2013) and
nonpseudoautosomal regions were imputed using IMPUTE2 v2.3.2 (Howie, Donnelly, &
Marchini, 2009) with the 1000 Genomes Project Phase | integrated variant set v3 as the
reference. Following imputation, we excluded SNPs if they were poorly imputed (info score
<0.80), had a MAF <5% in either sex, or had a call rate <90%.

First, we conducted SNP-level analyses in each dataset (A= 5,853 genotyped and 108,456
imputed SNPs for CHOP; NV = 14,667 genotyped and 140,763 imputed SNPs for PCGC).
For these analyses, genotypes were coded to reflect the number of minor alleles (males: 0, 1;
females: 0, 1, 2) and data for female cases were analyzed under an additive genetic model.
The trio datasets were analyzed using the parent-informed X-chromosome likeli-hood ratio
test (Wise, Shi, & Weinberg, 2015). We used the R package, PIXLRT, to generate separate
test statistics for trios with male and female cases and to combine these estimates for an
overall test. The case—control dataset was analyzed with the chromosome X-Wide Analysis
toolset v2.0 (Gao et al., 2015) using the —strat-sex command to test for association
separately by sex and Stouffer’s method to combine results.

No genome-wide significant (p <5 x 108) SNP-level associations were identified (Tables
S2-S6). Moreover, evidence suggestive of association (p < 107°) was only observed in one
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dataset: In the CHOP CTD case—control dataset, there was suggestive evidence of
association for three intergenic SNPs (rs5908462, p= 2.6 x 107%: rs5908494, p= 2.6 x 107;
rs5908495, p = 4.1 x 1075) that are in close proximity (~350 basepairs) to each other and
approximately 22,000 basepairs (bp) from SPANXN4 (OMIM: 300667), the nearest protein
coding gene.

Next, we conducted SNP-level meta-analyses using the weighted Z-score method in METAL
(Willer, Li, & Abecasis, 2010). Meta-analyses were performed separately for CTDs and
LVOTOs and for the combined (CTDs + LVOTOs) datasets. The three intergenic SNPs with
suggestive evidence of association in the CHOP case—control dataset were not suggestive of
association in the CTD (or any other) meta-analysis. Further, no genome-wide significant
associations were detected. The only suggestive association was for a single intergenic SNP
(rs4826814, p= 3.6 x 107) in the CTD + LVOTO meta-analysis. This SNP lies
approximately 94,000 bp from the nearest protein coding gene, NLGN4X (OMIM: 300427),
which is associated with X-linked autism (OMIM: 300495) and Asperger syndrome
(OMIM: 300497).

Finally, we conducted gene-level analyses using the summary statistics from the three SNP-
level meta-analyses. For these analyses, genes were defined by their transcription start-stop
positions (GRCh37/hg19) plus 1 kb upstream and downstream. Gene test-statistics were
calculated as the weighted mean of the statistic for the SNP with the lowest p-value and the
average of the test statistics for all SNPs in the gene using the multi = SNP-wise option in
MAGMA (de Leeuw, Mooij, Heskes, & Posthuma, 2015). No significant (o< 7.1 x 107>,
corrected for 706 genes) or suggestive (p < 1073) associations were detected (Tables S7-S9).
Nineteen genes had association p-values <.01 in at least one of the meta-analyses (Table 2).

One gene, SSR4 (OMIM: 300090), had an association p-value <.01 in two meta-analysis
(LVOTO, p=.002; CTD + LVOTO, p=.007). Genetic variants in SSR4 cause congenital
disorder of gly-cosylation Type 1y (CDG1Y, OMIM: 300934): One of nine reported patients
with CDG1Y had an unspecified cardiac anomaly (Ng et al., 2015). Of the genes with g
values <.01 in a single meta-analysis, two (P/H1D3, CTD meta-analysis p=.003; CCDCZ22,
CTD + LVOTO meta-analysis o = .003) are associated with syndromes that include CHDs.
Genetic variants in PIH1D3 (OMIM: 300933) are one cause of primary ciliary dyskinesia
(PCD, OMIM: 300991). Approximately, 50% of cases with PCD have situs inversus, situs
ambiguous, or other laterality defects (Shapiro et al., 2014). Among 15 reported cases of
PIH1D-associated PCD, approximately 50% were noted to have situs inversus, but
information on cardiac phenotypes was not provided (Olcese et al., 2017; Paff et al., 2017).
Genetic variants in CCDCZ22 (OMIM:300859) are associated with Ritscher-Schinzel
syndrome 2 (OMIM: 300963), which is characterized by intellectual disabilities and CHDs
(septal defects; Kolanczyk et al., 2015; Voineagu et al., 2012). LPAR4 also had an
association p-value <.01 in one meta-analysis, and animal models suggest that LPAR4 plays
roles in in vascular development and is important for cardiogenesis (Sumida et al., 2010;
Wang et al., 2012; Yukiura et al., 2011), regulating formation of the vascular network, as
well as endothelial permeability, hematopoiesis, and lymphocyte migration (Yang et al.,
2019).
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In summary, our analyses suggest that, individually, common X-linked SNPs are unlikely to
be strongly associated with either CTDs or LVOTOs. This is consistent with the results from
three prior GWAS of CHDs that also evaluated X-linked SNPs. These studies were based on
data from Europe and Australia and included cases with: septal, obstructive, and cyanotic
CHDs (Cordell, Bentham, et al., 2013); tetralogy of Fallot (Cordell, Topf, et al., 2013); and
ostium secundum atrial septal defects (Cordell, Bentham, et al., 2013). In our X-
chromosome gene-level analyses, two of the genes with the lowest p-values (i.e., meta-p

< .01) are associated with syndromes that include CHDs. Hence, although the statistical
evidence linking these genes with CHDs is quite modest, our findings could help in the
prioritization of potentially disease-related variants in CHD cases that are consistent with X-
linked inheritance.

In combination with our prior GWAS of autosomal SNPs, the X-chromosome studies
presented here provide a comprehensive assessment of common genomic variants in both
CTDs and LVOTOs. However, because our sample sizes were relatively small and the power
to detect X-linked variants is lower than that for autosomal variants (Chang et al., 2014), our
analyses may have missed both SNP- and gene-level associations. For example, a case—
control sample of ~8,522 cases and ~8,522 controls would be needed to achieve 80% power
to detect a GWAS significant association (o< 5 x 1078) with a variant of 5% MAF and an
odds ratio of 1.5. Furthermore, since our analyses were restricted to common SNPs (MAF
>5%), we cannot rule-out a potential role for rarer, X-linked variants. Additional studies
addressing the potential role of X-linked genes in the etiology of CHDs are, therefore,
warranted.

Supplementary Material
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