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that support a polygenic model for CDH

genetic architecture.
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Summary
Congenital diaphragmatic hernia (CDH) is a severe congenital anomaly often accompanied by other structural anomalies and/or neuro-

behavioral manifestations. Rare de novo protein-coding variants and copy-number variations contribute to CDH in the population. How-

ever, most individuals with CDH remain genetically undiagnosed. Here, we perform integrated de novo and common-variant analyses

using 1,469 CDH individuals, including 1,064 child-parent trios and 6,133 ancestry-matched, unaffected controls for the genome-

wide association study. We identify candidate CDH variants in 15 genes, including eight novel genes, through deleterious de novo var-

iants. We further identify two genomic loci contributing to CDH risk through common variants with similar effect sizes among Euro-

peans and Latinx. Both loci are in putative transcriptional regulatory regions of developmental patterning genes. Estimated heritability

in common variants is �19%. Strikingly, there is no significant difference in estimated polygenic risk scores between isolated and com-

plex CDH or between individuals harboring deleterious de novo variants and individuals without these variants. The data support a poly-

genic model as part of the CDH genetic architecture.
Introduction

Congenital anomalies are the leading cause of death dur-

ing the first year of life and account for half of all pediatric
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hospitalizations.1 Congenital diaphragmatic hernia (CDH)

(MIM: 142340) is a congenital anomaly characterized by

incomplete closure of the diaphragm early in gestation

and herniation of fetal abdominal organs into the chest.
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Herniation causes compression of the developing lungs,

leading to lung hypoplasia and altered pulmonary vascular

development, which clinically manifests as pulmonary hy-

pertension. Additional primary defects in lung develop-

ment might be pleiotropic effects of genes involved in dia-

phragm development.2,3 CDH affects �1/3,000 live births

and is associated with highmorbidity andmortality. About

60% of CDH is isolated, and 40% is associated with other

congenital anomalies (‘‘complex’’). The most common

additional anomalies include cardiovascular, neurodeve-

lopmental, gastrointestinal, skeletal, genitourinary, and

kidney defects; other pulmonary defects; and cleft lip

and/or cleft palate.4 Despite advances in genetic testing,

fetal interventions, postnatal extracorporeal membrane

oxygenation (ECMO), and gentle-ventilation strategies,

CDH continues to be associated with �35% mortality

worldwide; there is higher mortality for complex CDH.5

The common pathology in pulmonary development in

the setting of CDH includes reduced airway branching

and alveolar surface area, decreased pulmonary vasculari-

zation, aberrant vascular smooth-muscle-cell development

with increased pulmonary arterial muscularization, and

cardiac hypoplasia.4 There is significant heterogeneity in

the degree of pulmonary and vascular remodeling across

CDH individuals, and clinical severity is variable.6,7 The

etiology of CDH is most likely multifactorial and probably

includes maternal factors (age, micronutrients, and preges-

tational metabolic disease),4 fetal microenvironmental

influences on gene expression,8,9 and genetic factors (chro-

mosomal, rare inherited, and de novo).4 Understanding the

genetics and associated phenotypes of CDH can help with

prognosis and guide clinical care. Genetic diagnoses are

identified in �30% of CDH; variants in individual genes

contribute to at most 1–3%. We previously screened for

copy-number variants in a subset of the cohort and identi-

fied variants in 4.2% (31/734 individuals).10,11 The most

common genetic group of known CDH risk factors (identi-

fied in 13%–22% of individuals) is rare de novo variants of

large effect size, as is typical for neonatal diseases with

high mortality and low reproductive fitness.12,13 We

recently identified both de novo and ultra-rare inherited

variants in LONP1, LON peptidase 1 (mitochondrial), as ge-

netic contributors to CDH, suggesting a more complex

genetic architecture.3 Affected individuals with LONP1

variants had variable clinical phenotypes with a higher

requirement for ECMO and higher mortality than those

without LONP1 variants. Lung epithelial-specific deletion

of Lonp1 inmice resulted in perinatal death due to lung hy-

poplasia. Despite these advances in identification of genes

with CDH-causative variants, most CDH in the population

remains unexplained.

To identify additional genetic causes of CDH, we per-

formed rare de novo variant analysis in an expanded CDH

trio cohort. Because CDH-associated comorbidities and

outcomes are heterogeneous in nature, we hypothesized

that common variants might play a role in CDH risk.

Therefore, we also performed a case-control genome-wide
2 The American Journal of Human Genetics 111, 1–20, November 7,
association study (GWAS) with common variants (single-

nucleotide polymorphisms, SNPs). Using a CDH cohort

of 1,469 participants of the Diaphragmatic Hernia

Research & Exploration; Advancing Molecular Science

(DHREAMS) study14 combined with CDH individuals

from Boston Children’s Hospital and Massachusetts Gen-

eral Hospital (Boston cohort),15 we identified eight novel

candidate genes on the basis ofR2 de novo variants in con-

strained genes with high diaphragm expression. We

defined novelty by the presence of previous reports of no

more than one individual with a rare variant associated

with a developmental syndrome and CDH (see references

for reviews16,17,18). We estimated that these monogenic

factors confer relative CDH risk ranging from 10 to 30.

We also identified two susceptibility loci of common vari-

ants with replication in an independent cohort. Variant

annotation indicated that the lead SNPs, SNP rs55705711

(chromosome 3) and SNP rs7777647 (chromosome 7),

aremost likely located in transcriptional regulatory regions

of established developmental patterning genes. Together,

the data support the contribution of polygenic risk as

part of the CDH genomic architecture.
Methods

Ethics approval and consent to participate
This study was approved by the institutional review boards of

Columbia University IrvingMedical Center, Boston Children’s Hos-

pital, Massachusetts General Hospital, University Hospital Bonn,

and Erasmus MC Sophia Children’s Hospital and by the individual

review boards at each of the DHREAMS enrolling centers’ institu-

tions. All CDH individuals have signed consent forms which are

on file at Columbia University Irving Medical Center, Boston Chil-

dren’sHospital,MassachusettsGeneralHospital,UniversityHospital

Bonn, or ErasmusMCSophiaChildren’s Hospital.Written informed

consent for publication was obtained at enrollment. No protected

health information on any individuals enrolled for this study have

been forwarded to the data analyzing group. All research using these

CDH samples conformed to the principles of the Helsinski

Declaration.

Study subjects and controls
We enrolled 1,469 participants who were part of the DHREAMS

study14 or Boston cohort15 and had a radiological confirmation

of a diaphragm defect. Clinical data were collected prospectively

from medical records and entered into a central REDCap data-

base.19 Blood, skin biopsy, or saliva specimens were collected

from 1,064 affected child-parent trios and 405 singletons for ge-

netic analyses (Table S1).

Participants were classified as having isolated or complex CDH

on the basis of the presence of a diaphragm defect alone (isolated)

or at least one additional structural congenital anomaly (i.e.,

congenital heart defect, central nervous system anomaly, gastroin-

testinal anomaly, skeletal anomaly, genitourinary anomaly, or

cleft or lip palate), moderate to severe developmental delay, or

other neuropsychiatric phenotypes (complex). Pulmonary hypo-

plasia, cardiac displacement, intestinal herniation, and pulmo-

nary hypertension were considered to be part of the diaphragm

defect sequence and not independent malformations. Participant
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health history data, including postoperative pulmonary hyperten-

sion; mortality or survival status prior to initial discharge; and

ECMO intake were collected as described previously.10 The study

was approved by the institutional review boards of all partici-

pating centers and Columbia University Irving Medical Center,

and signed informed consent was obtained.

