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Abstract

Congenital heart defects involving left-sided lesions (LSLs) are relatively common birth defects with substantial morbidity and

mortality. Previous studies have suggested a high heritability with a complex genetic architecture, such that only a few LSL loci

have been identified. We performed a genome-wide case–control association study to address the role of common variants

using a discovery cohort of 778 cases and 2756 controls. We identified a genome-wide significant association mapping to a

200 kb region on chromosome 20q11 [P = 1.72 × 10−8 for rs3746446; imputed Single Nucleotide Polymorphism (SNP) rs6088703

P = 3.01 × 10−9, odds ratio (OR) = 1.6 for both]. This result was supported by transmission disequilibrium analyses using a subset

of 541 case families (lowest P in region = 4.51 × 10−5, OR = 1.5). Replication in a cohort of 367 LSL cases and 5159 controls showed

nominal association (P = 0.03 for rs3746446) resulting in P = 9.49 × 10−9 for rs3746446 upon meta-analysis of the combined

cohorts. In addition, a group of seven SNPs on chromosome 1q21.3 met threshold for suggestive association (lowest

P = 9.35 × 10−7 for rs12045807). Both regions include genes involved in cardiac development—MYH7B/miR499A on chromosome

20 and CTSK, CTSS and ARNT on chromosome 1. Genome-wide heritability analysis using case–control genotyped SNPs

suggested that the mean heritability of LSLs attributable to common variants is moderately high (h2
g range = 0.26–0.34) and

consistent with previous assertions. These results provide evidence for the role of common variation in LSLs, proffer new genes

as potential biological candidates, and give further insight to the complex genetic architecture of congenital heart disease.

Introduction

Congenital heart disease (CHD) is one of the most common birth

defects in the USA, and carries a large personal, familial and

societal impact. With a birth prevalence of 5–8/1000 for clinically

significant lesions, they account for one-quarter of all birth de-

fects (1,2). Advances in the medical and surgical management

of CHD have led to an increasing percentage of children who

survive to adulthood (now ∼85%), resulting in well over 1 million

adults with CHD in the US alone (3,4). However, CHDs still cause

substantial mortality and morbidity; they account for <4% of all

pediatric hospitalizations, but represent over 15% of total costs

(5). They are also a leading cause of infant mortality (6) and

contribute adversely to long-term neurodevelopment (7,8). In

addition, CHD is associated with shortened lifespan in adult

survivors (9,10) and late complications of heart failure and

arrhythmia are common (11).

CHD manifests along a wide spectrum of anatomical defects;

this presents considerable difficulty investigating their etiolo-

gies. It is often not clear how to classify individuals, as the appro-

priate grouping for medical and surgical management may not

be ideal for identification of causal mechanisms. In this study,

we have used the classification adopted by the National Birth De-

fects Prevention Study inwhich lesions are classified by their pre-

sumed developmental mechanism(s) (12). The left-sided lesions

(LSLs), which include aortic valve stenosis (AS), coarctation of the

aorta (CoA), mitral valve stenosis, interrupted aortic arch type A

(IAAA), hypoplastic left heart syndrome (HLHS) and Shone com-

plex, are among themost common andmost severe CHDs. Bicus-

pid aortic valve (BAV), which occurs in ∼1% of the general

population and is associated with late onset ascending aortic an-

eurysm, ismore frequent in first-degree relatives of patients with

severe LSLs and may, in some families, represent a form fruste of

LSLs. LSLs are thought to arise as a consequence of altered flow in

the embryonic cardiac outflow (13) or inflow (9) tract, but a lack of

informative genetic models has hampered pathway andmolecu-

lar analysis. Specific known causes of LSLs are diverse, and in-

clude environmental agents [e.g. maternal phenylketonuria

(14)], chromosomal abnormalities [Turner and Jacobsen syn-

drome (MIM no. 147791)], genomic disorders caused by rare

pathogenic copy number variants (CNVs) (15–18) and single-

gene disorders [e.g. Kabuki syndrome (MIM no. 147920) and

Holt–Oram syndrome (MIM no. 142900)]. In most of these pa-

tients, however, there are characteristic extracardiac defects or

dysmorphisms, and they are thus classified as syndromic CHD.

Much less information is available concerning the etiologies of

isolated or non-syndromic LSL.

