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Variants with large effect contribute to congenital heart disease (CHD). To date,
recessive genotypes (RGs) have commonly been implicated through anecdotal ascer-
tainment of consanguineous families and candidate gene-based analysis; the recessive
contribution to the broad range of CHD phenotypes has been limited. We analyzed
whole exome sequences of 5,424 CHD probands. Rare damaging RGs were estimated
to contribute to at least 2.2% of CHD, with greater enrichment among laterality
phenotypes (5.4%) versus other subsets (1.4%). Among 108 curated human recessive
CHD genes, there were 66 RGs, with 54 in 11 genes with >1 RG, 12 genes with 1 RG,
and 85 genes with zero. RGs were more prevalent among offspring of consanguineous
union (4.7%, 32/675) than among nonconsanguineous probands (0.7%, 34/4749).
Founder variants in GDFI and PLDI accounted for 74% of the contribution of
RGs among 410 Ashkenazi Jewish probands. We identified genome-wide significant
enrichment of RGs in Clorf127, encoding a likely secreted protein expressed in
embryonic mouse notochord and associated with laterality defects. Single-cell tran-
scriptomes from gastrulation-stage mouse embryos revealed enrichment of RGs in
genes highly expressed in the cardiomyocyte lineage, including contractility-related
genes MYHG6, UNC45B, MYO18B, and MYBPC3 in probands with left-sided CHD,
consistent with abnormal contractile function contributing to these malformations.
Genes with significant RG burden account for 1.3% of probands, more than half the
inferred total. These results reveal the recessive contribution to CHD, and indicate
that many genes remain to be discovered, with each likely accounting for a very small
fraction of the total.

genomics | congenital heart disease | exome-sequencing | human genetics

Congenital heart disease (CHD) comprises diverse structural malformations of the heart
and great vessels (1). CHD accounts for about one-third of all birth defects with a global
newborn incidence of 1 to 1.8% and prevalence of 0.16% across all ages (2—4). Surgical
and catheter-based palliation and repair of structural cardiac malformations, along with
improved medical management, have led to survival of almost 90% of CHD patients into
adulthood, with 2.4 million people currently with CHD in the United States, including
1.4 million adults. Despite this significant progress, variable comorbidities including
endocarditis, arrthythmia, reoperation, heart failure, pulmonary hypertension, and neu-
rodevelopmental defects make CHD a frequently lifelong disease (5-9).

CHD has a strong genetic basis. About 25% of cases are associated with large chromo-
somal abnormalities or copy number variations (10). Environmental factors, such as tera-
togens, deficiency for essential nutrients, maternal diseases such as diabetes, and maternal
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intrapartum infections, are thought to contribute to another ~10% of cases (11). Families
with rare variants segregating with diverse CHD phenotypes including atrial septal defect
(ASD), aortic valve disease, and heterotaxy have been shown to account for a fraction of
cases as well (12—15), and many well-characterized syndromes caused by single-gene variants
are associated with CHD (10). Nonetheless, reasonable estimates of the genetic contribution
to the most common forms of CHD, which most often occur sporadically, have only become
possible over the last decade with the advent of next-generation DNA sequencing and the
unbiased collection of CHD probands, along with parental samples.

Variants with large effect in coding regions and flanking splice sites have been implicated
in ~9% of cases (16-19), and de novo mutations in noncoding sequences occur more
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frequently than expected in people with CHD in whom exome
sequencing has not identified a likely cause (20).

Recessive contributions to CHD are frequently identified in
offspring of consanguineous union (21-23), and in patients with
cardiovascular laterality defects (24, 25). Our previous report of
recessive contributions to CHD based on exome sequencing of
2,871 probands identified two genes with genome-wide signifi-
cance (GDFI and MYH6) (19). While several genes have been
individually associated with recessive cases of CHD (19, 24), the
collective recessive contribution to the burden of CHD remains
unknown. Genomic analyses of ever-larger cohorts are making it
possible to define the genetic architecture and genotype—pheno-
type associations in diseases such as CHD and autism, which are
characterized by large genetic contributions with high locus het-
erogeneity and variable phenotypic expression. For example, bial-
lelic variants are estimated to contribute to 5% of autism, which
shares genes and genetic architecture with CHD (26). Herein, we
report the use of WES to systematically analyze the spectrum and
global contribution of recessive genotypes (RGs) in 5,424 unre-
lated CHD individuals from the NHLBI Bench-to-Bassinet
Program. The results advance the understanding of the genetic
architecture underlying human CHD and its phenotypic subsets.

Results

Cohort Description and Exome Sequencing. We studied 5,424
CHD probands, including 3,716 parent—offspring trios and 1,708
singleton probands from the NHLBI Bench-to-Bassinet Program
[Pediatric Cardiac Genomics Consortium (PCGC) and Pediatric
Heart Network] (S Appendix, Table S1 and Dataset S1). Probands
from the United States and the United Kingdom were recruited for
the study, with the sole inclusion criterion of structural CHD (27).
Controls were siblings of probands with autism in 1,798 trios from
the Simons Simplex autism cohort as previously reported (19).
Cardiac phenotypes in CHD probands were broadly classified
into five subgroups: Heterotaxy (HTX, 9.9%), conotruncal defect
(CTD, including tetralogy of Fallot, 33.9%), left ventricular
obstructive lesion [LVO, including hypoplastic left heart syndrome
(HLHS), 25.5%], D-transposition of the great arteries (D-TGA,
7.1%) and Other (including ASD, atrioventricular canal and other
forms of CHD not part of the HTX, CTD, or LVO subgroups)
(SI Appendix, Table S1). Laterality-associated defects included
HTX and others with cardiac abnormalities associated with left—
right abnormalities including D-TGA and double-outlet right
ventricle (DORYV).

WES of all probands and available parents of the CHD cohort
and controls were performed (87 Appendix, Table S2), and variants

were called as described previously (28). Principal component
analysis (PCA) from WES showed that 71.4% of CHD probands
were of European ancestry, 6.3% African American, 9.6% Mexican,
2.1% East Asian, and 3.9% South Asian (S/ Appendix, Table S1).
The control cohort was broadly similar in ancestry distribution
(81 Appendix, Table S1). Homozygous and compound heterozy-
gous variant genotypes were called and annotated as rare damaging
RGs if both alleles had frequency < 107 in gnomAD and Bravo
databases and were likely loss of function (LoF) or damaging mis-
sense (D-mis) as called by MetaSVM (Materials and Methods). For
compound heterozygous variants in singletons, co-occurrent dam-
aging variant pairs were called and then trans variants were deter-
mined by using the Variant co-occurrence tool in gnomAD
(https://gnomad.broadinstitute.org/variant-cooccurrence).  This
yielded 180 inferred compound heterozygous (ICH) RGs in 1,708
singleton probands, compared to 425 compound heterozygous
RGs in 3,716 proband-parent trios (Dataset S2).