We conducted de novo variant analysis by using 1,064 trios

with genome or exome sequencing and a discovery genetic associ-

ation analysis by using 1,443 affected individuals with genome

sequencing. A subset of participants (n ¼ 827) were described in

our previous studies.10,11,20 The discovery control group consisted

of 6,133 unaffected parents with genome sequencing data

(Table S1) from Simons Powering Autism Research for Knowledge

(SPARK)21 (data available under managed access from Simons

Foundation Autism Research Initiative [SFARI]).

The replication cohort consisted of 450 German and Dutch

CDH-affected individuals recruited at the University Hospital of

Bonn, University Hospital ofMannheim, or ErasmusMedical Cen-

ter, Rotterdam. Radiological confirmation of diaphragm defects

showed that 79.6% (358/450) had left-sided hernias and that

71.3% (n ¼ 321) were isolated vs. 25.1% (n ¼ 113) complex

CDH (3.6% unknown). Of the individuals with complex CDH,

37.2% had congenital heart disease (CHD), 16.8% neurodegener-

ative disease (NDD), 12.4% genitourinary anomalies, 6.2% skeletal

anomalies, and 2.7% gastrointestinal anomalies and/or cleft lip or

palate. Blood or saliva specimens were obtained from all partici-

pants for genetic analyses. The study was approved by the local

ethics boards of each institution (protocol no. 193.948/2000/

159, addendum numbers 1 and 2) and adhered to guidelines of

the Declaration of Helsinki. Written informed consent was ob-

tained from all participants or their guardians. The control cohort

consisted of 4,144 unaffected German individuals from the Heinz

Nixdorf Recall Study22 and 671 unaffected Dutch parents of chil-

dren with various conditions (developmental delay, intellectual

disability, or major congenital anomalies) admitted to Erasmus

Medical Center and referred for trio copy-number variant analysis.
Genome sequencing
Of 642 new participants with CDH in the discovery cohort, 637

were sequenced after genomic libraries were prepared with the

Illumina TruSeq DNA PCR-Free Library Prep Kit (Illumina, San

Diego, CA. USA). Five were sequenced after libraries were prepared

with the TruSeq DNA PCR-Plus Library Prep Kit. All CDH samples

had an average fragment length of �350 bp and were sequenced

on the Illumina HiSeq X platform, generating 150 bp paired-end

reads. SPARK control samples were sequenced on the Illumina

NovaSeq 6000 system21 (Table S1).

Sequencing data of affected and control individuals were pro-

cessed on a pipeline implementing GATK Best Practice v.4.0 as

described.20,23 In brief, we used BWA-MEM24 to map and align

paired-end reads to human reference genome GRCh38/hg38, Pic-

ard v.1.9325 MarkDuplicates to identify and flag PCR duplicates,

and GATK v.4.126 HaplotypeCaller to generate individual-level

gVCF files from the aligned sequence data. We then performed

joint calling of variants subdivided into batch 1 (n ¼ 762 cases

and 4,031 controls, primarily from our previous report11) or batch

2 (681 cases and 2,102 controls, new samples) (Table S1). Variant

quality score recalibration was performed with GATK. Sample

sex was validated by comparison of the ratio of heterozygous to

homozygous genotypes on X chromosomes, which also identified

chromosomal aneuploidies (Figure S1A).
The Am
De novo variant quality control and annotation
Of 642 CDH-affected participants not previously sequenced,11 237

were complete proband-parent trios and were used for calling de

novo variants that were present in proband genomes but absent in

both parents.We limited genome sequencing data to coding regions

on the basis of coding sequences and canonical splice sites of

all GENCODE v.27 coding genes (https://www.gencodegenes.org/

human/release_27.html).We used a series of heuristic filters to iden-

tify de novo variants as previously described.11 Inclusion criteria were

that variants passed the VQSR filter with tranche %99.8 for SNVs

and%99.0 for indels, hadGATK’s FisherStrand%25, andhadquality

by depthR2.We required candidate de novo variants in probands to

haveR5 reads supporting the alternative alleles, R20% alternative

allele fraction, minimum Phred-scaled genotype quality ¼ 60, and

population allele frequency %0.01% in gnomAD v.2.1.1 (https://

gnomad.broadinstitute.org/downloads#v2-liftover), and we required

both parents to have R10 reference reads, <5% alternative allele

fraction, and genotype quality R30. DeepVariant27 was applied

to all candidate de novo variants for in silico confirmation and

only included the ones with PASS filter. We manually inspected

all coding de novo variants in the Integrated Genomics Viewer28

to rule out strand bias, end read, and repeat region artifacts. We

aligned sequencing reads from the proband, mother, and father

to confirm the de novo nature of the variants.

We used Ensembl Variant Effect Predictor29 (VEP, Ensemble 102)

andANNOVAR30 to annotate functional consequences, variantpop-

ulation frequencies, and in silico predictions of deleteriousness. All

coding de novo variants were classified as synonymous, missense, in-

frame, or likely gene-disrupting (LGD, including frameshift indels,

canonical splice sites, and nonsense variants). We defined delete-

rious missense variants (D-mis) by phred-scaled combined annota-

tion dependent depletion score R20 (CADD version 1.4).31 Con-

strained genes were defined by gnomAD estimated probability of

loss-of-function intolerance (pLI) R0.5,32 and all remaining genes

were treated as other genes. We used a less stringent pLI threshold

than previously suggested33 for defining constrained genes because

it capturedmore knownhaploinsufficient genes important for heart

and diaphragm development. To compare the characteristics be-

tween CDH individuals with and without likely damaging variants

for common variant-related downstream analysis, we defined likely

damagingvariants asdenovoLGDorD-mis inCDHknown riskgenes

(see references for reviews16,17,18) or constrained genes.
Common-variant discovery: Quality control and

imputation
We used KING34 to resolve cryptic relatedness up to the third degree

(Figure S1B) by keeping one sample of each pair. Using principal-

component analysis (PCA), we compared individuals from discov-

ery affected and control individuals to population panels from the

1000 Genomes Project (https://www.internationalgenome.org) to

identify individuals who were more genetically similar to reference

panels and evaluate population structure as implemented by Peddy

v.0.4.835 (Figure S2). Unrelated affected and control individuals in

the same ancestry groups were merged into one dataset for quality

control and downstream analysis. We excluded SNPs with <20

reads, phred-scaled genotype quality < 20, and minor-allele fre-

quency (MAF) < 0.01, that were successfully genotyped in <95%

of individuals, and that had a Hardy-Weinberg equilibrium test

p value< 13 10�6. Then, we performedmore rigorous quality-con-

trol measures to remove erroneous genotype calls. SNPs were

excluded on the basis of missing-genotype rate differences between
erican Journal of Human Genetics 111, 1–20, November 7, 2024 3
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affected and control individuals; location in repeat masker regions

(https://www.repeatmasker.org); no call in TOPMed Freeze 836;

and MAF differences between discovery control individuals and

ancestry-matched gnomAD3.1.1 non-neuro individuals.37

Genome-wide imputation for non-genotyped autosomal SNPs

was carried out with Michigan Imputation Server v.1.7.1.38 Phase

3 with 303 coverage of 1000 Genomes39 was used as the reference

for imputing genotypes after phasingwith Eagle v.2.4.40 Imputation

was based on genotyped SNPs that met genotyping quality-control

criteria. Imputed SNPs with imputation r2 (i.e., estimated squared

correlation between imputed and actual genotypes) < 0.8 were

excluded. Data for imputed SNPs with MAF < 1% or for SNPs

imputed in <90% of individuals were also excluded from all statis-

tical analyses.
Statistical analysis
De novo variant burden and extTADA analyses

We used a previously described model41 to calculate baseline

mutation rates for different classes of de novo variants in each

GENCODE coding gene (https://www.gencodegenes.org/human/

release_27.html). The observed number of variants in each gene set

and group of affected individuals was then comparedwith the base-

line expectation via a Poisson test. To identify risk genes on the basis

of de novovariants,we used anempirical Bayesianmethod, extended

transmission, and de novo association (extTADA).42 The extTADA

model was developed on the basis of a previous integrated empirical

Bayesian model TADA43 and estimates mean effect sizes and risk-

gene proportions from genetic data by using the Markov Chain

Monte Carlo process. To inform the parameter estimationwith prior

knowledge of developmental disorders, we stratified the genes into

‘‘constrained’’ and ‘‘other’’ genes and then estimated the parameters

by applying the extTADAmodel to each group of genes as described

previously.11After estimating theposterior probability of association

of individual genes in each group, we combined both groups to

calculate a final false-discovery rate (FDR) for each geneusing the ex-

tTADA procedure.

