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BACKGROUND: Congenital heart disease (CHD) is the most common major congenital anomaly and causes significant morbidity
and mortality. Epidemiologic evidence supports a role of genetics in the development of CHD. Genetic diagnoses can inform
prognosis and clinical management. However, genetic testing is not standardized among individualgswith CHD. We sought to
develop a list of validated CHD genes using established methods and to evaluate the process of(r ,i;rmmg genetic results to
research participants in a large genomic study.

METHODS: Two-hundred ninety-five candidate CHD genes were evaluated using a ClinGen framework. Sequence and copy
number variants involving genes in the CHD gene list were analyzed in Pediatric Cardiac Genomics Consortium participants.
Pathogenic/likely pathogenic results-were confirmed on a new sample in-a'clinical laboratory-improvement amendments-
certified laboratory and disclosed to eligible participants. Adult probands and parents of probands who received results were
asked to complete a post-disclosure survey.

RESULTS: A total of 99 genes had a strong or definitive clinical validity classification. Diagnostic yields for copy number variants
and exome sequencing were 1.8% and 3.8%, respectively. Thirty-one probands completed clinical laboratory improvement
amendments-confirmation and received results. Participants who completed postdisclosure surveys reported high personal
utility and no decision regret after receiving genetic results.

CONCLUSIONS: The application of ClinGen criteria to CHD candidate genes yielded a list that can be used to interpret clinical
genetic testing for CHD. Applying this gene list to one of the largest research cohorts of CHD participants provides a lower
bound for the yield of genetic testing in CHD.
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mon, major congenital anomaly, occurring in general population.*

about 1% of all live births.'”3 Patients with CHD Epidemiologic evidence supports the role of genetic
are diverse in lesion severity and the presence of  factors in CHD.S The risk of CHD recurrence in the
comorbidities; however, collectively, they experience offspring of an affected parent is between 3% and

COngenitaI heart disease (CHD) is the most com- increased morbidity and mortality compared to the
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Nonstandard Abbreviations and Acronyms

CHD congenital heart disease

CNV copy number variant

PCGC Pediatric Cardiac Genomics
Consortium

20% depending on the lesion, and the recurrence
risk in siblings is about 3% when parents are unaf-
fected.®” Identifying the underlying genetic causes of
CHD has clinical utility to guide medical care, edu-
cational support, and reproductive planning for the
proband and their families.®® Individuals with an iden-
tifiable genetic cause for CHD experience differences
in mortality, length of postoperative hospitalizations,
and other associated morbidities.’®'? Individuals with
CHD report personal utility in genetic testing results
for self-knowledge as well as to address causation for
medicolegal liability.

Despite the importance of genetic testing, we lack a
standardized testing approach for individuals with CHD,
and to date, the fraction of individuals with CHD who
receive genetic testing remains low.'2'8 Furthermore,
genetic testing is often limited to chromosome micro-
array and/or karyotype. This low utilization of genetic
testing for CHD can be explained .in part due to the
historically low diagnostic yield, especially in individuals
without obvious extracardiac features.

Over 500 genes have been identified in humans
and mice that are involved in cardiac development,
and variants in - many of these genes may contribute
to the risk of CHD.2!%71°. As genomic-research in.CHD
advances, evidence is accumulating to identify CHD-
related genes, especially in .individuals with isolated
CHD. However, many of these new genes have only
case reports or limited functional data to support their
association with CHD. We sought to systematically and
broadly evaluate CHD candidate genes in which pre-
dicted pathogenic human variants have been identified.
We independently applied the ClinGen framework to
create a list of genes likely to be associated with CHD
to advance the utility and application of clinical genetic
testing for patients with CHD.%

The Pediatric Cardiac Genomics Consortium (PCGC)
was established in 2010 to accelerate the discovery of
genetic etiologies of CHD and over 13000 probands
have been enrolled to date® When the PCGC was
launched, the standard was not to return individual genetic
research results, and only one clinical site obtained con-
sent at the time of enroliment to return clinically relevant
genetic results. Thus, most participants across the con-
sortium were not enrolled with the intention of return-
ing genetic research results. With improved knowledge
of genetic risks for CHD as well as a paradigm shift in
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the practice of returning individual research results, it
became increasingly important to the PCGC to return
individual genetic results to participants.?’ The PCGC,
therefore, established a working group to develop a
list of genes with strong evidence supporting asso-
ciation with CHD and then identify PCGC participants
with likely pathogenic/pathogenic variants according to
American College of Medical Genetics criteria in those
CHD genes?> We determined the clinical diagnostic
yield of exome sequencing or chromosome microarray
in a diverse group with CHD and the impact of returning
results on participants.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
Participants were consented to the Congenital Heart
Disease GEne NEtwork Study of the PCGC (CHD GENES:
REGISTRATION: URL: https://www.clinicaltrials.gov; Unique
identifier: NCT01196182). All participants provided written
informed consent prior to participation. A full description of the
methods is available in Supplemental Material.