RGs in Known CHD Genes Are Highly Enriched in Probands
from Consanguineous Union. Among the 5,424 CHD probands
we identified a total of 1,253 rare damaging RGs (biallelic
homozygous or compound heterozygous genotypes, RGs) in CHD
probands (0.2 RGs per proband); among 1,798 controls there
were 229 RGs (0.1 RGs per proband) (Table 1 and Dataset S2).
Homozygous damaging RGs comprised 52% of all RGs in CHD
probands but 24% of controls, implying greater consanguinity in
the CHD cohort. Indeed, the mean inbreeding coefficient (F) in
CHD probands was 1.8 x 107, 51gn1ﬁcantly higher than found
in controls (2.5 x 107, P = 4.1 x 107 by the Kolmogorov—
Smirnov test). From the distribution of F (SI Appendix, Fig. S1
and Table S3), 675 probands (12.4% if the total cohort) had
1nbreed1ng coeflicients of the expected value from the union of
4th cousins (9.0 x 10™) or closer. In contrast, only 80 controls
(4.4%) had this level of inbreeding coefficients.

To determine whether RGs occurred in known recessive CHD
genes more often than expected by chance, we compiled a list of
108 known human recessive CHD genes based on the OMIM
database and literature search (SI Appendix, Materials and Methods
for details and Dataset S3). The enrichment of RGs in known
human CHD genes among all CHD cases was evaluated using a
binomial test, in which the expected number of RGs was estimated
from each gene’s de novo mutability (29) adjusted by a polynomial
model that adjusts for variable levels of consanguinity (19). 66
damaging RGs were found in these known human recessive CHD
genes and were 3.9-fold more frequent than expected (P < 107"
Table 1 and Dataset S2). These RGs can account for 1.2% of all
cases. In contrast, there were only 2 RGs in these genes in controls

Table 1. Enrichment of damaging RGs in known human recessive CHD genes
All 19,347 genes 108 known human recessive CHD genes
Hom CompHet RGs Hom CompHet RGs
Sample set # Rate # Rate # Rate # Rate # Rate # Rate Enrichment P-Value
5,424 Cases 648 1.2x107" 605 1.1x10" 1253 23x10" 32 59x10° 34 63x10° 66 1.2x107 3.9 3.5x 1072
675 Consanguineous 537 80x10" 91 13x10" 628 93x10"' 28 41x102 4 59x10° 32 47x1072 47 1.8 x 107"?
Cases
4,749 111 23x102 514 1.1x10" 625 13x107 4 84x10* 30 63x10° 34 72x103 35 8.7x 107"
Nonconsanguineous
Cases
1,798 Controls 55  30x102 174 1.0x10" 229 13x107 1 56x10% 1 56x10*% 2 11x103 0.6 8.3x 10"

Distribution of different types of damaging RGs in cases and controls and the enrichment of RGs in known human recessive CHD genes. Rate indicates the number of genotypes per
individual. The expected number of RGs was determined based on the fitted values from the polynomial regression model using the de novo mutability. P values were calculated using the
one-tailed binomial test. P values exceeding the Bonferroni multiple-testing cutoff (0.05/[2 x 2] = 0.0125) were bolded. # Hom: number of damaging homozygotes; # CompHet: number
of damaging compound-heterozygotes; # RGs: number of damaging RGs.
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(0.1% of probands), with no enrichment compared to the expected
value (enrichment = 0.6; Table 1).

While offspring of consanguineous union (4th cousin or closer)
comprise only 12.4% of all CHD probands, these probands had
48.5% (32/66) of the damaging RGs in the set of known human
recessive CHD genes, including 87.5% (28/32) of the homozy-
gous RGs (Table 1 and S/ Appendix, Table S3). 4.7% of probands
(32/675) from consanguineous union had RGs in known CHD
genes, versus 0.7% from nonconsanguineous union (34/4749)
(6.5 — fold enrichment, Fisher’s exact test P = 6.1 x 107). As
expected, the percentage of probands with RGs in known CHD
genes declined with diminishing inbreeding coefficient, from
9.5% among probands with #> 0.03 to 0.08% among those with
F < 0.0009 (SI Appendix, Table S3).

The phenotypes of the 66 probands with RGs in known human
recessive CHD genes were compared to the previously reported
phenotypes resulting from RGs in each gene. Among 64 with
available CHD phenotype description, 60 probands (94%) had
phenotypes that were either concordant or overlapped with prior
phenotype descriptions (SI Appendix, Table S4 and Dataset S2)
supporting the functional relevance of most of these RGs.

RGs in known CHD genes contributed significantly to all phe-
notypic subgroups included in the cohort except ASD (SI Appendix,
Table S5). RGs are nearly 10-fold enriched and can explain ~3.4%
of HTX in the cohort. RGs account for nearly 2% of nontrisomy
21 atrioventricular canals (AVCs) with RGs accounting for ~1%
of each of the remaining phenotypes. Similarly, the broader spec-
trum of probands with laterality-associated defects including HTX
and non-HTX probands with cardiac defects that are frequently
observed in HTX also had high enrichment in RGs (enrichment =
7.4, P =5.5 x 107'°). Nearly half of the RGs in probands with
laterality-associated defects were in genes encoding known ciliary
proteins (13 RGs in ciliary genes among 28 RGs in laterality-
associated defect cases, enrichment = 6.3, P = 2.5 x 107;

B
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SI Appendix, Table S6). RGs in non-laterality-associated pheno-
types are less enriched and explain smaller fractions of these phe-
notypes (SI Appendix, Table S6).

The known CHD genes with the highest number of RGs were
GDFI (n = 13); MYHG6 (n = 12); DNAHS5 (n = 7); PLDI (n = 6);
DNAH9 and DNAI2 with three each; ATIC, DNAH11, DNYCH],
NADSYNI, and PKDILI with two each; and 12 genes with one
RG. The current dataset added two more probands with GDFI RGs
and six with MYH6 RGs compared to our previous report (19)
(81 Appendix, Table S7). It is noteworthy that 54 of the RGs in known
CHD genes (82% of the total) came from just 11 genes, each with
2-13 RGs, with another 12 known genes contributing one RG. The
remaining 85 known CHD genes had zero RGs in this cohort.

We found three probands with RGs in NADSYNI or KYNU,
which encode enzymes in de novo NAD biosynthesis and have
been implicated in HLHS or malformation of the aorta and pul-
monary artery (30, 31). These probands all had HLHS-related
phenotypes. Another proband with HLHS carried an RG in
KMO, a gene in the same pathway that has not been previously
implicated in CHD (87 Appendix, Table S8).

Genome-Wide Analysis of RGs. We next performed a genome-
wide analysis for significant recessive risk genes using a binomial
test as described above. We identified five genes with genome-wide
significant enrichment of damaging RGs (P < 2.6 x 1075 Fig. 1),
compared with zero genes with significant enrichment in the
control cohort (87 Appendix, Fig. S2). These genes included two
known human recessive CHD genes that we previously reported
(GDFI1, MYH6) (19) and three additional genes with genome-
wide significance (Clorf127, PLD1, and H6PD) (Fig. 1).