Genome-wide association analysis

The association of CDHwith alternate allele dosage (0, 1, or 2) was

assessed with a logistic genetic model (Equation 1), including both

genotyped and imputed SNPs. Within each ancestry case-control

merged group, we performed principal-component analysis to

control for population stratification by using Peddy.35 In the dis-

covery dataset, we adjusted the association analysis for covariates,

sex and the first four principal components, by using a logistic

regression implemented in PLINK 1.0744:

phenotype ¼ 1
� �

1þ e�ðgenotypeþcovariatesÞ� (Equation 1)

Genome-wide significance was set at p < 5 3 10�8. Manhattan

and quantile-quantile plots were generated with the qqman pack-

age45 in R v.4.1.0. LocusZoom v.1.446 was used for creating

regional association plots. Genome-wide inflation values were

calculated with Cochran’s Q statistic c2 to test for heterogeneity

between groups in stratified analyses.

Replication cohort and meta-analysis

Replication case and control genotyping was performed with the

Illumina Infinium Global Screening Array v.1.0 (Dutch controls) or

v.2.0 (all affected individuals andGerman control individuals). Sam-

ples were excluded if the computed sex did not match the sex re-

ported in medical records or the Illumina-based genotype call rates

were <98%. Relatedness was calculated with KING, and only one

sample was included if kinship coefficients suggested a 3rd-degree
4 The American Journal of Human Genetics 111, 1–20, November 7,
orhigher relationship (threshold> 0.0442).34 Principal components

of affected-individual, control-indivdiual, and reference samples

from the 1,000 Genomes Project Phase 347 were calculated with

PLINK. Individuals with CDH and control samples clustering with

non-European populations from the 1,000 Genomes Project were

removed. Principal-component analysis was performed on the re-

maining affected and control individuals, and samples that deviated

R6 standard deviations from the first or second principal compo-

nents were excluded. Genotypes were phased with SHAPEIT v.248

and then imputed via IMPUTE2 v.2 (hg19)49 with the 1,000

Genomes Project data as a reference. Variants with IMPUTE2

score <0.6 or minor-allele count <20 were excluded. Finally, 216

German and 178 Dutch CDH-affected individuals and 4,144

German and 675Dutch control individuals were included in the ge-

netic analyses. From these samples, 12,137,928 variants were suc-

cessfully genotyped or imputed.

To merge the discovery and replication datasets, we performed a

standard fixed-effects meta-analysis, implemented in METAL, on

the basis of the estimated log odds ratios (ORs) and their standard

errors.50

For association loci reaching genome-wide significance, we per-

formed conditional analyses in PLINK,44 by conditioning on the

lead SNP at each locus, to test for the number of independent sig-

nals. To compare the role of common genetic variants by presence

of isolated versus complex CDH, sex, and the presence or absence

of damaging de novo variants, we used Fisher’s exact test. The

numbers of affected individuals with different genotypes for

genome-wide significant SNPs were tested for nonrandom associ-

ation with the three CDH categorical subset groupings.

Power estimation

To determine the power and sample size required for replication,

we tested the probability of rejecting the null hypothesis, H0

(here, effect size b ¼ 0), at given significance thresholds when

the data follow a specific alternative hypothesis, H1. Here, H1 is

specified by counts of affected and control individuals, MAF, and

effect size. We set the significance threshold for GWAS at

p < 5 3 10�8 and replication at p < 0.05.
SNP heritability and polygenic risk score
SNP-based heritability

We used the linkage disequilibrium score regression software

tool51 to estimate SNP-based heritability of CDH with discovery

summary statistics after adjusting for sex and the top four prin-

cipal components. Because CDH-affected individuals were more

prevalent in the discovery dataset than in the general population,

SNP heritability estimates are given on a liability scale that as-

sumes a prevalence of 1/300014 and a range of prevalence of

0.01%–0.05% to test the effect of prevalence by additivity.

Variance explained by significant SNPs

To estimate the variance explained by independent genome-wide-

significant SNPs, we estimated R2 as a goodness-of-fit measure in

logistic full Equation 1 and the null formula (Equation 2) separately:

phenotype ¼ 1
� �

1þ e� covariates
�

(Equation 2)

The variance explained per independent SNP was calculated as

the R2 difference (DR2) between the full and null models.

For calculation of polygenic risk scores (PRSs), we randomly

separated the discovery affected and control individuals from

the European cohort into training (n ¼ 502 affected individuals;

n ¼ 2,282 control individuals) and test (n ¼ 503 affected individ-

uals; n ¼ 2,283 control individuals) sets while maintaining similar
2024
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Table 1. Clinical phenotypes of 1,469 participants with CDH from the discovery cohort

Characteristics Number Percent

Sex

Male 867 59.0%

Female 602 41.0%

Ancestrya

European 1,047 71.3%

African American 104 7.1%

Latinx 206 14.0%

East Asian 26 1.8%

South Asian 27 1.8%

Other 59 4.0%

CDH side

Left 1,047 71.3%

Right 209 14.2%

Bilateral/Center/Eventration/Other 68 4.6%

Unknown 145 9.9%

Timing of enrollment

Fetal 83 5.7%

Neonatal 863 58.7%

Child 493 33.6%

Not specified 30 2.0%

CDH classification

Isolated 924 62.9%

Complex 506 34.4%

Unknown 39 2.7%

Additional anomalies in complex CDH (n ¼ 506)

Cardiovascular 275 54.3%

Neurodevelopmentalb 125 24.7%

Gastrointestinal 88 17.4%

Skeletal 73 14.4%

Genitourinary 62 12.3%

Kidney 32 6.3%

Pulmonary defectsc 30 5.9%

Cleft lip or palate and/or micrognathia 24 4.7%

Discharge vital status (n ¼ 1345)

Alive 1,113 82.8%

Deceased 232 17.2%

Extracorporeal membrane oxygenation (ECMO; n ¼ 1,210)

Yes 352 29.1%

No 858 70.9%

(Continued on next page)
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Table 1. Continued

Characteristics Number Percent

Pulmonary hypertension at 1 month (PH1; n ¼ 446)

None or mild 244 54.7%

Moderate or severe 202 45.3%

Pulmonary hypertension at 3 months (PH3; n ¼ 326)

None or mild 257 78.8%

Moderate or severe 69 21.2%

aAncestry was determined by PCA and comparison of individuals from discovery affected and control individuals to population panels from the 1000 Genomes
Project.
bNeurodevelopmental conditions include congenital abnormalities in the central nervous system and developmental delay or neuropsychiatric disorders as deter-
mined on the basis of follow-up developmental evaluations.
cDoes not include pulmonary hypoplasia or hypertension.
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trio/singleton ratios. We performed logistic regression adjusting

for sex and the top four principal components in the training

set to provide summary statistics of genotyped and imputed

SNPs. In total, 1,326,338 common SNPs residing in independent

linkage disequilibrium blocks were used in the analysis. We used

the LDpred2 algorithm implemented in the ‘‘bigsnpr’’ package of

R v.4.1.352 to generate PRSs in the test set with manual hyper-

parameter threshold set at p < 5 3 10�3 and liability scale herita-

bility estimated as above. We used a Student’s t test to compare

the PRS in CDH test set with different characteristics.