RESULTS
Gene List

A total of Bb8 genes were identified as candidate
CHD genes (Table S1). After initial limited curation,
263 genes were excluded based on insufficient evi-
dence for human CHD association (Figure 1). Of the
remaining 295 genes, 75 were previously curated
by a ClinGen working group for association with
syndromes,-not isolated CHD. After. reviewing the
literature for CHD association, 35 of the 75 ClinGen-
curated genes (46.7%) had'strong or definitive clinical
validity classification for CHD and were included in the
CHD gene list. The remaining 40 genes had either
moderate (N=8, 10.7%) or limited/no (N=32, 42.7%)
reported evidence for association with CHD (full cura-
tion results in Table S2).

Of the 295 genes that underwent full review, 220
had not been previously curated by ClinGen (Table S2).
Based on our curation, 60 (27.3%) of these genes had
strong or definitive clinical validity classification and were
included in the CHD gene list. An additional 46 (20.9%)
genes had moderate clinical validity classification and of
these, 4 genes (KDM6A, NPHP3, RAB23, ROR2) were
included in the final CHD gene list based on strong asso-
ciation with a syndrome characterized by CHD as well
as consensus for inclusion among the Return of Results
committee. The remaining 114 genes had either limited
or no evidence of CHD association. In total, 99 genes
were retained on the final CHD gene list, of which 18
were associated with isolated CHD and 81 were associ-
ated with syndromic CHD (Table 1).
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558 CHD Candidate
Genes

Identified from literature search
and expert consensus,

[

295 underwent full
curation

98 isolated CHD
197 syndromic CHD
T

263 excluded based on
screening
\Genes with only animal data or only]
one human study
75 previously curated by
ClinGen working Group
64 syndromic genes
11 isolated genes curated for other
phenotypes (Cardiomyopathy,
thoracic aneurysms, PAH)
Scored based on evidence specific for
CHD assaciation
[ |
35 strong or 8 moderate 32 limited/no
definitive evidence evidence of CHD evidence of CHD
of CHD association association association

35 included in final
CHD gene list

2 isolated CHD
33 syndromic CHD

return

99 genes in list to
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220 not previously
curated in ClinGen
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of CHD association .
association

‘ |
114 limited/No
evidence of CHD
association

60 included in final t 4 included in final CHD
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44 syndromic CHD CHD in more than 20% of cases

Figure 1. Candidate gene curation flowchart.
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The progression of candidate gene curation is demonstrated in the below flowchart. Genes were initially filtered Ba?éd“%‘ﬁ‘“b‘i’éliminary screening
of the relevant literature in order to determine which required full curation. Evidence was quantified according to the ClinGen criteria and led to
categorization of definitive, strong, moderate, or limited evidence of congenital heart disease (CHD) association.

Variant Curation

A total of 6767 probands. had existing-genomic data
that was assessed for returnable results, which included
2172 probands with exome sequencing only, 2949 pro-
bands with copy number variant (CNV) analysis only, and
1646 probands with both.-Demographic characteristics
of ethnicity and age were representative of the PCGC
cohort (Table 2).

Filtering for missense or loss-of-function de novo vari-
ants in genes from the final CHD gene list identified 142
variants in the probands of 3506 trios. Among those,
81 were classified as pathogenic or likely pathogenic
based on available clinical data in the PCGC database.
An additional 14 variants were initially classified as vari-
ants of unknown significance (VUSs), but after additional
phenotype data were obtained from the sites, they were
reclassified as likely pathogenic or pathogenic. A total of
95 de novo variants were retained for possible return of
results (Table S3). There were 133 rare loss-of-function
variants identified that were either inherited or identi-
fied in 312 probands without parental sequencing. After
American College of Medical Genetics classification, 37
variants were classified as likely pathogenic or patho-
genic (Table S4). Recessive genotypes in genes from the
final CHD gene list were identified from previous PCGC
publications.’® There were 43 probands with 2 variants
in the same gene. Each of the 2 variants were classified
using American College of Medical Genetics criteria. A
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total of 12 probands had 2 likely pathogenic or patho-
genic variants (Table.Sb). A total of 81 CNVs were clas-
sified as likely pathogenic or pathogenic (Table S6) from
4595 probands with CNV analysis available. Combining
these variant types, a total of 225 results were classi-
fied as returnable. The CNV diagnostic yield was 1.8%,
and the exome sequencing diagnostic yield was 3.8%, a
combined diagnostic yield of 8.3% (Figure 2).

Obtaining Consent for Return of Results

A total of 18771 letters were mailed to elicit preferences
for participants enrolled in PCGC who had not previously
had the option of receiving results. The mailings yielded
2213 (12%) that were returned with participant’s return
of results preferences; of those returned, 2125 (96%)
participants opted in to return of results (Figure S1).
Additionally, 5404 of 5768 (94%) Columbia University
Irving Medical Center participants had previously con-
sented to receiving results at initial consent. Of all the
probands consented to return of results, 1316 had avail-
able genomic data (Figure 2).