Recessive CTorf127 Genotypes Cause Laterality Defects. Five
unrelated probands had LoF RGs in Clorf127, including five
different homozygous or compound heterozygous LoF genotypes

# Observed # Expected . Heart Expr
Gene RGs RGs Enrichment P-Val FDR pRec %Rank
*GDF1 13 4.2x10%2 309.8 1.8x102% 3.5x10% 0.6 NA
C1orf127 5 2.8x1072 176.8 1.5%10° 1.4x10% 0.6 35.2
*MYH6 12 11 1.4 1.4x10° 9.0x10° 0.7 100.0
*PLD1 6 1.2x10" 51.1 3.2x10° 1.6x10° 0.9 51.4
H6PD 6 2.4x10" 25.5 1.9x107  7.3x104 0.9 704
VPREB3 2 2.7x103 734.1 3.7x10% 1.2x102 0.6 16.6
CD36 3 3.3x102 89.8 6.1x10% 1.7x102 0.0 84.7
USP17L7 2 5.7x103 351.0 1.6x105  3.9x102 NA NA
ORS5H2 1 3.7x10% 267919  3.7x105 8.0x10%2 0.3 0.0
TNS1 6 6.2x10" 9.7 4.4x105 85x102 0.9 98.6
*DNAI2 3 6.8x102 44.0 5.0x105 8.8x102 0.7 220
OR5J2 1 8.1x10°% 123464  8.1x105 1.3x10" 0.6 0.0
*DNAH5 7 1.0 6.9 8.9x105  1.3x10 1.0 0.0
ZNF844 2 1.4x1072 146.2 9.3x105  1.3x10° 0.5 NA
OR52N5 1 1.3x104 7478.5 1.3x104 1.7x10" 03 0.0
UNC45B 3 1.0x10" 28.9 1.7x104  2.1x10" 0.9 97.0
KCNJ12 3 1.2x10" 253 2.5x10% 2.9x10" 0.9 451
OR2T27 1 3.3x10 3027.7 3.3x10%4  3.5x10" 0.1 NA
ORS5I1 1 3.9x104 25923  3.9x104 3.9x10" 0.1 0.0
DAW1 2 3.0x102 66.3 4.5x10%  4.3x10°" 1.0 16.8
EPB41L4A 3 1.5x10" 19.4 5.5x104  4.9x10 0.1 61.0
SPINK14 1 5.5x10 1803.7 5.5x104 4.9x10" 0.8 0.0
C150rf52 2 3.56x102 57.0 6.0x104 5.1x10" 0.2 42.7
CFTR 4 3.8x10" 10.5 6.4x104 5.1x10" 0.0 24.0
HP 2 3.9x102 51.1 7.5x10* 5.8x10" 0.9 20.0
MYO18B 5 7.0x10°" 71 7.9x10% 5.9x10" 1.0 97.8
PCDHB1 2 4.5%102 446 9.8x10%4  6.9x10" 0.1 0.0
TRAF2 2 4.5x102 44.0 1.0x10% 6.9x10" 0.0 57.3
HEPHL1 4 4.3x10" 93 1.0x10% 6.9x10" 0.0 10.3
LRP5L 2 4.8x102 42.0 1.1x103  7.0x10" 0.0 NA

Fig. 1. Enrichment of damaging RGs in cases and controls. (A) Q-Q plot comparing observed versus expected P values for damaging RGs in probands; genes with

genome-wide significant enrichment of RGs are marked with a red arrow. The dashed line indicates the genome-wide significant p-value threshold of 2.6 x 10

6

(0.05/19,347). (B) Top 30 genes from the binomial test. Genes with genome-wide significant burden of RGs are in bold font; * denotes previously identified
human recessive CHD genes. pRec: probability of being intolerant to biallelic LoF variants based on gnomAD dataset (doi: 10.1038/nature19057). Heart Expr %
Rank: the percentile of gene expression in the mouse heart at embryonic day E14.5 (doi: 10.1038/nature12141).
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that were distributed across the encoded protein. These included
two homozygotes for p.Arg527X, one each for p.Arg113X (reported
in ClinVar 1335917 as VUS in a patient with Heterotaxy) and
p-Glu69X, and one compound heterozygote (p.Val749GlyfsTer30/p.
Tyr285X) (Fig. 24 and SI Appendix, Fig. S3). Three of these five
probands are from consanguineous union. From the genome-wide
binomial test, Clorf127 showed highly significant enrichment for
damaging RGs (enrichment = 176.8, P = 1.5 x 107" Fig. 14)
and a greater enrichment for LoF RGs (enrichment = 392.4,
P=26x 10" 8/ Appendix, Fig. S4). There is one prior case
report of a damaging recessive genotype in Clorf127 in related
members of a consanguineous kindred who had heterotaxy and
complex CHD (32).

Four probands with LoF RGs in Clorfl27 presented with
laterality-associated cardiac defects, including DORV and HTX
(with dextrocardia, L-TGA, and left atrial isomerism). Other car-
diovascular phenotypes associated with laterality defects, including
interrupted inferior vena cava and right aortic arch, were also

observed. One proband homozygous for the p.Arg527X variant
did not have an apparent laterality phenotype, instead having sub-
aortic stenosis. Clorf127 was thus particularly enriched for LoF
RGs among probands with laterality-associated cardiac defects in
the cohort (enrichment = 957.8, P = 1.1 x 107", ST Appendix,
Fig. S5). No extracardiac phenotypes (other than organ laterality
defects) were reported in these patients.

Clorf127 (Chromosome 1 Open Reading Frame 127) encodes a
protein with a highly hydrophobic leader sequence in its
amino-terminal 22 amino acids, a characteristic of the signal sequence
of secreted proteins, along with a strongly predicted protease cleavage
site (Fig. 2 B and C). The Clorfl127 mouse ortholog (Gm572) is
expressed in the cardiovascular system throughout mouse embryonic
development from E9 to P4 (Mouse Genome Informatics), consist-
ent with a role in cardiac development. During mouse gastrulation,
Gm572 is predominantly expressed in notochord (87 Appendix,
Fig. S6) (33). Clorf127 is part of a module of genes expressed only

in species including humans, mice, Xenopus, and fish that depend

A . . Variant cDNA Amino Acid Bravo Meta

ID Sex Ancestry Detailed Cardiac Phenotype Type Change Change Freq SVM CADD
1-12419 M European Interrupted IVC, LAI, DORV Hom c.C337T p.R113X 2.4x105 LoF 35
1-04592 M European LSVC, ASD, DORV Hom ¢.G205T p.E69X 0 LoF 34
1-10838 M European L-loop corrected TGA, VSD, PS, RAA CompHet  ¢.2245dupG/c.854_858del p.V749fs/p.Y285X 4.2x104/0  LoF/LoF NA/NA
1-06907 M Southern Asian Hypoplastic mitral valve, DORV Hom ¢.C1579T p.R527X 8.0x105 LoF 35
1-07573 F Mexican Sub-aortic stenosis Hom c.C1579T p.R527X 8.0x105 LoF 35
4 . Interrupted IVC, Aortic arch, Aortic atresia,
1-05133 F Undetermined Dextrocardia, LOVG, Mitral atresia, AVC, S Hom c.C749A p.A250D 0 T 223