Polygenic transmission disequilibrium

We used individual-level genotyped CDH trios in the test set

(n ¼ 371 trios) to generate proband, father, and mother PRSs by

using the above PRS model. The mid-parent PRSs (PRSMP)
53 were

defined (Equation 3) as follows:

PRSMP ¼ PRSfather þ PRSmother

2
(Equation 3)

We inferred polygenic transmission disequilibrium by

comparing the difference between the means of the offspring

and mid-parent PRS distributions by using a Student’s t test.

Annotation of GWAS loci
We identified all genes within the same topologically associated

domain (TAD) as candidate genes because the likelihood that an

SNP acts on its target gene is higherwhen they are in close proximity

in three-dimensional space.54 Genomic coordinates of TADs were

estimated fromhuman induced-pluripotent-stem-cell-derived cardi-

omyocyte (iPSC-CM) promoter capture Hi-C data.55 To visualize

chromatin interaction data,56 we queried Hi-C interactions around

candidate genes in an H1 human embryonic stem cell line57

(http://3dgenome.fsm.northwestern.edu/chic.php). We annotated

the loci on the basis of chromatin immunoprecipitation sequencing

data curated by ReMap 202258 for transcription regulator binding

sites from the University of California Santa Clara Genome

Browser.59,60

Single nucleus ATAC-sequencing from normal human

lung and murine skeletal muscle
Single-nucleus assays for transposase-accessible chromatin

sequencing (snATAC-seq) datasets were described previously;61

data were generated by the University of California San Diego

Lung Research Center under the National Heart, Lung, and Blood

Institute LungMAP consoritium. In brief, snATAC-seq data were

generated from three newborn, three �3-year-old and three
6 The American Journal of Human Genetics 111, 1–20, November 7,
30-year-old normal human lungs. Cell-type-resolved chromatin-

accessible regions were identified and displayed as open-source

data on LungMAP.net. Detailed methods have been described,61

and data are available for query at LungMAP.net. For skeletalmuscle,

we extracted single-nucleus ATAC-seq data reported frommouse tis-

sue collected at multiple stages of development: embryonic E14.5,

fetal E18.5, neonatal P5, and adult 2 months of age.62 We used the

UCSC genome browser liftover tool63 to align our top GWAS SNPS

from reference genome hg38 (chr3:55559903–55572080) to mouse

genome mm10 (chr14:28417328–28430803). We note that human

ERC2 aligned to mouse Erc2.
Results

Cohort characteristics

Demographic and clinical details of 1,469 participants

from the DHREAMS and Boston cohorts are shown in

Table 1 (see also Figures S1 and S2). The cohort was 59%

male and 41% female. Fifty-nine percent were enrolled

during the neonatal period, 34% as young children, and

5.7% prior to birth. 71% carried genotypes most geneti-

cally similar by PCA to the European, 14% to the Latinx,

7.1% to the African American, 1.8% to the East Asian,

and 1.8% to the South Asian panels of the 1000 Genomes

dataset. 71% of participants had left-sided hernias, and

63% had isolated CDH without other congenital anoma-

lies. Of those with complex CDH, cardiovascular anoma-

lies were the most prevalent (54%) and were followed

by neurodevelopmental sequelae (25%), gastrointestinal

anomalies (17%), and other anomalies. Thirty percent of

individuals with CDH received extracorporeal membrane

oxygenation while in the hospital, and 45% had a diag-

nosis of pulmonary hypertension at 1 month of age. 17%

of individuals died before discharge from the hospital.

De novo variant analysis for CDH gene discovery

De novo variant analysis was performed on 1,064 child-

parent trios, including 827 described in our previous

report3 and 237 new trios (Table S1). In total, 1,504 coding

variants were identified in 794 (75%) individuals with

CDH; these variants included 1,383 single-nucleotide var-

iants (transition-transversion ratio ¼ 2.71) and 121 short
2024
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insertions or deletions. The number of de novo variants per

proband followed a Poisson distribution with a mean of

1.41 variants/proband (Figure S3).

Filtering for rare damaging variants identified 194 LGD

and 692 D-mis variants. Consistent with previous

studies,11 we observed a 1.4-fold enrichment (p ¼ 1.40 3

10�24) of rare damaging variants, especially of constrained

genes, among participants with CDH when the mutation

rate for these genes was compared to the background mu-

tation rate (Table 2). Enrichment was observed for both

LGD and D-mis variants, in both sexes, as well as isolated

and complex CDH (Table 2). However, de novo LGD vari-

ants showed greater enrichment among females than

males and among complex vs. isolated CDH.

Constrained genes are genes with fewer than expected

LGDvariants inthegeneralpopulation.ThepLI-stratifiedex-

TADA analysis predicted a significant increase in the propor-

tion of risk genes as constrained genes (0.072) compared to

all genes (0.041) or non-constrained genes (0.04), and

average relative risks ranged from 4.7 (D-mis variants) to

16.5 (LGD variants) for constrained genes (Table S2). We

identified 15 genes with FDR < 0.1; these included four

new candidate genes with FDR< 0.05: STAG2 (STAG2 cohe-

sin complex component), SIN3A, (SIN3 transcription regu-

lator family member A), POGZ (pogo transposable element

derived with ZNF domain), and ZNF462 (zinc finger protein

462) (Table 3). The new candidates are all constrained genes

with pLIR 0.9, are expressed during diaphragm,64 heart, or

brain development13 (Table S3), andhave functional roles in

chromatin remodeling, transcription regulation, mitosis,

and protein phosphorylation. Three of the genes—SIN3A,

STAG2, and POGZ—are genes with known causal variants

for genetic syndromes that include CDH as a raremanifesta-

tion.65–69 We note that GPC3 (glypican 3, FDR ¼ 0.072) has

been reported with causal variants for Simpson-Golabi-

Behmel syndrome type 1 (MIM: 312870), which also in-

cludes CDH as a rare manifestation.70–73 The population

attributable risk of causal de novo variants in CDH is esti-

mated at 18.3% for D-mis and 6.9% for LGD variants

(Figure S4). The complete list of genes with two or more

LGD or D-mis de novo variants identified in individuals

with CDH is provided in Table S3.

Variant and associated clinical phenotype details for the

top 15 associated genes (extTADA FDR < 0.1) are provided

in Table S4. We note that none of the individuals with rare

de novo variants had CDH causal copy-number variants

identified in our previous study.10,11 Although most gene

variants were associated with left-sided hernias, MYRF,

ALYREF, SIN3A, and STAG2 variants were associated with

left- or right-sided hernias. Haploinsuffiency of MYRF

(myelin regulatory factor) is known to cause cardiac uro-

genital syndrome (CUGS [MIM: 618280]) with abnormal

development of the heart, genitourinary system, dia-

phragm, and lungs20,74; five out of eight variant heterozy-

gotes identified in our cohort have complex CDH

including congenital heart disease and genitourinary

anomalies. The variant types include LGD and D-mis; the
The Am
missense variants are located in conserved protein do-

mains or local regions of constraint.20 Rare variants in

GATA4 (GATA binding protein 4) and GATA6 (GATA bind-

ing protein 6) are well-established causal factors in CDH

congenital heart disease,75 and six out of seven partici-

pants with CDH and variants in GATA4 or GATA6 (LGD

and D-mis) have diagnoses of congenital heart disease.