Non-syndromic LSLs are generally considered to be complex

diseases, with incidences varying by sex, maternal age, geog-

raphy and ancestry (19). There is also indirect evidence for

substantial, albeit complex, genetic effects; as many as 20% of

individuals with LSLs have multiple affected family members,

almost alwayswith a concordantCHD (20–23) and epidemiological

studies have demonstrated an increased risk in individuals with

predominantly European ancestry (24). There is also a strong

‘familiality’of LSL,with estimates of the relative risk tofirst-degree

relatives ranging from10 to 37 (25,26). These observations strongly

suggest the action of ancestral risk-modifying variants that may

have arisen in concert with ancient population subdivision and/

or more recent ‘clan’ type variation (27) coupled with variable

expression and incomplete penetrance. Indeed, complex segrega-

tion analysis has demonstrated high heritability of LSL, and a

model of autosomal dominant inheritance with reduced pene-

trance is most consistent with the data from these uncommon

families (25). While several loci have been identified by linkage

analysis of multiplex families (23,28), only NOTCH1 has been con-

vincingly established as a disease gene (29,30).

Given the known complex genetic architecture of LSLs, we hy-

pothesized that susceptibility loci could be identified by popula-

tion based approaches. When this work was initiated, only a

few small candidate gene-association studies (31–33) and no

genome-wide association studies (GWASs) had been performed.

Therefore, our goalwas to identify loci associatedwith LSLs using

both case–control and case-parent trio genome-wide association

study GWAS designs. We report an association on chromosome

20 significant at a genome-wide level (P < 5 × 10−8), and an add-

itional suggestive locus on chromosome 1.

Results

Study cohort

Final study subject numbers and characteristics are noted in

Table 1; details of their recruitment are given in the ‘Materials

and Methods’ section. There is a greater proportion of males

than females in our cohort, consistent with the known epidemi-

ology of LSLs (24). Our reference group consisted of control geno-

type data for 3034 individuals of reported European ancestry from

two US studies downloaded through the database of Genotypes

and Phenotypes (dbGaP—see the ‘Materials andMethods’ section
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for details). After quality control (QC), the final case–control data

set consisted of 3534 samples (778 cases, 2756 controls) and

534 461 single nucleotide polymorphisms (SNPs) passing QC

thresholds. For family-based analyses, we included data from

the extended families of our LSL cohort cases (as available) gen-

otyped on the same platform. The final data set (after SNP-, indi-

vidual- and family-level QC) included 1538 individuals in 541

families, including 372 affected-offspring trios.

Genome-wide association

Evaluation of population ancestry usingmultidimensional scaling

(MDS) (see theMaterials andMethods’ section) demonstrated that

although the vast majority of inferred cases and controls were of

presumed Northern European ancestry, several cases were of ap-

parent Hispanic ancestry (Fig. 1A), consistent with the predomin-

ant case recruitment from the South-Western USA.We, therefore,

chose to restrict our primary analyses to a more homogenous

ethnic sub-sampling (Fig. 1B) defined as being within 2 standard

deviations (SDs) of the mean values for each of the first two MDS

components—186 cases and 80 controls exceeded this threshold.

A final total of 3268 samples (592 cases and 2676 controls) were

used for discovery in our case–control association study.

We tested for association under an allelic diseasemodel using

logistic regression with covariates of sex and the first two

MDS components. This analysis revealed a cluster of four

associated SNPs on chromosome 20q11.22 with P-values below

genome-wide significance (minimum P = 1.72 × 10−8, OR = 1.59

for rs3746446), with six other SNPs at the same locus having

suggestive evidence of association P < 1.0 × 10−5 (Fig. 2A, Table 2,

Supplementary Material, Table S1).We also observed a candidate

locus on chromosome 1q21.3 consisting of seven SNPs that

surpassed our threshold for suggestive association, but did not

extend to genome-wide significance (Fig. 2A, Supplementary

Material, Fig. S1, Supplementary Material, Table S1). The com-

bined genomic inflation factor for association was 1.03 without

evidence of systematic bias on the resulting quantile–quantile

(Q–Q) plot (Fig. 2B). The same analyses performed using all dis-

covery individuals (regardless of ancestry) supported our primary

results (Supplementary Material, Fig. S2).

