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identifies three genetic risk loci at CTNNA3, FOXF1/FOXC2/FOXL1,
and HNF1B
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Summary
Esophageal atresia with or without tracheoesophageal fistula (EA/TEF) is the most common congenital malformation of the upper diges-

tive tract. This study represents the first genome-wide association study (GWAS) to identify risk loci for EA/TEF.We used a European case-

control sample comprising 764 EA/TEF patients and 5,778 controls and observed genome-wide significant associations at three loci. On

chromosome 10q21 within the gene CTNNA3 (p ¼ 2.11 3 10�8; odds ratio [OR] ¼ 3.94; 95% confidence interval [CI], 3.10–5.00), on

chromosome 16q24 next to the FOX gene cluster (p ¼ 2.25 3 10�10; OR ¼ 1.47; 95% CI, 1.38–1.55) and on chromosome 17q12

next to the gene HNF1B (p ¼ 3.35 3 10�16; OR ¼ 1.75; 95% CI, 1.64–1.87). We next carried out an esophageal/tracheal transcriptome

profiling in rat embryos at four selected embryonic time points. Based on these data and on already published data, the implicated genes

at all three GWAS loci are promising candidates for EA/TEF development. We also analyzed the genetic EA/TEF architecture beyond the

single marker level, which revealed an estimated single-nucleotide polymorphism (SNP)-based heritability of around 37% 5 14% stan-

dard deviation. In addition, we examined the polygenicity of EA/TEF and found that EA/TEF is less polygenic than other complex genetic

diseases. In conclusion, the results of our study contribute to a better understanding on the underlying genetic architecture of ET/TEF

with the identification of three risk loci and candidate genes.
Esophageal atresia with or without tracheoesophageal fis-

tula (EA/TEF) (MIM: 189960) is the most common devel-

opmental malformation of the upper digestive tract.1 EA/

TEF comprises five anatomical subtypes that are classified
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the trachea. Around 50% of EA/TEF patients present with

additional malformations;3,4 the majority of these are de-

fects from the VATER/VACTERL association spectrum

(MIM: 192350).5,6

The birth prevalence of EA/TEF is around 1 in 4,1007 in

the European population and the recurrence risk in

children of affected individuals is approximately 1%–

2.4%.8–12 Thus, children of EA/TEF patients display an

80-fold increase in recurrence risk compared with the gen-

eral population. Besides this formal evidence for the

involvement of genetic factors in disease etiology, research

has shown that 6%–10% of EA/TEF patients carry chromo-

somal aberrations.3,4,6,8,13 The most frequently observed

aberrations are trisomy 13, 18, and 21 as well as 13q-,

17q-, and 22q11-deletion syndromes.13 Further evidence

for the involvement of genetic factors in EA/TEF etiology

is provided by the existence of more than 50 distinct

EA/TEF-related genetic syndromes, associations, and se-

quences.6,13,14 For several of these syndromes the causal

genes are known; for example, MYCN in Feingold syn-

drome 1 (MIM: 164280),15 GLI2 in Pallister-Hall syndrome

(MIM: 146510),16 and CHD7 in CHARGE syndrome (MIM:

214800).17 While these studies have generated insights

into the etiology of syndromic patients, the genetic causes

of non-syndromic EA/TEF remain elusive. The vast major-

ity of these cases most likely develop EA/TEF from a com-

plex genetic background.
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This study represents the first genome-wide association

study (GWAS) to identify genetic risk factors for non-syn-

dromic EA/TEF. In total we analyzed 764 patients and

5,778 ethnically matched controls who were part of

three different case-control cohorts. From Germany/the

Netherlands 450 cases and 4,420 controls were included,

from Sweden 167 cases and 971 controls, and from

Poland/Czech Republic 147 cases and 387 controls. A

detailed description of all cohorts is provided as supple-

mental information. All cohorts were genotyped using

high-density single-nucleotide polymorphism (SNP) ar-

rays. After quality control (QC) all three case-control co-

horts were subjected to imputation using the TOPMed

Imputation Server and TOPMed Reference panel.18–20 In

total, 9,140,693 imputed SNPs with R2 > 0.3 and a minor

allele frequency (MAF) of >1% in cases and a minor allele

count of >20 in cases and controls combined were then

tested separately in each cohort using PLINK2 logistic

regression with Firth correction.21 For this analysis, the

first five principal components were used as covariates. Af-

ter computing the associations at single cohort level we

performed a meta-analysis considering a fixed-effects in-

verse variance-weighting approach using METAL.22 A

detailed description of the genome-wide genotype data,

QC, imputation, and association analyses is provided as

supplemental information. The genomic inflation factor

lambda of the resulting GWAS meta-analysis was 1.08.
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The Q-Q and Manhattan plots are shown in Figures S1 and