Results Available for Return

After matching returnable results to probands who were
consented to receive results, 94 results were eligible for
return. In the Columbia University Irving Medical Center
cohort that opted in to return of results at the time of
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Table 1. Final Congenital Heart Disease Gene List for Return

CITED2 6g24.1 AD ASD, VSD No 135 Definitive
CRELD1 3p25.3 AD ASD, AVSD No 12,56 Definitive
ETS1 11924.3 AD ASD, VSD, aortic arch anomalies No 135 Definitive
FLT4 5q35.3 AD TOF No 155 Strong

GATA4 8p23.1 AD ASD, VSD, AVSD, PVS, TOF No 135 Definitive
GATAS 20q13.33 AD/AR ASD, BAV, DORYV, TOF, VSD No 12 Definitive
GATA6 18g11.2 AD ASD, AVSD, TA, TOF No 12 Definitive
HAND1 5q33.2 AD SV, VSD No 12 Definitive
HAND2 4934.1 AD PVS, TOF, VSD No 12 Definitive
MEIS2 15q14 AD ASD, VSD, COA No 12.5 Definitive
MYHE 14q11.2 AD/AR ASD, HCM, DCM, HLHS Yes 13 Definitive
NFATC1 18923 AD AVSD, ASD, TA No 135 Definitive
NKX2-5 5035.1 AD ASD, TOF, HLHS No 12 Definitive
NR2F2 15026.2 AD AS, AVSD, COA, DORYV, HLHS, TOF, No 16 Definitive

VSD

SMAD2 18g21.1 AD AVSD, DEX, PVS Yes 14 Definitive
SMAD6 15g22.31 AD AS, BAV, COA No 13 Definitive
TAB2 6g25.1 AD AS, BAV, TOF No 1 4 o Definitive
TBX20 7p14.2 AD ASD, DCM, MS, VSD No 1&7 ResshafoDefinitive