Further analysis of chromosome 20 locus

Transmission disequilibrium test (TDT) analysis of all available

trios (case + both parents) and duos (case + one parent) from our

cohort provided support for the chromosome 20 case–control

results independent of population stratification. Several of the

case–control associated SNPs showed evidence of over-transmis-

sion of theminor allele to affected offspring (Table 2; Supplemen-

tary Material, Table S2), with two other near-by SNPs showing

evidence of more extensive over-transmission (minimum P = 4.5

× 10−5, maximum OR = 1.53; Supplementary Material, Table S2).

There were no SNPs from the TDT analysis reaching genome-

wide significance (minimum P = 1.0 × 10−6).

In order to further fine map our putative association, we

imputed SNPs across chromosome 20 using the 1000 genomes

Phase 3 reference panels (see the ‘Materials and Methods’

section), and then performed association testing using the

same model parameters as our primary case–control analysis

(first two MDS components and sex as covariates). This analysis

Table 1. Study subject characteristics

Discovery case cohort Family-based cohort

Diagnoses N Individuals N

CoA 226 Total 1538

HLHS 216 Affected 576

AS 233 Families

Other 103 Trios 372

Gender Duos 141

Male 534 Multiplex 28

Female 244 Sites

Sites TCH 260

TCH 428 NCH 236

NCH 305 CHA 45

CHA 45 Total families 541

Total cases 778

CoA, coarctation of the aorta; HLHS, hypoplastic left heart syndrome; AS, aortic

stenosis; Other, includes mixed lesions, lesions with associated bicuspid aortic

valve, and unclassified LSLs; TCH, Texas Children’s Hospital; NCH, Nationwide

Children’s Hospital; CHA, Children’s Hospital Austria.

Figure 1.MDS plots of the first two principal components. (A) The LSL cohort in the context of global super populations from the 1000 genomes project. (B) The LSL cohort

alone, with samples of close ancestry (within 2 SD of the first two MDS components) used for case–control association shown in red.
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demonstrated a cluster of 36 associated SNPs with strong linkage

disequilibrium (LD) extending across ∼200 kb at our original

chromosome 20 locus. This locus was anchored by an imputed

SNP (rs6088703) with a P-value of 3.0 × 10−9 (Fig. 3; Table 2).

Next,we sought to replicate ourassociation by interrogating ex-

isting GWAdata froma case–control studyofmultiple CHD pheno-

types undertaken in persons of European ancestry (34). A total of

367 CHD cases from that study also had LSLs. We, thus, looked

for association with our top chromosome 20 SNPs using those

367 cases and the full set of 5170 controls used in the original pub-

lication (from the Wellcome Trust Case Control Consortium—

WTCCC2).We observed a nominally statistically significant associ-

ation (P < 0.05; Table 2) with several of the overlapping SNPs and a

meta-analysis of the results from the two cohorts usingMETAL (35)

was statistically significant (combined P = 9.5 × 10−9 for rs3746446).

Heritability analysis

Previous studies have estimated the heritability of LSL using

family data only. The availability of genome-wide genotype

data allowed us to reassess the contribution of common variants

to the genetic determinants of these malformations (36,37). We

used genotyped SNPs from both cases and controls to estimate

the heritability ðh2
gÞ of LSL on the liability scale. Using individuals

of close European ancestry (1 SD of MDS components 1 and 2;

N = 2806) case h2
g was 0.335 (SE 0.079) (Fig. 4A); using all available

subjects regardless of ethnicity (N = 3409), case h2
g was 0.263

(SE 0.062) (Fig. 4B). Variance per chromosomeusing both themore

restricted sample set (Fig. 4C) and the full data set (Fig. 4D)

showed that chromosomes 2, 8, 1, 12 and 20 (in order) were

responsible for the five highest variances observed.

Functional annotation

Annotation and potential functional consequences of associated

SNPs on chromosomes 20 were explored visually in the Univer-

sity of California Santa Clara Genome Browser and investigated

using Ensembl Variant Effect Predictor (38), RegulomeDB (39),

GWAVA (40) and Genevar (41). We focused our analyses on eight

genotyped and imputed SNPs associated with LSLs (rs6088662,

Figure 2. Case–control association results. Manhattan plot (A) and QQ plot (B) of genotyped SNPs from the primary case–control association are shown.