S2. In total, three genomic regions—on chromosomes

10q21, 16q24, and 17q12—showed genome-wide signifi-

cant association with EA/TEF (Table 1).

On chromosome 10, the variant with the most signifi-

cant association to EA/TEF was rs187017665 (p ¼ 2.11 3

10�8; odds ratio [OR] ¼ 3.94; 95% confidence interval

[CI], 3.10–5.00) (Table 1; Figure 1). The SNP is located

within intron 15 of the gene CTNNA3 (catenin alpha 3)

(MIM: 607667), which encodes an actin-filament binding

protein that is a critical subunit of the cadherin-catenin

cell-cell adhesion complex.23 Although CTNNA3 has not

been described in the context of EA/TEF so far, it represents

an interesting candidate gene. At the protein level

CTNNA3 is a direct binding partner of CTNNB1 (b-cate-

nin), which plays a key role in the proliferation and

cellular differentiation of the intestinal epithelium during

embryogenesis.24 Accordingly, inactivation of CTNNB1

in mice leads to a TEF phenotype, which is one of the

most established models to study the biology of EA/TEF

development.25 The risk allele of rs187017665 is rare in

the European population (MAF < 0.005% according to

gnomAD26). Accordingly, public genomic data are sparse

for excluding that a deleterious coding variant in CTNNA3

is in linkage disequilibrium (LD) with the risk variant at

this locus. For that reason, we selected five patients car-

rying the EA/TEF-contributing risk allele at rs187017665

and sequenced all 17 coding exons of CTNNA3 (supple-

mental information). However, we could not identify any

functional-relevant variant within CTNNA3 (missense,

nonsense, or location in the splice-donor or effector site)

(data not shown).

On chromosome 16, the SNP with the most significant

EA/TEF association was rs8046904 (p ¼ 2.25 3 10�10;

OR ¼ 1.47; 95% CI, 1.38–1.55) (Table 1; Figure 1). The

risk locus harbors the FOX gene cluster, which comprises

FOXF1 (forkhead box F1) (MIM: 601089), FOXC2 (forkhead

box C2) (MIM: 602402), and FOXL1 (forkhead box L1)

(MIM: 603252). All three genes play an essential role

in foregut development.6,28 Furthermore, Stankiewicz

et al.29 identified risk conferring de novo deletions encom-

passing the FOX gene cluster in a series of patients with

alveolar capillary dysplasia with misalignment of pulmo-

nary veins syndrome (MIM: 265380) who also showed

gastrointestinal atresia, including EA/TEF. This further sup-

ports the importance of this locus in foregut development,

including EA/TEF. The lead risk SNP is in strong LD (r2 ¼
0.94) to rs931458 that is the other genome-wide signifi-

cant associated EA/TEF variant at this locus (Table 1) and

represents a promising risk conferring candidate, as this

SNP is an expression quantitative trait locus for the expres-

sion of FOXC2 in whole blood according to HaploReg

v.4.1.30 That gene regulatory effects likely represent the

pathomechanism at this locus has been already hypothe-

sized.31 Consistent with the data of the present GWAS

(Figure 1), the critical region in patients with microdele-

tions on chromosome 16q24 who show gastrointestinal
Hum
atresias is located upstream of the FOX gene cluster it-

self.31 However, based on the data available it would be

premature to favor an EA/TEF risk gene or a pathomechan-

ism at this locus.