Circ Genom Precis Med. 2023;16:¢003791. DOI: 10.1161/CIRCGEN.122.003791

ABCC9 12p12.1 AD Cantu PDA, BAV, HCM, COA, AS Yes Definitive
ADAMTS10 19p13.2 AR Weill-Marchesani syndrome | PS, AS, dysplastic valves; VSD, | No 13 Definitive
MR
ARID1B 6925 AD Coffin Siris ASD, AVSD, VSD, MR, PDA, No 12 Strong
PS, DEX, AS
B3GAT3 11912.8 AR B3GATS3 related Linkeropathies ASD, VSD, PDA, BAV No 13 Definitive
B3GLCT/ 13q12.3 AR Peter's Plus ASD, VSD, PS, Subvalvular AS | No 12 Definitive
B3GALTL b
BBS2 16q13 AR Bardet-Bied| ASD, BAV No 14 Definitive
BBS6/MKKS | 20p12.2 AR McKusick-Kaufman Syndrome and AS, PS, PDA No 13 Definitive
Bardet-Bied|
BCOR Xp11.4 XLD Microphthalmia, syndromic 2 (oculofa- ASD, VSD, PDA, AS, DORYV, No 13.5 Definitive
ciocardiodental syndrome) DEX, PS
BRAF 7934 AD Cardiofaciocutaneous (CFC), Noonan PVS, ASD, HCM Yes Definitive
CCDC39 3026.33 AR Primary Ciliary Dyskinesia Heterotaxy No 16 Strong
CCDC40 17925.3 AR Primary Ciliary Dyskinesia Heterotaxy No 135 Strong
CDK13 7p14.1 AD Congenital heart defects, dysmorphic ASD, VSD, PS No 12 Strong
facial features, and intellectual develop-
mental disorder
CHD4 12p13.31 AD Sifrim-Hitz-Weiss syndrome ASD, COA, TOF, VSD No 14 Strong
CHD7 8q12 AD CHARGE TOF, PDA, DORYV, AVSD, VSD Yes Definitive
CREBBP/ 16p13.3 AD Rubinstein-Taybi syndrome ASD, BAV, COA, PDA, PS,VSD | Yes Definitive
CBP
DHCR7 11q13.4 AR Smith-Lemli-Opitz AVSD, HLHS, ASD, PDA, VSD | Yes Definitive
DLL4 15g156.1 AD Adams-Oliver ASD, VSD, COA, HLHS, DORV No 13 Definitive
DNAAF1/ 16q24.1 AR Primary Ciliary Dyskinesia PCD No 12 Strong
LRRC50
(Continued)
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Continued
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B. Gene List for Syndromic Congenital Heart Disease
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Previously
Mode of curated in Total ClinGen
Gene Loci inheritance | Syndrome Cardiac disease ClinGen points | Cat
DNAH5 5p15.2 AR Primary Ciliary Dyskinesia PCD No 14 Definitive
DNAIT 9p13.3 AR Primary Ciliary Dyskinesia AVSD, L-TGA No 12.5 Definitive
DOCK6 19p13.2 AR Adams-Oliver ASD, VSD, COA, HLHS, DORYVY, | No 13 Definitive
TOF
EFTUDZ2 17921.31 AR Mandibulofacial dysostosis, Guion- ASD, PDA, VSD No 12 Strong
Almeida type
EHMT1 9q34.3 AD Kleefstra syndrome VSD, asymmetric aortic valve Yes Definitive
ELN 7q11.23 AD Williams-Beuren SVAS, PAS, VSD, ASD No 14 Definitive
EOGT 3p14.1 AR Adams-Oliver ASD, VSD, CA, HLHS, DORV No 14.5 Strong
EP300 22q13.2 AD Rubinstein Taybi PDA, VSD, ASD, HLHS, BAV No 13 Definitive
ESCO2 8p21.1 AR Roberts ASD, AS No 12 Strong
EVC 4p16.2 AR Ellis-van Creveld CA Yes Definitive
EVC2 4p16.2 AR Ellis-van Creveld CA Yes Definitive
FOXC1 6p25.3 AD Axenfeld-Rieger syndrome, type 3 ASD, TOF No 12 Definitive
FOXCc2 16g24.1 AD Lymphedema-distichiasis syndrome PDA, TOF, VSD No 13 Definitive
(with or without renal disease and dia-
betes mellitus)
FOXF1 16q24.1 AD Alveolar capillary dysplasia with mis- HLHS, ACDMVP No 15 Definitive
alignment of pulmonary veins PR pmericah
G6PC3 17921.31 AR Dursun syndrome, congenital neutro- ASD, PS, PDA, cor triatum No 14 Assaciation) 3 Definitive
penia
GDF1 19p13.11 AD/AR Heterotaxy DORYV, PA, PS, TGA, TOF, No 16.5 Definitive
DEX, CA
HOXA1 7p15.2 AR Bosley-Salih-Alorainy syndrome ASD, V8D, conotruncal Yes 17.5 Definitive
HRAS 11p156.5 AD Costello PS, ASD, VSD, HCM, Arrhyth- Yes Definitive
mias
JAG 1 20p12.2 AD Alagille PPS, TOF, PA No 17 Definitive
KANSL1 17921.31 AD Koolen-De Vries syndrome ASD, BAV, PS, VSD, MRy, No 14.5 Definitive
anomalous right subclavian
artery
KATEA 8p11.21 AD Mental retardation, autosomal domi- ASD, MVP, PDA, PFO, VSD No 15 Definitive
nant 32
KAT6B 10922.2 AD Genitopatellar syndrome, SBBYSS ASD, PDA, PFO, VSD No 12.5 Strong
syndrome
KDM6A Xp11.3 XLD Kabuki COA, BAV, VSD, TOF, TGA, No 115 Moderate
HLHS
KMT2D 12q13 AD Kabuki COA, BAV, VSD, TOF, TGA, No 15.5 Definitive
HLHS
KRAS 12p12.1 AD Cardiofaciocutaneous (CFC), Noonan PVS, ASD, HCM Yes Definitive
MAP2K1 15g22.31 AD Cardiofaciocutaneous (CFC), Noonan PVS, ASD, HCM Yes Definitive
MAP2K2 19p13.3 AD Cardiofaciocutaneous (CFC), Noonan PVS, ASD, HCM Yes Definitive
NEKS8 17q11.2 AR Nephronopthisis, renal-hepatic-pancre- | TA, AS, PVS, HCM No 12 Definitive
atic dysplasia 2
NF1 17q11.2 AD Neurofibromatosis ASD, CoA, PVS, VSD, MS Yes Definitive
NIPBL 5p13 AD Cornelia de Lange PVS, VSD, ASD, PDA Yes Definitive
NODAL 10g22.1 AD Heterotaxy ASD, AVSD, COA, DORYV, PA, No 13 Definitive
PAPVR, PDA, TAPVR, TGA,
VSD, SV, CA
NOTCH1 9934.3 AD Adams-Oliver, BAV ASD, VSD, CoA, HLHS, DORV | Yes 15 Definitive
NPHP3 3qg22.1 AR Meckel syndrome 7, Nephronophthisis | AS, ASD, PDA, MR No 11 Moderate
3, Renal-hepatic-pancreatic dysplasia 1
(Continued)
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Table 1. Continued

B. Gene List for Syndromic Congenital Heart Disease

Previously
Mode of curated in Total ClinGen

Gene Loci inheritance | Syndrome Cardiac disease ClinGen points | Cat

NRAS 1p13.2 AD Noonan PVS, ASD, TOF, AVSD, HCM, Yes Definitive
VSD, PDA

NSD1 5035.3 AD Sotos ASD, PDA, VSD Yes Definitive

OFD1 Xp22.2 XLD/XLR Oro-facial-digital syndrome, Simpson- ASD, VSD, PVS, COA, TGA, Yes Definitive

Golabi-Behmel PDA, PFO

PBX1 1923.3 AR Pancreatic agenesis TOF, TA, VSD No 13 Definitive

PKD1 16p13.3 AD Polycystic Kidney disease MVP, AR, TR Yes Definitive

PTPN11 12924.13 AD Noonan PVS, ASD, TOF, AVSD, HCM, Yes Definitive
VSD, PDA

RAB23 6p11.2 AR Carpenter VSD, ASD, PDA, PVS, TOF, No 7.5 Moderate
TGA

RAF1 3p25.2 AD Noonan PVS, ASD, TOF, AVSD, HCM, Yes Definitive
VSD, PDA

RAIT 17p11.2 AD Smith Magenis ASD, AS, PVS, TOF, TAPVR Yes Definitive

deletion

RBM10 Xp11.3 AD TARP syndrome ASD, persistent left superior No 125 Definitive
vena cava