Table 2. SNP association at chromosome 20 locus

CHR SNP BP Minor

allele

State MAF Association

Discovery

cases

(N = 789)

dbGaP

controls

(N = 2750)

Replication

cases

(N = 368)

WTCCC2

controls

(N = 5159)

Discovery Replication

OR P TDT

families

OR P

ORa Pa

20 rs6088662 33547633 G Imputed 0.24 0.18 0.22 0.19 1.57 2.8 × 10−8 – – 1.21 0.032

20 rs6120777 33560172 A Genotyped 0.21 0.15 0.18 0.16 1.59 5.2 × 10−8 1.368 0.009 1.18 0.080

20 rs6088667 33566722 G Genotyped 0.24 0.17 0.21 0.18 1.58 2.8 × 10−8 1.357 0.008 1.23 0.033

20 rs3746446 33574765 G Genotyped 0.24 0.17 0.21 0.18 1.59 1.7 × 10−8 1.336 0.012 1.23 0.034

20 rs3746444 33578251 C Genotyped 0.24 0.17 0.21 0.18 1.59 1.7 × 10−8 1.322 0.016 1.23 0.036

20 rs6088678 33607551 T Genotyped 0.24 0.17 0.21 0.18 1.59 1.7 × 10−8 1.336 0.012 1.23 0.033

20 rs6120804 33623701 A Imputed 0.24 0.17 0.21 0.18 1.59 1.2 × 10−8 – – 1.21 0.038

20 rs6088691 33633758 T Imputed 0.24 0.17 0.21 0.18 1.60 7.8 × 10−9 – – 1.21 0.036

20 rs6088703 33676049 A Imputed 0.24 0.17 0.21 0.18 1.63 3.0 × 10−9 – – 1.21 0.050

20 rs3746429 33703607 A Genotyped 0.21 0.16 0.19 0.16 1.52 9.8 × 10−7 1.231 0.075 1.21 0.043

20 rs6120849 33730387 T Genotyped 0.27 0.20 0.24 0.21 1.52 1.3 × 10−7 1.287 0.019 1.20 0.050

20 rs6060270 33736814 T Genotyped 0.27 0.20 0.24 0.21 1.53 8.7 × 10−8 1.287 0.019 1.19 0.041

20 rs6088732 33744134 T Genotyped 0.27 0.20 0.24 0.21 1.53 8.2 × 10−8 1.284 0.020 1.20 0.048

20 rs6088735 33745676 T Imputed 0.27 0.20 0.24 0.21 1.53 7.1 × 10−8 – – 1.19 0.040

20 rs6060278 33753262 C Imputed 0.27 0.20 0.24 0.21 1.52 1.3 × 10−7 – – 1.20 0.038

20 rs6060300 33780970 C Genotyped 0.23 0.17 0.21 0.18 1.51 4.7 × 10−7 1.287 0.022 1.15 0.133

CHR, chromosome; BP, base pair position (hg19); OR, odds ratio; TDT, transmission disequilibrium test.
a‘Combined’ TdT analysis from PLINK. ‘State’ refers to the discovery cohort; imputed variants in the replication cohort are italicized.
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rs6120777, rs6120804, rs6088691, rs3746429, rs6060270, rs6088735

and rs6060278) on chromosome 20.

Non-coding functional annotation of individual SNPs was

analyzed in RegulomeDB. Evidence of likely binding effect and

association with expression of a target gene was found for

rs6088662 (score 1d) and rs3746429 (score 1f). GWAVA scores for

the eight SNPs (Supplementary Material, Table S1) generally fell

close to the median for GWAS SNPs that have been externally

replicated (range, 0.03–0.61). The highest score was observed for

rs3746429 (region score = 0.30, TSS score 0.26 and unmatched

score 0.61), due to high-regional conservation (average Genomic

Evolutionary Rate Profiling (GERP) score 3.34), histone modifica-

tion and high-GC content (58.4%).

Haplotypes of SNPswere also annotated. Enhancer enrichment

analysis was performed in HaploReg, using the 1000 Genomes

Phase 1 European population for LD calculation and the Roadmap

EpigenomeMappingConsortiumdataset forenhancerenrichment

analysis. Statistically significant differences (uncorrected P < 0.05)

from background (1000 Genomes Pilot) were found for several

brain cell lines and a skeletalmuscle line (SupplementaryMaterial,

Table S2). Four overlapping haplotype blocks containing MYH7B

and TRPC4AP and four blocks containing EDEM2 were identified

(SupplementaryMaterial, Table S2). Multiple SNPS in LDwith asso-

ciated SNPs alter transcription factor binding motifs, including

CTCF sites in MYH7B, histone enhancer marks and DNAse sites.