On chromosome 17, the SNP with the most significant

association to EA/TEF was rs3094503 (p ¼ 3.35 3 10�16;

OR ¼ 1.75; 95% CI, 1.64–1.87) (Table 1; Figure 1). This

variant is located 16 kb upstream of the gene HNF1B

(HNF1 homeobox B) (MIM: 189907), which is a member

of the homeodomain-containing superfamily of transcrip-

tion factors and is required for the specification of the

visceral endoderm.32 Of note, previous studies have identi-

fied risk conferring de novo duplications comprisingHNF1B

in patients with syndromic EA/TEF.33 Furthermore, TEF

and other atresia phenotypes, such as biliary atresia and

duodenal atresia, have been reported in patients with

de novo HNF1B deletions or point mutations.34–36 Of the

GWAS-associated SNPs at this locus, rs3094503 is the

most probable causative EA/TEF variant since it is not in

high LD with any other SNPs (r2 < 0.5). In addition,

rs3094503 has a CADD score37 of 21 suggesting a possible

deleterious effect of this variant. Furthermore, according to

HaploReg v.4.1,30 rs3094503 is located in an enhancer that

is active in numerous embryonic and gastrointestinal tis-

sues and leads to the alteration of multiple transcription

factor binding sites. However, no study to date has re-

ported any direct influence of this variant on HNF1B

expression or function, maybe due to its temporo-spatial

specific expression.

We next used esophageal/tracheal transcriptome data

from rat embryos to get first insights into the gene expres-

sion profile at the identified EA/TEF GWAS loci. A detailed

description of this analysis is provided as supplemental in-

formation. In brief, transcriptome-wide expression ana-

lyses were performed using esophageal/tracheal tissue

from four selected embryonic time points (embryonic

day 11 [E11], E12, E13, and E14). Research indicates that

these time points are crucial in terms of EA/TEF develop-

ment.25 In addition, esophageal tissue from E21 was used

to represent a time point of no relevance to EA/TEF devel-

opment. For each time point esophageal/tracheal RNA

from five embryos were used and expression profiling

was performed using QuantSeq (Lexogen, Vienna, Austria)

and a HiSeq 2500 platform (Illumina, San Diego, USA).

QuantSeq is an RNA quantification method, in which

next-generation sequencing libraries are sequenced at the

end of the 30 poly(A) tail and then quantified in a subse-

quent analysis.38 Of all expressed rat embryonic tran-

scripts, 14,075 could be annotated in the human genome

via Ensembl biomaRt homology mapping.39 In each of

the three implicated GWAS regions we focused on the

expression of all genes localized within a 500 kb window

surrounding the most significant associated EA/TEF

variant. The corresponding genes at each locus are shown

in Figure 1. On human chromosome 10q21 we observed a

significant differential expression of Ctnna3 in embryonic

tissues (mean expression E11–E14) compared with E21
an Genetics and Genomics Advances 3, 100093, April 14, 2022 3



Table 1. SNPs with genome-wide significant association in the present EA/TEF GWAS

SNP Chr Pos in bp EA OA

Meta-analysis Germany/the Netherlands Poland/Czech Republic Sweden

p OR 95% CI Ca Co p OR 95% CI Ca Co p OR 95% CI Ca Co p OR 95% CI

rs187017665 10 66,039,525 A G 2.11 3 10�8 3.94 3.10–5.00 0.021 0.006 1.23 3 10�7 4.42 3.36–5.81 0.003 0.001 – – – 0.018 0.007 0.043 2.74 1.69–4.46

rs183405336 10 66,076,833 C T 3.03 3 10�8 3.87 3.05–4.91 0.021 0.006 1.43 3 10�7 4.39 3.34–5.77 0.003 0.001 – – – 0.018 0.008 0.051 2.63 1.62–4.25

rs552788622 10 66,236,447 C CTG 4.78 3 10�8 3.78 2.98–4.79 0.021 0.006 2.05 3 10�7 4.29 3.27–5.64 0.003 0.004 – – – 0.018 0.008 0.055 2.56 1.59–4.12

rs931458 16 86,372,699 C A 1.43 3 10�9 1.43 1.35–1.51 0.637 0.556 2.40 3 10�7 1.46 1.36–1.57 0.633 0.531 0.007 1.56 1.33–1.83 0.623 0.563 0.047 1.27 1.13–1.43

rs8046904 16 86,373,131 G C 2.25 3 10�10 1.47 1.38–1.55 0.666 0.585 2.73 3 10�7 1.48 1.37–1.59 0.637 0.541 0.019 1.48 1.26–1.74 0.677 0.592 0.004 1.43 1.27–1.62