RECQL4 8g24.3 AR Baller-Gerold VSD, TOF, Subaortic disease Yes Definitive

RITT 1922 AD Noonan PVS, ASD, TOF, AVSD, HCM, Yes Definitive
VSD, PDA D) Americep

ROR2 9q22.31 AR Robinow, Brachydactyly RVOTO No» “““FY05 | Moderate

RPLS 1p2.1 AD Diamond-Blackfan Anemia ASD, VSD, AVSD, COA No 12 strong

RPS19 19q13.2 AD Diamond-Blackfan Anemia ASD, VSD, AVSD, COA No 12 Definitive

SALLT 16p12.1 AD Townes-Brocks ASD, TOF, VSD, TA, PA, PDA No 135 Definitive

SHOC2 10g25.2 AD Noonan PVS, ASD, TOF, AVSD, HCM, Yes Definitive
VSD, PDA

SMAD3 15q22.33 AD Loeys-Dietz syndrome 3 HLHS, MVS, PDA, PVS, VSD, Yes Definitive
Al

SMAD4 18g21.2 AD Myhre syndrome AS, ASD, MS, PDA, PVS, VSD, Yes Definitive
AS, COA

SMARCA4 19p13.2 AD Coffin Siris ASD, AVSD, VSD, MR, PDA, Yes Definitive
PVS, DEX, AS

SON 21922.11 AD ZTTK syndrome ASD, PDA, VSD, AR No 12.5 Definitive

SOS1 2p22.1 AD Noonan PVS, ASD, TOF, AVSD, HCM, Yes Definitive
VSD, PDA

STRA6 15g24.1 AR Microphthalmia, syndromic 9 ASD, COA, HLHS, PDA, TOF, No 16.5 Definitive
VSD, PA, Right aortic arch

TBX5 12q24.1 AD Holt Oran VSD, ASD, AVSD, conduction No 18 Definitive
defects

TFAP2B 6p12.3 AD Char PDA, VSD No 12.5 Definitive

TGFBR1 9g22.33 AD Loeys-Dietz syndrome 1 ASD, MVP, PDA Yes Definitive

TGFBR2 3p24.1 AD Loeys-Dietz syndrome 2 ASD, BAV, MVP, PDA Yes Definitive

UBR1 15g15.2 AR Johanson-Blizzard syndrome ASD, PDA, TOF, VSD No 12.5 Definitive

ZEB2 2q22.3 AD Mowat Wilson VSD, CoA, ASD, PDA, PAS Yes Definitive

ZIC3 Xq26.3 XLR Heterotaxy, VACTERL association, ASD, TGA, PVS No 15.5 Definitive

X-linked

ACDMVP indicates alveolar capillary dysplasia with misalignment of pulmonary veins; AD, autosomal dominant; Al, aortic insufficiency; AR, autosomal recessive; AS,
aortic stenosis; ASD, atrial septal defect; AVSD, atrioventricular septal defect; BAV, bicuspid aortic valve; CA, common atrium; COA, coarctation of the aorta; DCM, dilated
cardiomyopathy; DEX, dextrocardia; DORV, double outlet right ventricle; HCM, hypertrophic cardiomyopathy; HLHS, hypoplastic left heart syndrome; L-TGA, L-looped
transposition of the great arteries; MR, Mitral regurgitation; MS, mitral stenosis; MVP, Mitral valve prolapse; PA, pulmonary atresia; PAPVR, partial anomalous pulmonary
venous return; PAS, pulmonary artery stenosis; PCD, Primary ciliary dyskinesia; PDA, Patent ductus arteriosus; PPS, peripheral pulmonary stenosis; PVS, pulmonary valve
stenosis; RVOTO, right ventricular outflow tract obstruction; SV, single ventricle; SVAS, supravalvar aortic stenosis; TA, truncus arteriosus; TAPVR, total anomalous pulmo-
nary venous return; TOF, tetralogy of Fallot; TS, tricuspid stenosis; VSD, ventricular septal defect; XLD, X-linked dominant; and XLR, X-linked recessive.
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Table 2. Demographic Characteristics of Probands With
Genomic Data in the CHD GENES Cohort

Probands with sequencing data

Number 6767

Percentage male 46%

Enrollment status

Trio enrollment 65%
Isolated congenital heart disease 70%
Existing genetic diagnosis 5%

Age at consent in years

Mean 6.4
SD 13
Percentage <1y 33%

Age now in years (approximated by birth year)

Mean 195

SD 12.9
Ethnicity

Asian 5.8%

American Indian or Alaskan Native 0.1%

Black 7.0%
Native Hawaiian or other Pacific 0.3%
Islander

White 78.7%
Mixed ethnicity 5.6%

Information incomplete or unknown | 2.5%

Hispanic 15%
Non-Hispanic 85%

Education level Maternal Paternal | Proband
Kindergarten to 6th grade 0.9% 1.1% 1.5%
7-9th grade 1.7% 2.1% 0.6%
10-11th grade 3.1% 3.1% 0.5%
High school 18.4% 23.2% 0.5%
Partial college 21.0% 18.2% 0.4%
College graduate 25.6% 23.1% 0.4%
Post graduate degree 16.7% 14.7% 0.2%
Information incomplete, not appli- 12.6% 14.5% 95.9%
cable, or unknown