Genevar cis-eQTL analysis was carried out using the data

input from the GenCord individuals, consisting of all three

tissues (fibroblast, lymphoblastoid cell line and T-cell) from um-

bilical cord samples (42) (1 Mb window P-value cut-off <0.001).

Using this data set, all eight SNPs were associated with expres-

sion of TRPC4AP (probe ILMN_2402805; Supplementary Material,

Fig. S3). Two SNPs (rs6088662 and rs6120777) were also associated

with expression of CEP250 in those tissues.

Post hoc power calculations

Calculations for post hoc power were performed in Quanto v1.1

(43). Based on an additive model, population frequency of LSLs =

0.001, sample size of cases = 780 and 4.5 unmatched controls

per case, this study had >0.80 power to identify risk alleles with

an odds ratio (OR) of 1.6 using SNPs withminor allele frequencies

between 0.15 and 0.50.

Discussion

LSLs are relatively common birth defects with significantmortal-

ity andmorbidity. Previous studies have suggested that a complex

genetic architecture underlies these defects (25)—although ana-

tomically distinct, they show co-segregation in families, have

high heritability, exhibit variation in birth prevalence among dif-

ferent populations, and have been shown to be caused by

chromosomal abnormalities, rare pathogenic CNVs (15–18), rare

pathogenic variants in single genes (29,30,44,45) and a variety

of environmental factors (46–48)—all hallmarks of complex gen-

etic traits. We, thus, applied methodologies commonly used to

dissect the contribution of common variation to a cohort of LSL

patients using both case–control and family-based trio designs

(the latter to address the issue of population stratification). We

demonstrate a genome-wide significant association between

LSLs and a region on chromosome 20, with evidence for replica-

tion; we also identified a candidate region on chromosome 1with

suggestive association just below genome-wide significance

that was not replicated. These two regions represent novel loci

that have not been identified in previous linkage, candidate

gene associations or CNV studies.

The associated region on chromosome 20 spans a ∼200 kb

region (genomic coordinates 33 547 633–33 753 262; hg19) that

includes five genes (Fig. 3). There are two compelling candidates

for genes contributing to LSL pathogenesis within this region.

MYH7B is an ancient duplicated gene (from MYH7, in which

pathogenic variants lead to cardiomyopathy) that contains a

micro RNA,miR-499A, in intron 19. Both are expressed in skeletal

muscle, some regions of the brain, ocular muscles and heart (49).

MYH7B displays frequent non-productive splicing resulting

in uncoupling of expression of miR-499A; it is subject to decay

and does not encode a functional protein, but miR-499A expres-

sion is preserved (50). Both are also known to be important in

cardiomyocyte development, proliferation and maintenance,

regulating expression of a number of developmentally important

cardiac genes (51). Multiple MYH7B transcription start sites are

Figure 3. The LocusZoom plot of association at chromosome 20 locus. Both imputed and genotyped SNPs are shown.
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present in the heart, with a 6.2 kb promoter region upstream of

MYH7B that is important in regulation of MYH7B transcription

(52). Binding by myogenic regulatory factors to an E-box element

and Eos to an Ikaros motif appear to regulate expression of

MYH7B/miR-499A (51), and lead to modulation of downstream

genesMYH1 and MYH7 via SOX6 (52).miR-499A is also important

in the pathogenesis of cardiac hypertrophy and cardiomyopathy

(53). To date, there are no convincing geneticmodels for congeni-

tal AS, CoA or HLHS, illustrating the challenge of functional valid-

ation in this class of disease. The identified gene regions,

therefore, stand as candidates to be investigated through

model-organism knockout and gene-editing projects that in-

clude efforts to characterize developmental and cardiac pheno-

types, such as the Knockout Mouse Phenotyping Program.