p.E6OX p.R113X p.AZ?D p.Y285X p.R527X (2) p\T749fs
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Fig. 2. RGs in CTorf127, a likely secreted protein. (A) RGs in probands with RGs in C7orf127 and associated phenotypes. HTX: heterotaxy; LVO: left ventricular
outflow tract obstruction; CTD: conotruncal defect; IVC: inferior vena cava; LAI: left atrial isomerism; DORV: double-outlet right ventricle; LSVC: Persistent left
superior vena cava; ASD: atrial septal defect; TGA: transposition of the great arteries; VSD: ventricular septal defect; PS: pulmonary stenosis; RAA: right aortic
arch; AVC: atrioventricular canal; Sl: situs inversus. * (below the dashed line), proband identified post hoc with heterotaxy and rare RG predicted as benign by
MetaSVM but damaging by SIFT and Polyphen with CADD score > 20. (B) Location of C7orf127 variants on the C1ORF127 protein. C1ORF127 protein contains a
likely N-terminal signal peptide, a DUF4556 domain, and a PHA03237 domain. The LoF variants are shown in black while missense variant is shown in green. (C)
Signal peptide prediction in C1ORF127. The signal peptide was predicted using SignalP-5.0 (http://www.cbs.dtu.dk/services/SignalP/). The red line indicates the
probability the sequence comprises a secretory signal peptide (Sec/SPI); the green line indicates the probability of a proteolytic cleavage site; the orange line
shows the probability that the sequence does not encode a signal peptide. At the Bottom of the figure, the encoded amino-terminal amino acid sequence of
C10RF127 is shown. The cleavage site is predicted to be between amino acids 22 and 23, and is more than twice as likely as the next most likely site. The overall

likelihood of the protein having a Sec signal peptide is calculated to be 0.9.
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on motile cilia at the left—right-organizer that is involved in left—right
patterning (34). Coupled with the predominant laterality phenotype
in these patients, the evidence suggests that Clorf127 is a secreted
protein that impacts lefe—right patterning of the heart.

Recessive PLD1 Genotypes Cause Right-Sided Cardiac Valve Defects.
We identified six probands with RGs in PLDI (Phospholipase D1)
with genome-wide significant enrichment (P= 3.2 x 10, enrichment =
51.1; Fig. 1 and SI Appendix, Fig. S7 and Table S9). All probands
presented with right heart defects involving various combinations
of tricuspid valve abnormalities, pulmonary atresia, right ventricular
hypoplasia, and Ebstein anomaly, a severe form of tricuspid valve
malformation characterized by the downward displacement of the
tricuspid orifice into the right ventricular cavity (35) (S7 Appendix,
Table S9). Variants in PLDI (36, 37) have been reported in isolated
patients with CHD including right-sided malformations, but this
study added genome-wide significant burden through an unbiased
analysis of a human CHD cohort. Among 330 probands in our
cohort with right-sided valvular defects (defined as tricuspid valve
defect, Ebstein anomaly, or pulmonary atresia in the absence of VSD,
TOE HTX, and D-TGA) the enrichment of RGs in PLD1 was 696.9
fold (P =5.1 x 107, ST Appendix, Fig. S8).

Notably, three of six probands with damaging RGs in PLDI
had the identical homozygous variant p.Ile668Phe, and all three
were of Ashkenazi Jewish (A]) ancestry (S Appendix, Fig. S9),
suggesting a founder variant. Among 410 PCA-defined Ashkenazim
in our cohort, the overall allele frequency of p.Ile668Phe was 2.1%,
predicting a homozygote frequency of 1 in 2,500. The finding of
three homozygotes and 11 heterozygotes among 410 participants
stronglzy violates Hardy—Weinberg equilibrium (P = 1.4 x 1078,
1-df y~ test with Yate’s correction), consistent with selection for
homozygous PLDI genotypes among probands with right heart
valvular defects. The maximum shared haplotype bearing the p.Il-
e668Phe variant among the three homozygous individuals is ~657
kb with an estimated age of ~52 generations (95% CI: 42.4 to
69.0 generations) (S Appendix, Fig. S10). The homozygous p.II-
e668Phe genotype accounts for ~12% (3/25) of right-sided val-
vular defects among Ashkenazim in our cohort.

Variants in H6PD. The gene H6PD, encoding hexose 6-phosphate
dehydrogenase, had six RGs, all from rare D-mis variants and
surpassing thresholds for genome-wide significance (Fig. 1). This
enzyme is responsible for regenerating NADPH, a key cofactor for
many anabolic reactions. RGs in H6PD, typically featuring LoF
variants, have previously been found in patients with cortisone
reductase deficiency, which results in cortisol deficiency due to
inability to reduce cortisone to cortisol; however, CHD was not
reported in any of these people (38). Interestingly, the missense
variants show evidence of clustering within the protein, with all
probands having two variants that lie between codons 321 and
518. One variant occurred three times in RGs in people of diverse
ancestries, indicating it is not a founder variant, but consistent
with being selected for its association with CHD. Nonetheless, in
contrast with most bona fide CHD genes in which there is some
consistency in the phenotypes resulting from variants, probands
with H6PD RGs had widely varying phenotypes; aside from
three having VSDs (and other CHD features), little was shared,
with phenotypes including HTX, HLHS, aortic coarctation,
single ventricle, and AVC; one patient had hypospadias and
cryptorchidism (S Appendix, Table S10). This inconsistency leaves
open the possibility that the observed result is a chance event
further results will be required to assess the significance of the

observed findings.
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Genes with Low FDR Values. In addition to genes with RG burdens
that surpass thresholds for genome-wide significance, several
additional genes not previously implicated in CHD approached this
value and had false discovery rate values < 0.05 (VPREB3, CD36,
USP17L7) or < 0.1 (OR5H2, and TNSI) (Fig. 1B) suggesting
that some may prove to be bona fide CHD genes. Among these,
TNS1, a gene that is highly expressed in the developing heart
and has a probability of being intolerant to homozygous LoF
variants (pRec) of 0.9 (Fig. 1B), encodes tensin, a focal adhesion
protein that interacts with actin; 7NS7 had six RGs and lies near a
common variant associated with mitral valve prolapse; 7751 ““mice
and zebrafish have mitral valve defects (39). Five of the probands
with RGs in 7NVS! had valve abnormalities affecting the mitral,
pulmonary, or aortic valve as part of their CHD, including three
with tetralogy of Fallot (S Appendix, Table S11).