Demographic data, including a medical record review, was conducted at the
time of enrolment. CHD indicates congenital heart disease.

initial consent, 67 of the 71 variants eligible for return
were found in probands who had consented to return
of results. Conversely, in the cohort requiring recon-
tact for return of results, 24 of 152 variants eligible for
return were found in those re-consented and hence,
eligible participants (Figure S2). Within the collective
group with returnable results, 37 probands (40%) were
already aware of their genetic diagnosis and 6 pro-
bands (6.3%) were deceased. Twenty probands (21%)
did not follow through with return of results after ini-
tial consent due to loss to follow-up, subsequent active
decline, or failure to submit samples for clinical labora-
tory improvement amendments-confirmation. Thirty-one
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probands (33%) completed clinical laboratory improve-
ment amendments-confirmation and received their
results (Figure 2). One trio was submitted for clinical
laboratory  improvement amendments-confirmation,
but results were not returned as the expected vari-
ant was not identified; this was determined to be due
to a mismatch of research identification numbers and
the enrolling center informed the family that no new
research results were available.

Trio confirmatory testing was performed for 29 of the
31 probands; one confirmation was completed as a duo
and one as a singleton as parental samples were not
provided (Table S7). All variants that were submitted as
a trio or duo confirmation received a classification of
likely pathogenic or pathogenic which was congruent
with that of the research classification. The proband
submitted as a singleton confirmation received a clas-
sification of VUS; this was determined to be incongru-
ent with the research classification of likely pathogenic
because parental samples were available in research
testing but not for clinical laboratory improvement
amendments-confirmation. Of the 10 probands found
to have inherited autosomal dominant variants, 4 were
inherited from parents affected-with,similar diagnoses
of CHD. Of the 7 probands with iriverited FLT4 vari-
ants, 2 were inherited from an affected parent, 2 were
inherited without any family history of congenital heart
disease, and 3 were inherited from an unaffected par-
ent in a family in which a sibling of the proband also had
CHD; only one of, these.families moved forward with
variant confirmation in the affected sibling (Table S7).

Postdisclosure Survey

Forty-seven participants were invited to complete an
optional survey one month after receiving their results.
Three parents opted out of participation, 25 did not
respond to the invitation, and 19 (14 parents and 5
unique adult probands) completed the survey online. A
total of b participants (2 adult probands and 3 parents),
completed the phone interview. Demographic character-
istics demonstrated a population that was mostly White
and highly educated (Table S8).

The mean decision regret score about their choice to
participate in the study and receive results was low at
1.5 (SD 2.6, 0-b) for parents and 5.0 (SD 8.7, 0-20) for
probands. During the interview, one adult proband men-
tioned that learning that the cause for her CHD was de
novo was “settling” for her parents, specifically her father
who was “hesitant” to learn of the results for fear that he
had caused her CHD.

The majority of parents and adult probands indicated
that they understood the results and strongly agreed that
they understood the chance of the variant being passed
down in the family. For adult probands, the results were
perceived to be very or extremely useful in life planning,
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Figure 2. The sequence of returning results across the consortia.
This flowchart demonstrates the sequence of the return of results across the consortia with the corresponding

? American

Heart

Association. L
number of probands eligible

at each stage. Percentages demonstrate the fraction of probands that proceeded through the process. Participants who were eligible for the
impact survey, including parents of probands and adult probands, are included as the final data point.

testing for a future pregnancy, and to improve their self-
knowledge (Figure 3). One adult proband interviewee
reported that “it was a feeling of relief” when thinking
about using this information for future planning. Parents
reported the results helped them to better understand
their child’s health, taking.responsibility. for_their child's
health, and to feel good about providing information
to family members (Figure 4). An interviewed parent
phrased it as, “...it just helps to have the whole picture’
During the interview, another parent reported knowing
her child’s results reduced her feelings of shame regard-
ing the origin of her child's CHD: “...you always won-
der if somebody thought, ‘Did she have a drink during
her pregnancy or something like that?' So [these results
helped me] to be able to just say, ‘You know, | didn’t do
anything wrong"”

DISCUSSION
Gene List

The embryologic development of the heart is an intri-
cate process that involves complex interactions between
many proteins and other molecules.?® The genetics of
CHD is complicated due to genetic heterogeneity, vari-
able expressivity, and decreased penetrance. In recent
years, the availability of exome and genome sequencing
has accelerated the discovery of new CHD genes, and

Circ Genom Precis Med. 2023;16:¢003791. DOI: 10.1161/CIRCGEN.122.003791

there are hundreds of potential candidate genes, but
many of these are found in single cases or small groups
of participants:?