Although not reaching genome-wide significance in either

the discovery or combined discovery-replication cohorts, the re-

gion on chromosome 1 isworth highlighting as a potential candi-

date region for future studies. This 300 kb region on chromosome

1 includes seven genes, of which CTSS and CTSK, which encode

Cathepsins S and K, respectively, are attractive candidates as

they have been implicated in the pathogenesis of acquired AS

(54), heart failure secondary to hypertension (reviewed in 55),

and dilated cardiomyopathy (56). Also in the region, ARNT (aryl

hydrocarbon receptor nuclear translocator) is important in xeno-

biotic metabolism, involved in dioxin-related cardiac teratogen-

icity (57) and in development of cardiomyopathy (58). The

associated variants in this region are of relatively low frequency

[mean minor allele frequency (MAF) of 0.10]; thus, our ability to

Figure 4. Genome-wide SNP heritability for LSLs. The figure shows absolute (upper) and normalized plots (lower) for an ancestry-restricted sample set (within 1 SD of

MDS components 1 and 2) (A and C) and the full data set (B and D).
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confidently detect association at this locus is at the lower limit of

power for our sample size; however, the candidate genes in this

region warrant further scrutiny in larger LSL genetic studies.

Our study has several strengths. We confirmed the individual

LSLs by review of echocardiograms, cardiac catheterization or

surgical observation to ensure correct phenotyping, and did not

include those with known syndromic diagnoses or those with

large copy number losses (>1 Mb). Both case–control and trio-

based analysis were performed, allowing us to maximize the

number of subjects by including those for whom parental sam-

ples were unavailable, while also reducing the likelihood of

false-positive association from population stratification. We

were also able to replicate our observed association using data

from a separate, albeit smaller, LSL cohort. The combined data

set represents the largest genetic study of LSLs to date, including

over 1000 individuals (discovery plus replication); despite this,

our power to detect association is still modest, especially by cur-

rent standards for complex traits such as LSL. Our analysis sug-

gests that we have good power to identify association with an

OR >1.5 at genome-wide significance, but are much less powered

to identifymoremodest risk variants (withOR < 1.5 orMAF < 0.15)

of the kind seen in the bulk of GWAS conducted for similar traits.

Previous analyses of multiplex families with LSLs have iden-

tified a number of linkage peaks; although none of these directly

overlap the two suggested regions in our paper (23,28,29,59), a

linkage peak on 20q11 (LOD = 2.0) centered on marker D20S107

(Chr20: 38 882 511–38 882 844), is ∼4.5 Mb from the region identi-

fied here, providing some support for our association in that re-

gion. There have been six GWAS performed for CHDs to date

(34,60–64), although only one directly addressed the burden of

LSLs—Mitchell et al. (64) used a family-based approach to study

LSLs. They found significant associations with the case genotype

at 16q24.2 andwith thematernal genotype at 10p11.23; neither of

these loci were found at suggestive or genome-wide significance

in the present study, likely reflecting both the broad complexity

of the disease as well as methodological differences in study de-

sign. Neither study was able to replicate association at ERBB4—

one of the few candidate genes previously shown to be associated

with LSLs (33).Multiple CNV studies have also been performed for

CHDs, usually involving small cohorts. A meta-analysis of CNVs

found in CHDs catalogued nearly 70 recurrent events (65); how-

ever, no previously reported recurrent CHD associated CNV dir-

ectly overlaps our identified regions. The closest, most relevant,

recurrent CNV on 1q21.1 occurs ∼3 Mb centromeric to our region

at 1q21.3. The lack of consistently identified loci, despitemultiple

studies correlates with the known complexity and heterogeneity

of LSLs, but may also reflect ‘genetic disharmony’ with distinct

phenotypic classifications.

Finally, we present novel results revisiting the issue of herit-

ability of LSL, now informed by genome-wide molecular data.

These analyses support the previous conclusion that the overall

heritability is high and also give a perspective on the contribution

of common variants tagged by SNPs in our genome-wide data set.