Genes with More than One RG. Genes with two or more probands
with damaging RG are more likely to confer CHD risk. We identified
152 genes with at least two damaging RGs (S Appendix, Table S12),
compared with 117.8 genes expected by permutation analysis
(P=2.1x107, enrichment=1.3, /. Appendix, Table S13). In contrast,
no enrichment was observed for genes with 2 or more synonymous
RGs (enrichment = 1.0, P = 0.6; SI Appendix, Table S13). Of these
152 genes, 11 were known CHD genes, leaving 141 candidate CHD
genes with two or more RGs vs. 106.5 expected (P = 1.9 x 107,
enrichment = 1.3 [1.2, 1.6], SI Appendix, Table S13) suggesting
that ~35 genes in this set may be bona fide CHD genes that may
be validated in larger cohorts. The 152 genes with more than one
damaging RG are significantly more connected than expected by
STRING analysis (398 observed edges compared to 85 expected
edges, P < 1.0 x 10_16) and identify subclusters including cilia and
cardiomyocyte/sarcomere proteins (40) (SI Appendix, Fig. S11).

Clustering of RGs in Cardiomyocyte and Notochord Lineages.
Cardiac morphogenesis occurs early in development, between days
15 to 56 postconception in humans and embryonic days 7.5 to
14.5 in the mouse. To better understand the relationship between
recessive genes and CHD phenotypes, we examined the expression
of genes harboring two or more RGs across different cell types
during mouse gastrulation using a single-cell RNA-sequencing
dataset collected at embryonic days 6.8 to 8.5 (33). 141/152 of
these genes have available expression information in this dataset. To
identify genes with tissue-specific function that may contribute to a
specific cardiac phenotype, we clustered the genes using their ratio
of maximum expression across all the tissues studied. We defined
a gene as showing specific expression if its expression is > fivefold
higher in one tissue compared to other tissues studied. Two major
clusters of genes with tissue-specific expression were observed: one
group with predominant notochord expression and another with
predominant cardiomyocyte expression (boxed in red in Fig. 3).
There are fourteen genes with notochord-specific expression,
including mouse orthologs of six recessive human CHD genes
that collectively have 22 RGs in the cohort, these include Clorf127
(5 RGs) and five known human CHD genes DNAHS5 (7 RGs),
DNAH9 (3 RGs), DNAH11 (2 RGs), DYNC2HI (2 RGs),
DNAI2 (3 RGs). In addition, the mouse ortholog of the human
gene DAWI, is a known mouse CHD gene and has two RGs.
There were 24 RGs among these seven genes. Notochord-expressed
genes include genes required for cilia structure and function, and
notochord cells include cells derived from the ciliated embryonic
left—right organizer (41). Variants affecting cilia and left—right
organizer structure and function are associated with a wide range
of CHD with and without organ heterotaxy (42, 43). This is
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Fig. 3. Single-cell expression of genes with = 2 RGs during mouse gastrulation. The single-cell RNA-seq data of mouse gastrulation were acquired from Pijuan-
Sala et al(33). The expression of each gene was normalized to the level of its expression in the cell/tissue type with highest expression (ratio of max expression).
Genes were then clustered by their ratio of max expression in different cell/tissue types using the UPGMA hierarchy clustering algorithm. Only genes with
available expression data were shown. *indicates genes with at least fivefold higher expression in notochord or cardiomyocytes compared to other tissues. The
x-axis indicates the cell types, the y-axis shows the genes with > 2 damaging RGs. The column on the Right is a continuation of the column on the Left.

reflected in our finding that the 24 probands with RGs in these
seven genes presented with a wide range of CHDs including 13/24
who had laterality-associated defects.

Similarly, there are seven cardiomyocyte-specific expressed
genes with at least two RGs, including the known recessive CHD
gene MYHG6 (19). Cardiomyocytes are the contractile cells of the
heart and their dysfunction is associated with cardiomyopathy.
It is hypothesized that cardiomyocyte dysfunction may lead to
structural heart defects, especially those on the left side of the
heart (19, 44, 45). We examined the enrichment of RGs in all
cardiomyocyte-specific genes in left-sided CHD probands. We
observed a 1.8-fold of enrichment of RGs in these genes among
1,849 cases with a left-sided defect (P = 1.2 x 107%; SI Appendix,
Table S14), including seven genes with two or more RGs. No
enrichment was observed in 3,445 cases without left-sided defect
(P=0.3, enrichment = 1.1) or in controls (” = 0.5, enrichment =

1.0; ST Appendix, Table S14).

https://doi.org/10.1073/pnas.2419992122

In addition to MYHG, three of the seven cardiomyocyte-specific
genes with two or more RGs showed at least fivefold enrichment
of damaging RGs compared to expectation at the gene-level:
UNC45B, MYO18B, and MYBPC3. Like MYHG, all three have
previously been implicated in cardiomyopathy (46-50). Three
damaging compound-heterozygous RGs were identified in
UNC45B (Fig. 4 Aand B), representing a 29-fold enrichment over
expectation (P = 1.7 x 107%). UNC45B encodes a cochaperone
protein that plays a crucial role in stabilization of cardiac myosin
and organization of myofibrillar heart contractility (51). UNC45B
is associated with myofibrillar myopathy through recessive inher-
itance (OMIM# 619178). Mice with recessive LoF in Unc45b
arrest cardiac morphogenesis at E9.5 and have failure of contractile
function (52). All three probands with UNC45B RGs had
left-sided heart defects that included aortic stenosis or bicuspid
aortic valve as part of complex CHD. Proband 1-00330 carried a
compound heterozygote with one p.Arg778Trp variant previously
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Fig. 4. RGs and phenotypes in UNC45B, MYO18B, and MYBPC3. (A) RGs in UNC45B, MYO18B, and MYBPC3 in probands with CHD. ASD; CoA: coarctation; LSVC:
left superior vena cava; VSD: ventricular septal defect; BAV: bicuspid aortic valve; RV: right ventricle; LV: left ventricle; MVP: mitral valve prolapse; DORV;
D-TGA: D-transposition of great artery. (B-D) Location of variants in UNC45B (B), MYO18B (C), and MYBPC3 (D). Variants denoted above each gene were found in
probands with CHD described in (A) while variants below each gene are previously reported in patients with RGs and cardiomyopathy and/or CHD. LoF variants
are shown in black and missense variants are shown in green. Numbers in parentheses indicate the number of probands with the variant. (B) UNC45B contains
the N-terminal TPR domain which interacts with Hsp90, a conserved central domain, and a C-terminal UCS domain which binds myosin. Variants reported in
ref. 48 are shown. Variants found in patients with CoA in both cohorts are labeled in red. (C) MYO18B contains an N-terminal myosin-motor domain, a myosin
light chain binding 1Q motif, and 3 C-terminal coiled-coil regions which might allow for dimerization. Variants found in our cohort are mostly missense and
distribute across the encoded protein, RGs reported by Altuame et al (49) in patients with Klippel-Feil syndrome with cardiomyopathy are all LoF and cluster
in the C-terminal end of the protein. One patient with p.GIn2166X variant reported reduced growth of the left ventricle and aortic valve. (D) MYBPC3 contains
eight Ig-like C2 (I-set) domains and three fibronectin type-Ill (fn3) domains. Both of the variants in our cohort are missense and map to the last I-set domain,

which is known to bind to the myosin rod (53).

reported in a patient with coarctation of the aorta (CoA) (48),
which was part of the CHD in proband 1-00330.