Genetic testing is important for clinical care of
patients with CHD. In some cases, knowledge of a
genetic cause of CHD can have a significant impact
on the prognosis or clinical management.?® Our prior
work has demonstrated that pathogenic CNVs and de
novo variants are associated with poorer clinical out-
comes.'? Syndromic forms of CHD can have asso-
ciated extracardiac findings and neurodevelopmental
delays that may not be apparent in infancy.?® In these
cases, a genetic diagnosis can prompt appropriate
screening and intervention.

Gene panels for CHD are clinically available, but there
is variability in the genes included and no agreed upon
list of validated CHD genes. Among 188 genes included
in CHD panels in 3 diagnostic laboratories, only 16%
(381 genes) are assessed by all 3 laboratories, and 72%
(136 genes) are unique to individual panels. Some of this
variation is due to a lack of specific ClinGen curation for
most CHD genes.

Starting with a broadly inclusive list of over 500 candi-
date CHD genes, we identified 99 validated CHD genes.
For 54 genes, there was moderate evidence with human
genetic studies but limited experimental support for gene
relevance to CHD. Experimental evidence from mod-
els of cardiac development is essential for evaluating
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Figure 3. Utility of results for adult probands.

Results from surveys taken by probands who were adults at the time of result return regarding their perception of the utility of genetic results.

candidate CHD genes and variants, but many trait-spe-
cific issues were raised during evaluation that are unique
-to CHDl12,13,Q7

Given the complexities of validating genes for a
diverse phenotype such as CHD, a ClinGen expert cura-
tion panel to establish a CHD-specific curation protocol
and validate additional genes will be critical for the field.
Evidence for many of these genes continues to accumu-
late so it is also important to regularly update the cura-
tion as more data become available.

Diagnostic Yield

The CNV diagnostic yield of "1.8% and the exome
sequencing diagnostic yield of 3.8% was much lower
than other publications which report-yields as high as
30% to 40% when CNV analysis and exome/genome
sequencing were performed:??® Though the PCGC
cohort was inclusive of all individuals with CHD, enroll-
ment and subsequent genomic analysis were skewed
toward participants who did not have a previous clinical
genetic diagnosis as the aim of this investigation was to
identify novel genetic contributions to CHD. Furthermore,
40% of participants with returnable results were found
to have received these results clinically since the time of
study enrollment; the majority of these diagnoses were
well-known syndromes including Noonan, CHARGE,
and Williams syndromes. Of the participants who were

not aware of their eligible result, 58% had results that
could have been identified by available clinical testing,
such as chromosomal microarray or CHD gene panels
currently in use. These results demonstrate that genetic
testing remains underutilized in patients with CHD. As
many CHD patients are identified prenatally or at birth
with what appears to be isolated CHD, they do not raise
suspicion for a genetic etiology at the time of initial
evaluation. Extracardiac featu including neurodevel-
opmental disabilities, may onl me«to attention after
cardiac surgery, and genetic testing may not be routinely
considered if features are not severe. Opportunities for
early-intervention are therefore missed.

Current guidelines recommend genetic testing be
offered for all fetuses diagnosed with CHD since a posi-
tive test may,help identify additional anomalies and affect
pregnancy management.??2 Postnatally, patients with
CHD and extracardiac finding as well as those with a
family history of congenital anomalies or multiple miscar-
riages should be offered genetic testing.8%° There are no
clear guidelines for genetic testing in patients with iso-
lated CHD.®' Genetic testing will potentially have greater
benefit to the patient with presumably isolated CHD and
their family if performed early in life to guide medical
care, educational support, and reproductive planning.

Surveyed participants expressed that knowing a
genetic etiology earlier in their care could have increased
personal and clinical utility. Though formal guidelines do

100%
90%
80%
70%
60%
50%
40%
30%
20%

0%

Help with child's life Better understand child's Feel good about having Satisfy curiosity (n=9) Cope with health risks Help child use social

planning (n=10) health (n=10) information for family (n=10) programs (n=10)
members (n=10)
uN/A Not at all useful — m A little useful  m Somewhat useful Neutral mUseful ®Veryuseful = Extremely useful

Figure 4. Utility of results for parents of probands.
Results from surveys taken by parents of probands regarding their perception of the utility of genetic results.
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not yet exist, recent practice guidelines suggest that the
field is moving to include exome and genome sequenc-
ing, often in addition to chromosomal microarray, as first-
tier testing strategies.?

Best Practice for Return of Results

Though it requires immense resources in a large
research study, the ability to return clinically confirmed
genetic results helps translate research advancements
to clinical care and is respectful of participants and
their contribution to research. Participants who con-
sented but did not have results to return communicated
a strong interest and excitement for the advances in
research to returning results.

The intra-consortia protocol differences demonstrated
2 critical findings in the ability to return research results:
first, the importance of collecting consent for return of
results at the time of original consent and second, the
importance of ongoing engagement with research partici-
pants. The single site that gathered preferences/consent
on return of results at the time of enroliment was able to
return more results than all other 9 sites combined (Fig-
ure S2); those sites seeking consent for return of results
could only communicate 15% of variants deemed return-
able due to a lack of participant consent. Many partici-
pants were also lost to follow-up due to the lack of contact
between consent and results availability, demonstrating
the importance of consistent patient engagement in ongo-
ing research studies. Fortunately; it is-now standard. prac-
tice to incorporate return of results into the study design
and protocol for most genetic studies. Our results highlight
the importance’ of maintaining contact with participants
throughout the study and ensuring accurate contact infor-
mation is maintained in order to return results. which may
be available months or years after the study is initiated and
a participant is enrolled.