While recognizing that the current study is underpowered to give

high-precision estimates of the contributions of individual chro-

mosomes, the broad conclusion that there are additional loci that

could be discovered in followon studieswith larger sample size is

well-supported. While investigation of rare pathogenic variants

with large effects is of great practical and theoretical importance,

the genetic architecture of CHDs will not be completely ac-

counted for without more thorough investigation of common

variant contributions. LSL, like all severe cardiac malformations,

reduce reproductive fitness. Alleles that have a large effect in in-

creasing risk of LSL or actually cause LSL as part of a more

complex syndrome, by necessity, have low-allele frequency and

are eliminated quickly in populations. Under a simplistic model

of mutation selection balance the aggregate allele frequency

should be very close to the newborn prevalence rate. It may,

therefore, seem counterintuitive that common alleles could con-

tribute to such a severe phenotype. However, it has been noted

that when risk-increasing alleles have a weak effect like those

typically detected in GWAS, then the associated selection coeffi-

cient is relativelymodest and the frequency of risk allelesmay be

dominated by drift, migration, bottlenecks etc. (66,67). Because

the proportion of the population harboring common risk alleles

is large compared with those bearing highly penetrant rare var-

iants, such common alleles can underlie a substantial fraction

of cases. This is reminiscent of other complex traits for which

both rareMendelian and common variants have been implicated

in disease risk; both in the same gene (LDL-R in hypercholesterol-

emia) and different genes (Presenillin and APOE in Alzheimer’s).

While the congenital nature of LSLs represents a distinct differ-

ence from later-onset diseases, the phenotypic spectrum of

LSLs (within the context of genetic modifiers of penetrance and

expression) allows for this model to hold true, as would one

where variants are pleiotropic in their manifestation and thus

intermediate in their allele frequency.

We provide evidence for association of LSLswith a novel locus

on chromosome 20q11, and proffer MYH7B/miR-499A as a candi-

date susceptibility gene in this region. Family-based analyses,

replication and previous linkage data support this hypothesis.

Our inability to replicate association at regions implicated by

other studies of this phenotype, further bolster the notion that

significant locus heterogeneity exists for LSLs. Consequently, fu-

ture studies that embrace larger and more collaborative study

samples will be of high value in ultimately understanding the al-

lelic spectrum of this complex phenotype.

Materials and Methods

Description of cohorts

Probands, parents (and other relatives) along with individual

cases (without parents) were enrolled from Texas Children’s

Hospital in Houston, Texas; Children’s Hospital in Linz, Austria

and Nationwide Children’s Hospital in Columbus, Ohio, under

IRB approved protocols.

Inclusion criteria consisted of a diagnosis of congenital AS,

CoA with or without BAV and/or ventricular septal defect, IAAA,

Shone complex,mitral valve stenosis or atresia, or HLHS. Diagno-

sis was confirmed by echocardiography, cardiac catheterization

or direct observation at surgery. Cases were excluded if they

had multiple congenital extra-cardiac anomalies or had a CHD

secondary to a known syndrome or single gene disorder.

Control data sets

Controls genotyped on Illumina Omni1-Quad platform were ob-

tained from the dbGaP, with permission. The Omni1-Quad plat-

form has a 97% SNP overlap with the Illumina OmniExpress

platform on which the LSL families were genotyped. Genotype

data from control individuals enrolled in the high-density SNP

association analysis of melanoma: case–control and outcomes inves-

tigation (phs000187.v1.p1) and from the GWAS of Parkinson disease:

genes and environment (phs000196.v2.p1) were used as our con-

trol reference group; both control groups were recruited from

within the USA. SNP genotypes in the control set were subject

to the same data QC (including MDS and ancestry stratification)

and analyses as the cases. In addition, we compared allele
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frequencies between cohorts by testing for allelic association

between the two groups. We did not observe any systematic

differences between these two control cohorts (Supplementary

Material, Fig. S4).

Genotyping and quality control

Genotyping of the LSL cohort (cases) was performed on an Illumi-

na iScan using the HumanOmniExpress-12 v1.0 BeadChip per the

manufacturer’s instructions. Extensive QCwas performed on the

resulting data. BeadChips with genotype call rates <98% were re-

moved. Data cleaning also included checks of gender, Mendelian

inheritance errors, inbreeding coefficient (F) for excess homozy-

gosity (>2 SDs) and heterozygosity (<2 SDs), Hardy–Weinberg

equilibrium (HWE), and assessments of relatedness in both

PLINK v1.07 (68) (IBD analysis with PI >0.10) and KING (69) (both

between and within family). Discrepancies in gender or inherit-

ance that could not be resolved resulted in removal of that

sample. Samples were also removed if there were Mendelian

errors in >1% of SNPs for a given trio (including misattributed

paternity), genotype call rates <98%, and large copy number

variations (>1 Mb) based on the Illumina Genome Studio plugin

CNVpartition (N = 20). Four identical pairs of samples (PI_HAT = 1)

were identified and one member of each pair (with the lower call

rate) was excluded. SNPs withMAF <5%, HWE P < 10−5 in controls,

or missingness by case/control status P < 0.0001, were also re-

moved from the analysis. All SNPs were mapped to genome

build hg19. Subsequent analyses focused on the autosomal

chromosomes.