Five patients had compound-heterozygous RGs in the myosin
gene MYO18B (Fig. 4 Aand C). MYO18B is associated with the
recessive Klippel-Feil syndrome (OMIM# 616549), characterized
by myopathy and facial dysmorphism. While variants are seen
across the length of the encoded protein, there is some clustering
near the end of the motor domain and the beginning of the
coiled-coil domain. Three of five probands showed left-sided heart
defects. Two others reported congenital scoliosis, which has been
found in approximately half of recessive Klippel-Feil cases with
MYOI18B variants (49). Zebrafish and mouse models null for
MYO18B showed cardiac dysfunction and embryonic lethality
(54, 55). Human MYO18B biallelic LoF variants have been asso-
ciated with cardiomyopathy, and reduced growth of the left

PNAS 2025 Vol.122 No.10 2419992122

ventricle and aortic valve (56); in addition, the MYO18B locus
was implicated in a GWAS analysis of patients with HLHS (45).

Last, two probands had homozygous MYBPC3 (myosin-binding
protein C3) missense variants (Fig. 4 A and D). Both variants lie
in the last immunoglobulin I-set domain of the protein (Fig. 4D),
which is known to bind to the myosin rod (53). One proband
had a dilated mitral valve annulus, mitral regurgitation, and MVP.
The other had D-TGA with CoA. MYBPC3 is the cardiac isoform
of myosin-binding protein C and is predominantly expressed in
cardiomyocytes. Monoallelic MYBPC3 LoF variants are the most
common genetic cause of autosomal dominant hypertrophic car-
diomyopathy, and biallelic truncating variants cause severe neo-
natal cardiomyopathy, while monoallelic missense variants are
associated with dilated and hypertrophic cardiomyopathy (57, 58)
(OMIM# 615396 and 115197).
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Estimation of the Recessive Contribution to CHD. To estimate the
overall contribution of RGs to CHD, we adopted the method of
Martin etal. (59), which assumes that parents are relatively depleted
of damaging RGs that cause severe disease, while probands are
enriched. The relative enrichment of RGs in probands compared
to their parents reflects the percentage of probands in whom RGs
contribute to CHD risk (Materials and Methods). From the analysis
of all 3,716 trios, we estimate that damaging RGs contribute to
disease risk for 2.2% probands (CI: 0.8 to 3.5%; Table 2). Across
the entire cohort of 5,424 probands, RGs in previously known
recessive human CHD genes plus those implicated herein can
account for 1.3% of all probands. Thus, RGs in known CHD
genes can account for 62% of the contributing RGs, indicating
that many recessive CHD genes likely remain to be discovered.

We also estimated the contribution of RGs to CHD probands
from consanguineous union; this was estimated to be 6.9% (CI:
-0.2% to 14.0%) compared to 1.6% (CI: 0.4% to 2.7%) in
probands from nonconsanguineous unions (S/ Appendix, Table S15).
Including the three Clorf127 RGs among consanguineous probands,
we identified RGs in known genes in 35/675 consanguineous
probands (5.2%), inferring that variants in identified recessive CHD
genes account for ~75% of all RGs in this cohort. Similarly, includ-
ing two nonconsanguineous probands with RGs in Clorf127, RGs
explained 0.8% (36/4749) of this group.

We then estimated the overall contribution of RGs to CHD phe-
notypic subsets. RGs were estimated to contribute to 5.4% (Cl:
2.1% to 8.6%) of probands with laterality-associated cardiac defects
compared to 1.4% (CI: -0.05% to 2.8%) of those without
laterality-associated defects (S Appendix, Table S16). This is consist-
ent with our previously published data (19). Consistent with these
estimates, we identified RGs in known genes in 2.4% of probands
with laterality-associated defects, and 0.9% of the remainder.

Due to the contribution of founder variants in the AJ popula-
tion, we also separately estimated the fraction of damaging RGs
that contribute to AJ probands. From PCA of common variants
from ES, there were 279 trios and 131 singletons inferred to be
of AJ descent (SI Appendix, Fig. S9). From the trios, we estimated
that damaging RGs collectively contribute to 4.6% of CHD in
this population (CI: -0.7% to 9.8%) (SI Appendix, Table S17).
Thus, because the two identified founder variants in AJ] (GDFI
p-Met364Thr, and PLDI p.1le668Phe) account for recessive CHD
in 14/410 probands (3.4%), these founders account for an esti-
mated 74% of the recessive signal in AJs in this cohort.

Discussion

Our study has characterized the spectrum and frequency of RGs
contributing to CHD in the largest cohort reported to date, pro-
viding the opportunity to determine the frequency and phenotypic
spectrum resulting from biallelic variants in known recessive CHD
genes in probands ascertained without bias for particular CHD
phenotypes, as well as the identification of additional CHD genes.

Among the 5,424 probands, RGs in the 108 previously known
recessive CHD genes were only found in 66 probands (1.2%,

Table 2. Estimation of the contribution of RGs in CHD trios

increasing to 1.3% including the five RGs in gene Clorf127),
and only 23 known recessive CHD genes had even a single RG.
RGs in four genes occurred in 6 to 13 probands each and
accounted for 58% of the total; two of these were driven by
founder variants among Ashkenazim (SI Appendix, Table $4).
These results indicate the rarity with which RGs in most of these
CHD genes contribute to disease in this cohort ascertained from
tertiary referral centers.

Importantly, despite comprising only 12.4% of the cohort,
probands from consanguineous union accounted for more than half
of the RGs in CHD genes (51.5%). 4.8% of probands from con-
sanguineous union had RGs in known genes compared to only
0.71% of probands from nonconsanguineous union (6.7-fold
enrichment). The percentage of probands explained by homozygous
variant in known CHD genes increased with increased levels of
consanguinity: 0.08% in the absence of consanguinity; 1.3% among
likely 4th cousin unions; 4.5% for 3rd cousins, 3.9% for 2nd cous-
ins, and 9.5% for 1st cousins or closer (SI Appendix, Table S3).