– 17 37,667,572 CT C 5.90 3 10�10 1.55 1.45–1.67 0.208 0.153 2.23 3 10�5 1.47 1.35–1.61 0.172 0.163 0.747 1.07 0.87–1.32 0.298 0.171 1.42 3
10�7

2.04 1.79–2.33

rs8069412 17 37,670,030 G A 2.59 3 10�10 1.57 1.46–1.68 0.209 0.153 1.44 3 10�5 1.48 1.36–1.62 0.173 0.166 0.812 1.05 0.85–1.30 0.300 0.171 6.11 3
10�8

2.09 1.83–2.38

rs3094503 17 37,670,407 C A 3.35 3 10�16 1.75 1.64–1.87 0.268 0.179 3.35 3 10�11 1.76 1.62–1.92 0.198 0.180 0.699 1.08 0.88–1.33 0.310 0.181 5.80 3
10�8

2.10 1.84–2.40

For each variant the chromosomal position (Chr, Pos) is given in bp according to hg38. The allele frequency for each SNP in cases (Ca) and controls (Co) refers to the effect allele (EA). The allele frequency of the other allele
(OA) is not shown. p values (p), odds ratio (OR), and the corresponding 95% confidence interval (CI) are shown. The frequency of risk alleles for SNPs on chromosome 10q21 were too small (<0.005) in Polish/Czech controls,
and no association was determined. In addition, no rs number is available for one associated SNP on chromosome 17q12. In Table S1 the frequency of genotypes is shown for all listed variants in each cohort together with
information on Hardy-Weinberg equilibrium (HWE) in Table S2. Of note, none of these SNPs showed a deviation of HWE (all p> 0.16) indicating that copy number variants encompassing the implicated regions are unlikely to
be present in a considerable proportion of patients. The high imputation quality of all listed SNPs in all samples can be obtained from Table S3 (all SNPs with an imputation quality score>0.9). Furthermore, for all listed SNPs
marginal significant heterogeneity of association across cohorts were observed only for two SNPs on chromosome 17 (Table S4). Table S5 lists all associations after applying genomic control to the GWASmeta-analysis dataset.
While the associations on chromosome 16q24 and 17q12 remain genome-wide significant after this control, the association on chromosome 10q21 is slightly above the threshold of genome-wide significance (p ¼ 7.00 3
10�8 for rs187017665).
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Figure 1. Regional association plot at chromosome 10q21 (A), 16q24 (B), and 17q12 (C) across a 500 kb window using LocusZoom
(Pruim et al.27). Association results of individual SNPs are plotted as –log10 p values (left y axis) against chromosomal position (x axis).
The right y axis shows the recombination rate, as estimated from the 1000 Genomes population. The purple diamond represents the
variant with the most significant association to EA/TEF. The LD of variants to the lead associated SNP is given as color-coded r2.
(outside of the relevant developmental time frame) (p ¼
5.53 3 10�4) (Figure S3). On human chromosome 16q24

only Foxc2 of the FOX gene cluster showed a significant

differential expression at embryonic stages (p ¼ 5.17 3

10�10). In addition, we observed a slightly less significant

differential embryonic expression of Irf8 at this locus

(p ¼ 1.32 3 10�4) (Figure S3). On human chromosome

17q12 the embryonic expression of Hnf1b differed most

significantly compared with E21 and other genes at this lo-

cus (p¼ 1.853 10�8) (Figure S3). However, alsoDdx52 and

Tada2a showed a significant differential embryonic expres-

sion at this locus (p ¼ 2.35 3 10�6 and p ¼ 6.1 3 10�7)

(Figure S3). The data further support that the genes

CTNNA3, FOXC2, and HNF1B may be involved in EA/TEF

development and, thus, represent promising candidates

for upcoming functional studies.