Genome-wide association analyses

For case–control analyses, probands from trio and duo families

plus all singleton probands were used as potential cases. Geno-

types from these individuals were merged with the combined

dbGaP control data set in PLINK, and subject to additional data

QC to detect SNP-strand flips and remove ambiguous SNPs (A > T,

T > A, C > G and G > C changes; N = 2020). MDS was performed on

themerged data set using PLINK. The resultingMDS components

were used both to detect population outliers (N = 4) for removal

and as ancestry-related covariates in later analyses. For compari-

sonwith 1000 genomes super-populations (70,71), study samples

were merged with 1000 Genome Project samples (N = 2276) using

521869 SNPs common to both genotyping platforms. Subsequent

SNP and sample QC proceeded as outlined above.

Case–control genome-wide association was executed in PLINK

using logistic regression under an allelic disease model. The first

two MDS components and sex were used as covariates. SNPs

were deemed to be genome-wide significant if they had an un-

adjusted P < 5 × 10−8. Manhattan and QQ plots were generated

using the Rpackage ‘qqman’ in R version 3.2.2 (72). LocusZoomVer-

sion 1.1 (73) was used to create regional association plots. Genome-

wide inflation, based on median χ
2, was calculated in PLINK.

TDT analyses

TDTwas performed on trios and duos genotyped on the OmniEx-

press platform using PLINK. A final set of 601138 SNPs was used

for the analysis. We also performed family-based association

testing using the same families using the SNP and variation

suite PBAT add-on module Version 8 (Golden Helix); the results

were consistent across the two analyses.

Fine mapping analysis (imputation)

Imputation of SNPs on chromosomes 1 and 20 was implemented

for the case–control data set using a subset of SNPs with MAF

>0.05 and HWE P-value >10−3. SHAPEIT2 (74) was used to pre-

phase the chromosomes and Impute2 (75) was used for imput-

ation. As recommended, all of the available reference panels in

Phase 3 of the 1000 genomes project were used to infer geno-

types, and imputation was implemented in non-overlapping

5 Mb windows (with 250 kb buffer) across the genome using

the recommended default parameters. PLINK v1.90b3v (76) was

used to convert genotype probabilities of variants into hard geno-

type calls. Imputed SNPs with ‘INFO’ scores >0.9 were included,

resulting in a total of 447504 QC SNPs on chromosomes 1 and

20 available for subsequent association analyses.

Genome-wide heritability analysis

Genome-wide complex trait analysis version 1.24.4 (36,37) was

used for the heritability estimate analysis. Relatedness between

individuals that is not attributable to case–control status can

inflate measures of heritability; therefore, extensive QC and

inclusion of relevant covariates was implemented. First, the

genetic relationship between all pairs of samples was estimated

from all SNPs. One sample from each pair was removed if the

estimated relatednesswas >0.05 (approximately second cousins);

125 samples were removed from this step leaving 3409 samples

(659 cases and 2750 controls) for the primary analysis. The

estimated genetic relationship matrix was then fitted in a linear

mixed model to estimate proportion of phenotypic variance

accounted for by the SNPs via a restricted maximum likelihood

analysis. This method corrects for ascertainment bias in which

the proportion of cases in the sample is higher than the preva-

lence in the population, adjusts for the number of SNPs, and

transforms the variance estimate from the observed 0–1 scale

to the unobserved continuous liability scale. A population preva-

lence of 0.0016 was used for the transformation (24). Analyses

were performed to estimate the heritability on the liability

scale for SNPs on all chromosomes (autosomal) as well as on

individual chromosomes by including the individual chromo-

somes in a joint analysis. Sex and the first two MDS components

were included as covariates. In order to evaluate the effects of

population stratification on the heritability estimate, we also per-

formed the analyses in a homogeneous subset of the sample for

which the first and second MDS component values were within

1 SD of the mean in the first MDS component and 1 SD of mean

in the second MDS component considering all samples; for this,

2806 samples (508 cases and 2298 controls) were included in the

analysis. Forest plots were generated using the R package ‘forest-

plot’. All plots were generated in R version 3.2.2.

Supplementary Material

Supplementary Material is available at HMG online.
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