We note that GATA4 c.848G>A (p.Arg283His) (GenBank:

NM_002052.5) was recurrent in two unrelated partici-

pants. GATA6 c.1366C>T (p.Arg456Cys) (GenBank:

NM_005257.6) is an inactivating allele76 and a hotspot; it

is associated with congenital heart disease, pancreatic

agenesis, diabetes, and CDH in four probands reported in

ClinVar. We recently reported rare inherited and de novo

LONP1 variants associated with isolated and complex

CDH.3 Of four infants identified with LONP1 (D-mis) vari-

ants in this study, three were isolated (two on ECMO

during a hospital stay,) and one was complex CDH

with congenital heart disease. Heterozygous STAG2 vari-

ants cause Mellegama-Klein-Martinez syndrome (MIM:

301022), a cohesinopathy including NDD, CDH, and skel-

etal issues.66 Two CDH infants identified in this study had

LGD variants and comorbidities of skeletal anomalies and

NDD or CHD. Chromosomal region 15q24 microdeletion

(including SIN3A) syndrome includes CDH as a rare mani-

festation,65 and gene-specific SIN3A variants are causal for

Witteveen-Kolk syndrome (MIM: 616364), an NDD with

skeletal and genital anomalies. Two infants with unique

frameshift variants identified in this study have overlap-

ping features of the chromosome 15 syndrome and

Witteveen-Kolk syndrome. Heterozygous POGZ variants

are causal for White-Sutton syndrome (MIM: 616364), an

NDD with a phenotypic spectrum including ophthalmic

and genitourinary anomalies and CDH, and the two

CDH participants with LGD POGZ variants have complex

congenital anomalies overlapping this spectrum. Hetero-

zygous ZNF462 LGD variants are causal for Weiss-Kruszka

syndrome (MIM: 618619), a multiple-congenital-anomaly

syndrome including NDD (with autism spectrum disorder

and facial dysmorphism) and CHD. Most of the Weiss-

Kruszka syndrome LGD variants are clustered in exon 3

(13/17 variants).77 The nonsense variant identified in

this study is also located in exon 3, and the participant

had CHD and genitourinary anomalies. The participant

with a ZNF462 canonical splicing variant in intron 3 was

diagnosed with CDH as a fetus and died before birth. A

child with CDH and a GPC3 nonsense variant identified

in this study had clinical features of Simpson-Golabi-

Behmel syndrome type 1 (MIM: 312870).

GWAS for CDH susceptibility loci

We performed common variant analysis by using a discov-

ery cohort of 1,443 affected individuals and 6,133 unaf-

fected parents from SPARK. We performed joint calling of

variants initially subdivided into batch 1 (primarily from

our previous report11) and batch 2 (new samples) and

then combined these (batch 1 þ batch 2). To control for
erican Journal of Human Genetics 111, 1–20, November 7, 2024 7



Table 2. Burden of de novo coding variants

All (n ¼ 1,064) Female (n ¼ 433) Male (n ¼ 631) Complex (n ¼ 379) Isolated (n ¼ 665)

Variant class #Obs. #Exp. Fold p value #Obs. #Exp. Fold p value #Obs. #Exp. Fold p value #Obs. #Exp. Fold p value #Obs. #Exp. Fold p value

All genes

Synonymous 316 346 0.9 0.1 129 142 0.9 0.3 187 204 0.9 0.3 115 123 0.9 0.5 194 216 0.9 0.1

Missense 906 771 1.2 2.2 3 10�6 364 317 1.2 0.01 539 454 1.2 9.7 3 10�5 322 275 1.2 5.0 3 10�3 573 482 1.2 5.5 3 10�5

D-mis 692 497 1.4 1.3 3 10�16 279 204 1.4 6.4 3 10�7 411 293 1.4 6.5 3 10�11 245 177 1.4 1.2 3 10�6 439 310 1.4 5.9 3 10�12

LGD 181 108 1.7 1.2 3 10�10 83 44 1.9 2.5 3 10�7 98 64 1.5 5.5 3 10�5 83 38 2.2 4.3 3 10�10 96 67 1.4 9.8 3 10�4

Damaging 873 605 1.4 1.4 3 10�24 362 249 1.5 1.5 3 10�11 509 356 1.4 2.5 3 10�14 328 215 1.5 9.0 3 10�13 535 378 1.4 2.8 3 10�14

Constrained genes (pLI R 0.5)

Synonymous 102 108 0.9 0.6 42 45 0.9 0.8 60 63 1.0 0.8 39 39 1 0.9 61 68 0.9 0.5

Missense 292 238 1.2 7.5 3 10�4 122 99 1.2 0.02 168 139 1.2 0.02 93 85 1.1 0.4 193 149 1.3 5.7E-04

D-mis 264 172 1.5 7.6 3 10�11 112 71 1.6 8.0 3 10�6 150 101 1.5 4.2 3 10�6 83 61 1.4 7.2 3 10�3 175 107 1.6 2.4 3 10�9

LGD 87 33 2.6 4.6 3 10�15 44 14 3.2 6.6 3 10�11 43 19 2.2 3.1 3 10�6 45 12 3.8 1.3 3 10�13 41 21 2 6.0 3 10�7

Damaging 351 205 1.7 1.7 3 10�20 156 85 1.8 5.2 3 10�12 193 120 1.6 7.9 3 10�10 128 73 1.8 5.3 3 10�9 216 128 1.7 1.6 3 10�12

Other genes

Synonymous 214 238 0.9 0.1 87 97 0.9 0.3 127 140 0.9 0.3 76 85 0.9 0.4 133 149 0.9 0.2

Missense 614 533 1.2 5.7 3 10�4 242 218 1.1 0.1 371 314 1.2 1.7 3 10�3 229 190 1.2 0.01 380 333 1.1 0.01

D-mis 428 325 1.3 4.4 3 10�8 167 133 1.3 4.2 3 10�3 261 192 1.4 2.2 3 10�6 162 116 1.4 4.2 3 10�5 264 203 1.3 3.9 3 10�5

LGD 94 75 1.3 0.03 39 31 1.3 0.2 55 44 1.2 0.1 38 27 1.4 0.03 55 47 1.2 0.2

Damaging 522 400 1.3 4.7 3 10�9 206 164 1.3 1.3 3 10�3 316 236 1.3 7.3 3 10�7 200 142 1.4 4.7 3 10�6 319 250 1.3 2.5 3 10�5

D-mis: missense variant with CADD R 20. Damaging: damaging variants, including D-mis and LGD. #Obs: number of observed variants. #Exp: number of expected variants. RR: relative risk. Constrained genes: genes with
pLI>0.5.
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Table 3. Known and candidate CDH genes with pLI-stratified extTADA

Gene Gene Name #Dmis #LGD PPA FDR pLI OMIM

MYRFa myelin regulatory Factor 4 4 1.0 1.8 3 10�7 1.00 cardiac urogenital syndrome
(MIM: 618280); encephalitis/
encephalopathy (MIM: 618113); AD

GATA6a GATA binding protein 6 1 3 1.0 3.4 3 10�4 1.00 atrial septal defect (MIM: 614475);
atrioventricular septal defect
(MIM: 614474); pancreatic agenesis
and congenital heart disease
(MIM: 600001); persistent truncus
arteriosus (MIM: 217095); tetralogy
of fallot (MIM: 187500); AD

LONP1a Lon peptidase 1, mitochondrial 4 0 1.0 6.2 3 10�3 1.00 CODAS syndrome (MIM: 600373); AD

ALYREFa Aly/REF export factor 0 2 1.0 0.017 0.93 46XY sex reversal (MIM: 616067);
diaphragmatic hernia (MIM: 610187);
tetralogy of fallot (MIM: 187500); AD

ZFPM2a Zinc finger protein, FOG family
member 2

0 2 0.9 0.025 1.00 atrial septal defect (MIM: 614475);
atrioventricular septal defect
(MIM: 614474); tetralogy of fallot
(MIM: 187500); ventricular septal
defect (MIM: 614429); AD

SIN3A SIN3 transcription regulator
family member A

0 2 0.9 0.032 1.00 Witteveen-Kolk syndrome
(MIM: 613406); included in Chr
15q24 microdeletion syndrome.