Finally, we examined the genetic EA/TEF architecture

beyond the single marker level. We used the LD score

regression method,40 which allows the collective analysis

of common GWAS variants to estimate the SNP-based her-

itability. This revealed that a substantial fraction of EA/TEF

heritability is polygenic with an estimated SNP-based her-

itability of 37.64%5 14.17% standard deviation (SD). The

large SD most probably reflects the relatively small study

sample. The GWAS data were also used to annotate and pri-
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oritize EA/TEF relevant SNPs and genes using FUMA.41

FUMA is an integrative web-based tool that applies infor-

mation from multiple biological resources to facilitate

functional annotation of GWAS results and prioritization

of disease genes. However, none of the FUMA findings us-

ing our EA/TEF GWAS data were significant (data not

shown), most likely because FUMA mainly uses data

derived from adult tissues. As in research into other devel-

opmental diseases—for example, non-syndromic cleft lip

with or without cleft palate (nsCL/P)42—this study gener-

ated comparatively high heritability estimates and

genome-wide significant associations using a relatively

small GWAS sample. The limited amount of tissue affected

in developmental diseases and the fact that they arise

within a narrow embryonic time-period suggest that the

genetic architecture of developmental conditions is less

complex than that of other multifactorial disorders. To

test this hypothesis we applied GENESIS,43 which uses

GWAS data and allows the estimation of effect-size distri-

bution for genetic risk variants underlying complex ge-

netic phenotypes. GENESIS has shown before that there

is a wide diversity in the degree and nature of polygenicity

across different complex genetic traits, with major depres-

sive disorder (MDD) as a psychiatric disease being most

polygenic and Crohn’s disease (CD) as an inflammatory
0.02

Phenotype
CD

EA/TEF

MDD

nsCL/P

Figure 2. Estimated effect-size distribu-
tions for risk SNPs associated to esophageal
atresia with or without tracheoesophageal
fistula (EA/TEF), non-syndromic cleft lip
with or without cleft palate (nsCL/P), major
depressive disorder (MDD), and Crohn’s
disease (CD) according to GENESIS (Zhang
et al.43). The GWAS data for MDD and CD
were drawn from GENESIS and represent
extreme phenotypes for diseases with
high and low polygenicity. In addition to
EA/TEF, GWAS data on nsCL/P was used
as another developmental disorder. The x
axis represents the joint effect sizes of dis-
ease-contributing SNPs, while the y axis
shows their probability density of joint ef-
fect sizes. Distributions with flatter tails
imply that the underlying diseases have
relatively greater numbers of risk SNPs
with larger effect size.
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bowel disease being less polygenic.43 The analysis with our

EA/TEF GWAS data and GWAS data on MDD and CD pro-

vided by GENESIS43 showed that EA/TEF is indeed compar-

atively less polygenic (Figure 2). The comparison of the

number of SNPs in the tail regions of effect-size distribu-

tions showed that EA/TEF has distinctly larger numbers

of SNPs with moderate-to-large effects than MDD as a psy-

chiatric disease. Finally, we analyzed another GWAS data-

set to determine whether other developmental disorders

are also comparatively less polygenic. For this we used

GWAS data for nsCL/P (399 cases, 1,318 controls).42 We

found that this developmental disorder is also less poly-

genic than other complex genetic phenotypes (Figure 2).

In summary, we present the first GWAS in EA/TEF that

led to the identification of three genome-wide significant

associated disease loci. The lead risk variant on chromo-

some 10 is located within CTNNA3, which is a direct inter-

action partner of CTNNB1 on the protein level. Notably,

CTNNB1 inactivation leads to TEF in mice, which repre-

sents one of the most studied EA/TEF animal models.25

The EA/TEF risk locus on chromosome 16 harbors the

FOX gene cluster and on chromosome 17 HNF1B, all of

these genes play an important role in foregut develop-

ment.6,28,32 Moreover, de novo deletions and/or duplica-

tions involving these genes have been already implicated

in EA/TEF development.29,33 Based on these findings, func-

tional studies are now required to identify the underlying

disease mechanisms and downstream pathways. Further-

more, our data show that a substantial fraction of EA/TEF

heritability is polygenic with an estimated SNP-based her-

itability of around 37% 5 14% SD. Given our GWAS sam-

ple size, this is a comparatively high estimate suggesting

that EA/TEF as a developmental disorder is less polygenic

than other complex genetic traits, which we could confirm

using GENESIS.
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