An independent statistical test of the impact of RGs across the
entire cohort (59) supports the relative rarity of recessive contri-
bution to CHD, concluding that RGs contribute to ~2.2% of
probands overall (~117 probands). Because RGs in known genes
can account for 1.3% of all probands, these RGs can account for
~61% of the total number of RGs contributing to CHD in the
cohort, leaving ~0.8%, or ~45 probands in the cohort with RGs
in genes that are not yet clearly identified as CHD genes. Among
these, orthologs of mouse CHD genes are excellent candidates,
including 7NS1 and DAW1, which had six and two RGs, respec-
tively, and CHD phenotypes related to those found in the mouse.
Similarly, after excluding known human recessive CHD genes,
there are 437 RGs in genes previously associated with human
phenotypes other than CHD (enrichment = 1.0, 2 = 0.9).
Nonetheless, the rarity of RGs in so many known genes is striking
and suggests population frequency < 1/500,000 (assuming overall
rate of severe CHD of ~0.01). This could be explained by pre- or
perinatal lethality for many of the RGs in these genes. The total
number of additional recessive CHD genes that have not yet been
discovered is likely to be large.

The estimated fraction of cases accounted for by RGs in probands
with laterality-associated phenotypes (~5.4%) indicates that this
subgroup is an outlier, compared to a frequency of only 1.4% of the
remainder. The empirical data support this estimate. RGs in CHD
genes known to cause laterality — associated phenotypes account for
3.7% (n = 43) of the 1,160 probands with these type of malforma-
tions, and 61% of the total set of RGs in known CHD genes.

This cohort demonstrates the challenge inherent in identifying
recessive CHD genes from large cohort studies from the general
population. The complete list of damaging RGs found in this
cohort and their associated phenotypes (Dataset S2) will help
identify additional recessive CHD genes. The marked enrichment
in discovery of RGs in probands from consanguineous union, as
well as the discovery of founder variants in populations that have
gone through recent bottlenecks, makes clear that prioritizing
recruitment of such probands will maximize the opportunity for

# Expected # Observed # Observed # Expected # Observed # Observed Fraction of
Type of RGs in RGs in / # Expected RGsin 3,716 RGsin 3,716 / # Expected Probands with
RGs 7,432 Parents 7,432 Parents in Parents Probands Probands in Probands Causal RGs Cl
Syn 4122.2 4,135 1.0 1951.5 1951 1.0 - -
LoF 156.5 95 0.6 69.9 61 0.9 0.5% [0.1%,0.9%]
Damaging 1418.0 1,181 0.8 659.1 630 1.0 2.2% [0.8%,3.5%]

Syn: synonymous RGs; LoF: loss-of-function RGs; Damaging: All damaging RGs, including LoF and D-mis.
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recessive CHD gene discovery. In contrast to the relatively small
contribution to CHD by biallelic variants, monoallelic de novo
mutations account for a much larger fraction of CHD, ~9%.

One limitation of this study is that tools to distinguish dam-
aging from benign missense variants have incomplete sensitivity
and specificity. When damaging RGs are uncommon in a study
population, stringent criteria help prevent loss of power but
reduce sensitivity. Nonetheless, once a gene has been well impli-
cated using stringent criteria, application of the same criteria may
be inappropriately insensitive in clinical practice, where the pos-
terior probability of a proband by chance having a specific rare
phenotype and an RG in a gene known to produce that phenotype
but which has higher allele frequency than the threshold used for
gene discovery. For example, in our dataset, we found three
probands had RGs in NADSYNI due to the same variant that
barely exceeded the MAF cutoff of 10 in gnomAD, with MAF
of 1.2 x 107°. All three patients had mitral valve abnormalities,
consistent with characteristics of phenotypes seen in other patients
with RGs in NADSYN1 (SI Appendix, Table S8). Similarly, one
patient had a potentially clinically significant RG in Clorf127
(p-Ala250Asp, MetaSVM “T”) that was predicted damaging by
SIFT (60) and Polyphen (61). This patient had a HTX phenotype
that included left atrial isomerism (Fig. 24 and SI Appendix,
Fig. S3) consistent with phenotypes found in other Clorf127
patients. Further, two probands had rare homozygous genotypes
in PLDI: p.Tyr894Ser (MetaSVM T and CADD = 28) and
p-Tyr818His (MetaSVM T and CADD = 23) (S Appendix,
Fig. S7 and Table S9) both of whom presented with right-sided
valvular defects. These subjects were not included in the summary
data but highlight the distinction between the goals of disease
gene discovery and clinical application. Addition of subjects such
as these to the total could also reduce the gap between anticipated
and observed RGs in a cohort.

Differences between cases and controls in this study also intro-
duce potential limitations. The small differences in ethnic distri-
bution and sequencing metrics (SI Appendix, Tables S1 and S2)
have no impact on the gene discovery analysis, which used a bino-
mial test that s fully independent of the control cohort. Comparison
of the results of this test showed that the binomial test for RGs in
controls showed no departure from expectation in Q-Q plots.
Further, RGs in known recessive CHD genes were 11-fold more
frequent in cases than controls, providing confidence that sequenc-
ing and genotyping errors were not generating large numbers of
false positive results. Parental consanguinity was significantly
higher in CHD probands despite ascertainment of cases based
solely on presence of CHD; parental consanguinity is expected to
be enriched among kindreds segregating recessive traits, but not
in others. The lower frequency of parental consanguinity in autism
kindreds suggests a lower contribution from RGs, supported by a
recent well-designed study from Qatar, where consanguinity is
prevalent, parental consanguinity was not increased in autistic
compared to nonautistic probands (62).

By mapping genes with RGs in CHD patients to mouse embryo
single-cell RNAseq data, we showed that the embryonic expression
pattern of a CHD gene impacts the final CHD phenotype.
Previous studies found CHD-causing RGs clustering in genes
associated with cilia function that were especially enriched in
laterality-associated CHD. Our analysis confirmed those findings
by identifying RGs enriched in genes expressed in the embryonic
notochord, which is developmentally related to the ciliated embry-
onic left-right organizer. The notochord-expressed genes include
a genome-wide significant CHD gene, Clorf127, encoding a likely
secreted protein with a role in the development of left—right asym-
metry. Importantly, in addition to cilia-associated genes, we
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identified recessive variants in four genes previously implicated in
cardiomyopathy (MYH6, UNC45B, MYO18B, and MYBPC3)
that are expressed in embryonic cardiomyocytes; RGs in these
genes contributed to left-sided CHD phenotypes. We propose
that the dysfunctional cardiomyocytes resulting from RGs may
impact ventricular contraction and embryonic blood flow, leading
to structural CHD such as an underdeveloped left ventricle and/or
malformed aortic and mitral valves, since there is emerging evi-
dence for interdependence between embryonic hemodynamics
and cardiac morphogenesis (44). These findings also point to a
population of CHD patients who may be at increased lifetime
risk of myocardial dysfunction and heart failure.