STAG2 stromal antigen 2 0 2 0.9 0.037 1.00 Holoprosencephaly 13 X-linked
(MIM: 301043); Mellegama-Klein-
Martinez syndrome (MIM: 301022); XL

POGZ Pogo transposable element
derived with ZNF domain

0 2 0.9 0.041 1.00 White-Sutton syndrome (MIM: 616364); AD

ZNF462 zinc finger protein 462 0 2 0.9 0.047 1.00 Weiss-Kruszka syndrome (MIM: 618619); AD

KALRN Kalirin RhoGEF kinase 2 1 0.9 0.053 1.00 none

HSD17B10 hydroxysteroid 17-beta
dehydrogenase 10

1 1 0.8 0.063 0.90 HSD10 mitochondrial disease
(MIM: 300438); AD

GPC3a glypican 3 1 1 0.8 0.072 1.00 Simpson-Golabi-Behmel syndrome
type 1 (MIM: 312870); XLR

SRGAP2 SLIT-ROBO Rho GTPase-
activating protein 2

1 1 0.8 0.081 0.98 none

SYMPK symplekin 1 1 0.8 0.091 1.00 none

GATA4a GATA binding protein 4 2 1 0.8 0.10 0.49 atrial septal defect (MIM: 614475);
atrioventricular septal defect
(MIM: 614474); tetralogy of fallot
(MIM: 187500); ventricular septal
defect (MIM: 614429); AD

#D-mis, number of de novo D-mis; #LGD, number of de novo LGD; PPA, posterior probability of association; FDR, false-discovery rate; OMIM, Online Mendelian
Inheritance in Man. AD, autosomal dominant; XL, X linked; XLR, X-linked recessive.
All genes with extTADA FDR <0.1.
aDenotes genes that have been reported previously.
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population stratification (Table S5) and relatedness

(Figure S1B), we confined the initial analysis to the largest

ancestry group (1,005 European affected individuals; 4,565

European controls). The quantille-quantile plot of p values

for genotyped and imputed SNPs, after adjustment for sex

and the top four principle components, shows negligible

genomic inflation (Figure S5). Two loci reached genome-

wide significance: chromosomal region 3p14.3/lead SNP

rs55705711 (p ¼ 5.1 3 10�17, OR ¼ 1.65) and chromo-

somal region 7q36.3/lead SNP rs7777647 (p ¼ 1.9 3

10�9, OR ¼ 1.27) (Figure 1; Table S6). The loci were sup-

ported by multiple significant SNPs at each locus. Manhat-
The Am
tan plots are provided in Figures 1A–1C. rs55705711

resides in an intron of ERC2 (ELK2/RAB6-interacting/

CAST family member 2) and adjacent to WNT5A (Wnt

family member 5A), a developmental patterning gene.78

rs7777647 resides in a region containing five protein-cod-

ing genes and a long-range cis-acting regulatory domain

upstream of SHH (sonic hedgehog). We note that none of

the rare copy-number variants identified in our previous

CDH study10,11 overlapped these novel common-variant

loci. To confirm the findings, we tested the associations

in a European replication cohort of 389 affected individ-

uals and 4,815 control individuals. Replication was
erican Journal of Human Genetics 111, 1–20, November 7, 2024 9
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Figure 1. Genome-wide association results in CDH
(A) Manhattan plot of SNP-based association results in the discovery cohort. The x axis shows genomic coordinates, and the y axis shows
the �log10(p value) obtained by logistic regression adjusting for sex and the first four principal components.

(legend continued on next page)
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observed for both loci and with the same direction of ef-

fects (Table S6). Meta-analysis in the combined cohort

replicated all SNPs at both loci and with increased

significance (Table S6). Conditional analyses for both

loci revealed an independent significant signal at

7q36.3 (Figure S6) but no additional signal at 3p14.3

(rs75263535, p ¼ 2.2 3 10�5 conditional analysis;

p ¼ 2 3 10�3 discovery phase). Forest plots depicting the

GWAS results in the discovery, replication, and combined

cohorts are provided in Figures 1D–1F.

Power analyses indicated that our study was well pow-

ered for new gene discovery in the European ancestry

group and for replication in the European and Latinx

groups but that it was less well-powered for other ancestry

groups (Figure S7). Testing for association by ancestry

group for lead SNPs at 3p14.3 and 7q36.3 demonstrated

significant association at the threshold for replication

for the Latinx group (Table S7), and there were similar ef-

fect sizes in both Europeans and Latinx (OR z 1.7 for

3p14.3 and z 1.3 for 7q36.3) (Figures 1D–1F). No replica-

tion was observed for other ancestry groups, at least in

part because of small sample sizes. Pairwise linkage

disequilibrium heatmap plots of GWAS signals by genetic

ancestry are provided for 3p14.3 (Figure S8) and 7q36.3

(Figure S9).

We performed additional cohort subgroup comparisons

of allele frequencies at rs55705711 and rs7777647. For in-

dividuals with CDH, with and without likely pathogenic

rare variants in genes with known CDH causal variants

or constrained genes, we observed no differences in allele

frequencies at either locus (Table S8). Similarly, for iso-

lated vs. complex CDH, alive vs. deceased discharge sta-

tus, requirement for ECMO treatment during hositaliza-

tion, or diagnosis of pulmonary hypertension at one

or three months of age, we observed no differences

(Table S8).

Most disease-associated common variants map to non-

coding regions of the genome, and many have chromatin

signatures of cis-acting regulatory elements, suggesting a

role for the variants in transcriptional regulation.57,79,80

The regulatory elements may regulate adjacent or non-

adjacent target genes, and chromosome-conformation

capture methods have been developed to map regional

chromatin-interaction sites. We performed functional

annotation of the CDH GWAS loci by aligning epige-

nomic signatures, transcriptional regulatory domains,

and protein three-dimensional structural data with the lo-

cations of GWAS signals at both loci. Multiple lines of ev-

idence support a role in WNT5A enhancer function for

the 3p14.3 locus (Figure 2A). The locus resides in the
(B and C) Regional association plots of the 3p14.3 (B) and 7q36.3 (C)
Round points indicate genotyped SNPs, and star points represent imp
association SNPs (purple points): rs55705711at 3p14.3 (B) and rs777
(D–F) Forest plots demonstrating replication of the lead SNP at 3p14
lead SNP at 7q36.3 rs7777647 (F) in an independent European cohort
95% confidence intervals (CIs). n, sample size; AF, allele frequency o
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same TAD as WNT5A and ERC2.55 The locus contains

binding sites for multiple transcriptional regulators

important in development and/or implicated in CDH;

these include CTCF, SIN3A, and GATA6.58 The top SNPs

are located in an open chromatin region, as indicated by

snATAC-seq data from human lung61 and mouse skeletal

muscle62 (Figure S10), and are predicted on the basis of

chromosome conformation capture (Hi-C) data to interact

with the the WNT5A promoter.57 The 7q36.3 locus resides

in a TAD including five protein-coding genes and a long-

range cis-acting regulatory domain upstream of SHH

(Figure 2B). Similar to the 3p14.3 locus, the locus contains

binding sites for CTCF and GATA6. The 7q36.3 locus is

predicted on the basis of capture Hi-C data to interact

with the the RNF32 promoter.57 The long-range SHH reg-

ulatory domain is conserved between humans and mice,

and studies in mice indicate that the Shh enhancer ex-

tends 900 kb upstream and is composed of tissue-specific

short enhancer regions distributed throughout the full

enhancer81 including at least one specific for lung epithe-

lial linings.82

SNP heritability and polygenic risk scores

Genome-wide SNP-based heritability estimates were calcu-

lated under the assumption of a CDH prevalence of

1/3,000 and over a range of prevalence from 1/1,000–1/

5,000. The estimated heritability from common variants

for CDH was about 19% across the range of prevalence

(Table S9). The heritability from the two genome-wide-sig-

nificant loci was 1.3% (3p14.3/rs55705711) and 0.7%

(7q36.3/rs7777647) (Table S10).

The polygenic risk score was calculated from a total

of 1,326,338 common SNPs with independent linkage

disequilibrium blocks. Elevated polygenic risk was

observed for participants with CDH compared to controls

across all subsets of CDH-affected individuals—isolated,

complex, male, female, with damaging variants, and

without damaging variants (Figure 3A). No significant dif-

ferences in PRS were observed for isolated vs. complex

CDH, male vs. female CDH, or CDH with damaging

rare variants vs. CDH without damaging rare variants

(Figure 3A). There was no significant difference in complex

CDHwith de novo variants in NDD genes vs. complex CDH

without de novo variants in NDD genes (Table S11). Com-

parison of proband PRSs to midparent PRSs showed over-

transmission of polygenic risk for CDH to offspring

(Figure 3B). Finally, individuals with a PRS in the top decile

had an odds ratio of 2 for CDH, whereas individuals with a

PRS in the bottom decile had an odds ratio of �1.1

(Figure 3C; Table S12).
loci with surrounding genes. The y axis shows the �log10(p value).
uted SNPs, colored by degree of linkage disequilibriumwith the top
7647 at 7q36.3 (C).
.3 rs55705711 (D), a second SNP at 3p14.3 rs3907611 (E), and the
and the combined cohort. The x axis shows odds ratios (ORs) and
f the risk allele.
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Figure 2. Functional annotation of genome-wide-significant CDH loci
(A and B) Alignment of functional data at 3p14.3 (A) and 7q36.3 (B). From top to bottom: Hi-C data derived from H1 human embryonic
stem cell line (H1-hESC)55; TADs derived fromH1-hESC; capture Hi-C data derived fromH1-hESC57; RefSeq genes; CDHGWAS SNP data
from the combined cohort shown on a �log10(p value) scale; transcription regulators from ReMap ChIP-seq in heart, brain, lung, and
stem-cell-related-tissue track58; single-nucleus ATAC-sequencing (snATAC-seq) data from normal human lung61 (A) and the 900 kb mu-
rine Shh distal enhancer containing multiple small enhancer regions with tissue specificity81 (B).
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Discussion

We report genetic findings from an expanded CDH trio

cohort including 1,469 DHREAMS and Boston CDH pro-

bands. De novo LGD and D-mis variants were enriched in

individuals with CDH, and there was greater enrichment

for complex vs. isolated CDH and in females vs. males.

We identified fifteen candidate CDH genes that were high-

ly constrained for loss-of-function variants, including var-

iants in four novel genes (SIN3A, STAG2, POGZ, and

ZNF462) with FDR < 0.05. Together, variants in these

genes are estimated to confer relative risks for CDH ranging

from 10 to 30 but still explain only 3.9% of participants

with CDH. To expand the understanding of the range of

genetic contributors, we performed common-variant asso-

ciation analysis and identified two genome-wide-signifi-

cant loci, with replication, that st molikely contribute

to CDH risk: these two loci are 3p14.3 (lead SNP

rs55705711) and 7q36.3 (rs7777647). The effect size for

each locus was similar among Europeans and Latinx, but

the study lacked power to draw conclusions for African

American and Asian populations (Figure S7). Both suscep-

tibility loci are located in putative transcriptional regulato-

ry regions for established developmental patterning genes.

The estimated attributable risk from common variants for

CDH was 19%, and PRS estimates demonstrated increased
12 The American Journal of Human Genetics 111, 1–20, November 7
PRSs for both isolated and complex CDH, and risk over-

transmission to offspring with CDH. Together, the data

support a polygenic model as part of the CDH genetic ar-

chitecture for all individuals with CDH.

The burden of rare predicted deleterious de novo variants

in our current CDH cohort, including the enrichment of

variants in complex vs. isolated CDH and in females vs

males, is consistent with our previous reports.3,15,20,83

Similar patterns have been observed in autism for individ-

uals with vs. without intellectual disability84 and in fe-

males vs. males.85 Hirschprung disease is another example

of a congenital anomaly with complex genetics.86,87 The

enrichment of de novo variants in females vs. males is

consistent with a female-protective model in which fe-

males have a higher liability threshold than males.

Our analysis confirms the associations of MYRF,20,74

GATA6,75,88 GATA4,89,90 LONP1,3 ZFPM2 (zinc finger pro-

tein, FOG family member 2),91–93 and GPC370–73 with

CDH. We also confirm the association of ALYREF with

CDH from our earlier report based on an overlapping but

smaller cohort (DHREAMS and Boston).3 ALYREF is an

RNA-binding protein that regulates 50-methylcytosine

modification, which if left unregulated results in abnormal

cell proliferation and migration.94 There is an expanding

body of evidence implicating RNA-binding proteins with

congenital and developmental diseases.95–97
, 2024
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Figure 3. Polygenic risk scores in different subsets of the CDH testing cohort
(A) PRSs in participants with CDH-affected individuals vs. control individuals, individuals with isolated vs. complex CDH, male vs. fe-
male individuals, or individuals with vs. without de novo damaging variants (D-DNV). p values were determined with a Student’s t test.
(B) Polygenic risk for CDH in CDH-affected children (probands) compared to mid-parents (i.e., the average of mother and father risk
scores) or control individuals. p values were determined with a Student’s t test.
(C) Odds ratio of case-control proportions for PRSs at multiple thresholds. Exact p values by Fisher’s exact test are listed in Table S12.
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De novo analysis of the expanded DHREAMS/Boston

cohort allowed the identification of variants in novel genes

with diaphragm, heart or brain developmental expression

patterns and known roles in chromatin remodeling, tran-

scriptional regulation, mitosis, and protein phosphoryla-

tion. We defined novelty as previous reports of no more

than one individual with a rare variant associated with a

developmental syndrome and CDH (see references for

reviews16,17,18). Most of the genes have known roles in

embryonic developmental processes, including tissue

specification and patterning. As such, variants in these

genes are often associated with rare multi-organ syn-

dromes.20,66,74,98–100 Novel CDH candidate SIN3A encodes

a scaffold protein of the SIN3/histone deacetylase tran-

scriptional repressor complex that regulates cell-cycle pro-

gression. SIN3A is widely expressed in embryonic develop-

ment, and germline deletion causes early embryonic

lethality in mice.101,102 We recently reported that Sin3a

conditional deletion in mouse skeletal muscle results in a

thin, membranous diaghragm; in the mesothelium; results

in left posterior-lateral CDH; and in the lungmesenchyme,

causes lung hypoplasia, failure of alveologenesis, and pul-

monary hypertension.103 Embryonic treatment of Sin3a

mutant mice with an inhibitor of histone acetyltransferase

improved lung and pulmonary vasculature development

and reduced pulmonary hypertension.103 SIN3A expres-
The Ame
sion is dysregulated in human pulmonary arterial hyper-

tension; overexpression increased BMPR2 (bone morpho-

genetic protein receptor 2) expression, inhibited human

pulmonary arterial smooth muscle cell proliferation, and

ameliorated experimental pulmonary hypertension.104

SIN3A LGD variants are also rare causes of mild cognitive

deficits and facial dysmorphism.100 Genetic diagnoses in

CDH can inform clinical surveillance of comorbidities, dis-

ease management, and prognosis.