The overall contribution of rare mutations with large effect to
severe CHD is at least 35%. This derives from ~15% of CHD
attributable to large damaging de novo copy number variants;
another 10% having chromosomal aneuploidy (trisomy 21, 13,
or 18) (10); an excess burden of 8.3% of probands having dam-
aging monoallelic de novo variants compared to controls (19),
and 2.2% with biallelic variants as reported herein. It is likely that
transmitted monoallelic variants will also play a significant role as
larger studies are performed; for example, frequent transmission
with incomplete penetrance of LoF variants in FL74 has been
demonstrated (19).

The etiology of the remaining ~65% of probands remains
unknown, though significant risk factors have been identified. In
two national cohort studies that each included more than 2 mil-
lion live births, pregestational maternal diabetes increased the risk
of CHD 4-fold across a broad range of CHD subtypes (increasing
absolute risk of CHD by ~2.4%) (63, 64). One of these (64) also
found odds ratios > 3 for multifetal pregnancy, maternal CHD,
and maternal connective tissue disease, along with smaller effects
from maternal hypertension, alcohol use, increased maternal age,
and others. Collectively, this study suggested such factors can
account for ~14% of CHD (64).

The etiology of the remaining ~50% of CHD can include var-
iants in noncoding DNA (20, 65), DNM:s predicted to affect gene
transcription were enriched 1.15-fold in CHD probands com-
pared to controls, and were found in enhancers of genes implicated
in CHD in ~3% of probands, though only 20% of the enhancer
variants tested altered gene transcription in vitro (20). Oligogenic
models are similarly limited by sample size and potential hetero-
geneity of interacting loci; nonetheless, an example of digenic
contribution to HLHS has been reported in mice (66).

The contribution of common variants with smaller effects has
similarly been limited by small sample sizes and the genetic heter-
ogeneity of CHD subtypes. A study of 757 probands with ASD
showed significant association at chromosome 4p16, with an odds
ratio of 1.4 (67). Similarly, a GWAS of 1145 probands with
left-sided CHD identified significant association with a chromo-
some 20 interval that included MYH7b and miR499A with an odds
ratio of 1.5 (68). Effects of common variants could also modify
penetrance of rare variants. Like for other diseases, the study of
much larger cohorts will be needed to provide more robust identi-
fication of the contribution of common variants to CHD risk (69).

Stochastic processes are yet another potential contributor to
disease pathogenesis. Given that ~60% of the signal from dam-
aging DNM:s occurs in genes with high pLI (19), indicating dosage
sensitivity, stochastic phenocopies of reduced gene expression of
high pLI genes in critical cell types at key times in development
could account for significant fractions of CHD.

In summary, results from WES of 5,424 CHD probands have
further identified genes and pathways implicated in CHD, have
provided estimates of the contribution of recessive inheritance to
CHD, and demonstrated the marked enrichment of probands
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resulting from parental consanguinity and founder variants. These
findings can guide the genetic testing of CHD and can help stratify
patients into phenotypic groups to support personalized medical
management. Future efforts to sequence larger CHD cohorts,
particularly probands from consanguineous unions and founder
populations, are likely to be the most efficient approach to identify
new recessive risk genes and mechanisms for CHD.

Materials and Methods

study Participants. A total of 3,716 child-parent trios and 1,708 singleton
probands were recruited to the CHD Network Study of the PCGC (CHD GENES:
ClinicalTrials.gov identifier NCT01196182) (70) as previously described. All par-
ticipants or their parents provided informed consent using protocols that were
reviewed and approved by institutional review boards at participating institutions.
Atotal of 1,798 unaffected siblings of people with autism and their unaffected
parents were obtained from the Simons Simplex Collection (SSC) as the controls.
The access to the data was acquired from SSC on the National Institute of Mental
Health Data Repository. Written informed consent was obtained from all partic-
ipants as provided by the Simons Foundation Autism Research Initiative. See
Sl Appendix, Materials and Methods for details.

Exome Sequencing and Analysis. For CHD cases, DNA samples from venous
blood or saliva were extracted and sequenced at the Yale Center for Genome
Analysis as described before (19). 1,798 sibling-parent trios with WES from
Simons Simplex Collection served as controls. See SI Appendix, Materials and
Methods for details.

Variant Filtering. Damaging variants were defined as likely LoF variants (“LoF’,
comprising stopgain, stoploss, frameshift insertion/deletion, or variants altering
canonical splice sites), D-mis variants (“D-Mis", defined as missense variants pre-
dicted as deleterious by MetaSYM and/or having a CADD score = 30), plus non-
frameshiftindels. Homozygous variants were called from all probands. Compound
heterozygous variants were called from trio samples. Variant pairs falling in the
same genes in singleton probands were inferred to be compound heterozygotes
if they were predicted to be in trans based on the absence of their co-occurrence
inindividualsin the gnomAD database using the tool (https://gnomad.broadinsti-
tute.org/variant-cooccurrence). See S/ Appendix, Materials and Methods for details.

Consanguinity Determination. Beagle v3.3.2 (71) was used to perform haplo-
type phasing and the calculation of the inbreeding coefficient. Consanguineous
participants were defined as having inbreeding coefficient at least 0.0009, which
is close to the expectation of the offspring of fourth cousin union. See S/ Appendix,
Materials and Methods for details.

Gene Enrichment Analysis. The expected number of recessive variants was
estimated as described previously (19) by assuming that the expected frequency
of damaging recessive variants in each gene would be proportional to the de novo
mutability in each gene, followed by a one-tailed binomial test. The Bonferroni
multiple testing threshold is 2.6 x 107°(0.05/19,347) for the gene-based test.
The number of genes with more than one RG was estimated using a permutation
testas described before (19). See S Appendix, Materials and Methods for details.

single-Cell RNA-Seq Analysis. The single-cell RNA-seq data of mouse gastru-
lation were acquired from Pijuan-Sala et al. (33). The mouse gene names were
matched to their human homolog through bioMart (72) and manual inspections.
Genes harboring at least two RGs and with available expression data were clus-
tered by their ratio of max expression in different cell types using UPGMA hier-
archical clustering algorithm through python package seaborn v0.11.0. A gene
is considered as specifically expressed in one tissue if its expression is at least
five-fold higher in that tissue compared to any other tissues. See SI Appendix,
Materials and Methods for details.

Recessive Contribution Estimation. The contribution of the RGs to the CHD in
the cohort was estimated, as previously described (59). For calculation of the in-
cohort allele frequency and to avoid overestimation of expected RGs from false-
positive variants, only the variants that passed the following criteria were kept:
GQ =20, DP = 8, Mapping Quality score [MQ] = 40, variant allele fraction > 25%,
atleast three supporting reads, and not in SegDup regions in all three members
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of a trio. When estimating RG expectation in phenotype subsets, in-cohort allele
frequency, LD pruning, and ROH calculation were all based on samples within
each subphenotype. See SI Appendix, Materials and Methods for details.

Data, Materials, and Software Availability. All PCGC phenotype and DNA
sequence data have been deposited in NHLBI's BioData Catalyst https://bioda-
tacatalyst.nhlbi.nih.gov under dbGaP accession number phs001194 and sub-
studies (73).
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