To test the role of common variants in CDH, we

performed a case-control GWAS and identified two

susceptibility loci, with replication, at 3p14.3 (lead SNP

rs55705711) and 7q36.3 (rs7777647). rs55705711 resides

in a TAD including two protein-coding genes, WNT5A

and ERC2. WNT5A encodes a widely expressed and essen-

tial regulator of embryonic developmental pathways. ERC2

encodes a regulator of neurotransmitter release and is

highly expressed in the brain and to a lesser extent in

the gut and lung. WNT5A is unique to other WNT

signaling molecules in that it predominantly signals

through beta-catenin-independent pathways, including

the planar cell polarity pathway. Wnt5a-null embryos

exhibit decreased extension of the anterior-posterior axis,

resulting in severely decreased outgrowth of diverse em-

bryonic structures and perinatal lethality.105 Wnt5a is ex-

pressed in the embryonic gut mesoderm, and germline
rican Journal of Human Genetics 111, 1–20, November 7, 2024 13
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deficiency results in incomplete closure of the primitive

gut tube at E10 and impaired elongation of the small intes-

tine.106 Although diaphragm-specific studies have not

been reported, the planar cell polarity pathway is involved

in multiple developmental tissue closure processes.107 In

the developing lung, Wnt5a regulation of epithelial-

mesenchymal interactions leads to alterations in airway

branching and mesenchymal growth.108 CDH-associated

rs55705711, and several neighboring SNPs with significant

CDH association signals, are located in an open chromatin

region61 predicted to interact with the WNT5A pro-

moter.57 Whether these 3p14.3 SNPs define, or are closely

linked to, a WNT5A transcriptional regulatory element

warrants further investigation. We note that a nearby but

unique region of 3p14.3 was recently identified to harbor

a common variant increasing risk for dextro-transposition

of the great arteries, a severe congenital heart defect.109

In vitro and in vivo data suggested cis regulation of

WNT5A expression as a potential pathogenetic mecha-

nism.109 The associated region also contains putative bind-

ing sites for other transcriptional regulators important in

development (CTCF,110 SIN3A; 111 GATA6112) and impli-

cated in CDH (SIN3A [this report], GATA64). However,

lung-mesenchyme-specific Sin3a deletion mice do not

exhibit differential Wnt5a mRNA levels in lung or recom-

bined mesenchyme.103

The CDH 7q36.3 locus resides in a TAD including a long-

range SHH enhancer and five protein-coding genes. The

SHH enhancer comprises �900 kb across a gene desert and

extending into two genes in the neighboring gene-rich re-

gion, RNF32 (ring finger protein 32) and LMBR1 (limb

development membrane protein 1).81 SHH encodes a ubiq-

uitously expressed ligand of the hedgehog developmental

signaling receptor that is essential for lung branching

morphogenesis.113 Decreased SHH expression in CDH

lungs is associated with small lung size and fewer airway

branches than in normal lungs.113 Null mutations in mice

are embryonic lethal and result in severemorphological de-

fects in multiple organs.114 Regulation of spatial and tem-

poral Shh expression is coordinated by tissue-specific ele-

ments within the long-range enhancer,81 and mutations

in these regions cause congenital anomalies (reviewed in

Anderson et al.81). Rare variants in an LMBR1 intronic

SHH enhancer element are associated with congenital

limb defects.115 At least one lung-specific enhancer,

MACS1, located in RNF32 intron 8, has been reported,82

but the effects of genetic variation in this element are un-

known. Other genes in the TAD include NOM1 (nucleolar

protein with MIF4G domain 1), MNX1 (motor neuron

and pancreas homeobox1), and UBE3C (ubiquitin protein

ligase E3C). There is a single report of Nom1 involvement

inpancreas development in zebrafish.116MNX1 is primarily

expressed in thepancreas, andmutations are a cause ofCur-

rarino syndrome (MIM: 176450), a rare congenital malfor-

mation syndrome involving anorectal, sacral, and presacral

anomalies. Mnx1-null mice exhibit immature pancreas

development and function.117 UBE3C is ubiquitously ex-
14 The American Journal of Human Genetics 111, 1–20, November 7
pressed, and mutations cause a rare speech, motor, and

behavioral neuropathy (MIM: 620270). Functional studies

of the CDH 7q36.3 variants will be necessary for identifica-

tion of the pathogenic mechanism, but transcriptional

regulation of SHH expression, via the long-range enhancer

including the RNF32 intronic element, is a viable candidate

mechanism.

We note that several of the genes with causative and

candidate CDH variants may function along the same

pathway or regulate the same biological processes.

ZFPM2 heterodimerizes with GATA6/GATA4 to regulate

transcription of downstream target gene,s118 and GPC3 is

a regulator of SHH and WNT5A119–121 candidate genes at

the 3p14.3 and 7q36.3 GWAS loci.

Genetic contributors understood to cause develop-

mental disorders are largely rare variants in single genes.

However, monogenic diseases can exhibit highly variable

expressivity. It has become increasingly clear that com-

mon variants contribute to disease penetrance and

severity and that individuals with higher PRS exhibit

increased severity of disease.122 In our study, SNP-based

heritability analysis indicated that 19% of variance in

susceptibility to CDH can be explained by common var-

iants. Similarly, it has been estimated that common var-

iants might explain �25% of heritability for a rare form

of congenital heart disease.109 We detected elevated PRSs

in both isolated- and complex-CDH-affected individuals

compared to unaffected control individuals. We found

no difference in the contribution of common variants

between individuals with and without rare variants

in genes with known CDH causal variants. The combina-

tion of clinically significant monogenic variants and PRS

can increase risk prediction.122 The effect size of com-

mon variants can be relatively large for rare conditions

compared to common conditions. Although common

variants for common diseases typically confer minimal

disease risk individually, the risk allele at CDH-associated

rs55705711 confers an odds ratio of 1.65, which is

substantial.

The finding of no significant PRS differences between

individuals with isolated and complex CDH, as well as

between individuals with or without damaging de novo

variants, suggests that de novo and common variants

contribute additive genetic risk for CDH. This is in contrast

to that reported for autism.123 Autism is common in the

population, such that either elevated polygenic risk from

common variants or a rare de novo pathogenic variant is

sometimes sufficient to push an individual over the liabil-

ity threshold. CDH is much rarer, with a much higher lia-

bility threshold. Reaching the higher liability threshold

often requires the combination of both elevated polygenic

risk from common variants and rare or de novo pathogenic

variants.

The current genetic diagnostic yield of genome

sequencing is �30% of individuals with CDH. As such,

genomic testing (exome or genome sequencing) is recom-

mended for all individuals with CDH and with parent-child
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trios when possible. Return of results to families should

include rare deleterious variants in well-established genes

and genes with rare de novo variants in R2 probands. The

phenotypes for many of these recently described genetic

conditions is still evolving, and CDH can be an uncommon

but consistent feature ofmanydevelopmental disorders. Ge-

netic diagnoses clarify prognosis and support tailored sur-

veillanceof associatedmedical andneurodevelopmental fea-

tures to identify and treat associated conditions early.

Genetic data also assists families in clarifying the risk of

recurrence.

In conclusion, we identified candidate risk variants in at

least four new high-priority genes for CDH and two suscep-

tibility loci associated with common variants. We estimate

that de novo damaging variants most likely explain 25% of

the population attributable risk, with a 2-fold enrichment

of LGD variants among complex vs. isolated CDH. The

estimated heritability from common variants is 19%. Iden-

tification of common variant risk loci and elevated poly-

genic risk scores in CDH support a polygenic model as

part of the CDH genomic architecture at least in European

and Latinx populations.
Data and code availability

Data for identified damaging variants are provided in Table S4. The

whole-genome sequencing and exome sequencing CDH data used

in this study are available at the Database of Genotypes and Phe-

notypes (dbGaP: phs001110.v3.p1). Access to the summary stats

of the Dutch/German cohort is available on request and stored

in the Digital Research Environment of the Netherlands (https://

support.mydre.org/portal/en/home), an Azure-based cloud system

optimized for collaborations.
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