Though the survey to assess the impact of the genetic
diagnosis was limited, the responses suggest a modest
benefit and, importantly, do not suggest harm. Though util-
ity is likely impacted by the delay in receiving their results,
participants reported these genetic results having utility
in many areas of their lives, from reducing personal guilt
to informing family planning and future care (Figures S3
and S4). The decision regret scale demonstrated that no
harm was done as well as demonstrated less regret than
other studies that have returned research results.3% |t
is possible that regret was low because of self-selection
for those opting in and because most probands already
manifested the symptoms of their condition at the age
they received results.

Limitations

Due to the length of time between the initial and return of
results consent, we were not able to make contact with
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all participants, and most did not respond. As such, there
is likely significant bias in our results, over-representing
participants who are highly motivated to stay engaged in
research. The majority of this population was White with
high education levels which affects the generalizability
of these findings. The interest in and the impact of these
results may be skewed toward those with lower mortality
from their CHD and higher educational attainment.

The COVID-19 pandemic interfered with the return
of results process. The procedure for clinical confir-
mation was not modified by the pandemic, but many
more results were reported over the phone or video
than intended. From the participants’ perspective, many
communicated an increased accessibility to complet-
ing the confirmation process as many parent/proband
trios unexpectedly had more time or were cohabitating
(working remotely, home from college, furloughed from
their jobs, etc). Others communicated an increased bur-
den from the process as they had new challenges or
uncertainties that may have kept them preoccupied or
uninterested in completing clinical confirmation for a
research study.

In conclusion, patients and families can benefit from
information about the geneti\cfﬁi{ti%qu of their CHD.
Genetic results have clinical util 'y“éfr'fd’" personal utility.
Testing at an early age, including prenatally and neona-
tally,-will help to clarify prognosis and identify associated
features..Even when results are returned at older ages,
there is high satisfaction in understanding the genetic
risk of CHD and being able to use this information to
inform family-planning. In order to best care for children
and adults with CHD, access to genetic testing should
be expanded and standardized protocols developed to
define the appropriate patient, test, and gene. Clinical
testing relies on validated gene lists to efficiently identify
genetic risk factors. This study offers an evidence-based
gene list to improve the diagnostic yield of clinical test-
ing for CHD and should be regularly reassessed as new
evidence emerges.

ARTICLE INFORMATION
Received April 6, 2022; accepted October 28, 2022.

Affiliations

Department of Pediatrics (E.L.G, JW, SR, CA, WK.C), Department of Pathology
and Cell Biology (V.J.), Vagelos College of Physicians and Surgeons (AT), and
Department of Medicine (W.K.C.), Columbia University Irving Medical Center, New
YorkNemours Cardiac Center, Nemours Children’s Hospital, Delaware, Wilming-
ton (SN.N). Division of Newborn Medicine, Department of Medicine (S.UM),
Department of Cardiology (J.G., JWN.), Division of Genetics, Department of
Pediatrics (AE.R.), Boston Children’s Hospital. Department of Pediatrics (SUM,
JWIN.) and Department of Genetics (C.E.S), Harvard Medical School, Boston, MA.
Mindich Child Health & Development Institute (N.P, B.D.G.) and Departments of
Pediatrics and Genetics & Genomic Sciences (B.D.G.), lcahn School of Medicine
at Mount Sinai, New York. Division of Cardiology, Department of Medicine, Co-
lumbia University Vagelos College of Physicians & Surgeons, New York (SM.K.).
Division of Pediatric Cardiology, Yale School of Medicine, New Haven, CT (N.C.).
Division of Cardiology, Children’s Hospital of Philadelphia, Department of Pedi-
atrics, Perelman School of Medicine, University of Pennsylvania (K.L, AR, EG.).

April 2023 10



€202 ‘T Yyore | uo Aq Bio'sfeusno feye/:dny wo.y papeojumoq

Griffin et al

Division of Human Genetics, Department of Pediatrics, The Children’s Hospital
of Philadelphia, PA (A.R.). Department of Pediatrics, Golisano Children’s Hospi-
tal, University of Rochester Medical Center, NY (E.T.). Division of Cardiothoracic
Surgery, Children’s Hospital of Los Angeles, CA (AT). Division of Biostatistics &
Epidemiology (RA, E.CK) and The Heart Institute (J.F.C.), Cincinnati Children’s
Hospital Medical Center, OH. Pediatric Cardiac Surgery, Children’s Hospital of
Los Angeles, CA (RW.K.). Deparment of Pediatrics, University of Rochester Medi-
cal Center, The School of Medicine & Dentistry, NY (G.A.P). Department of Ge-
netics and Pediatrics, Yale University School of Medicine, New Haven, CT (M.B.).
Cardiovascular Division, Brigham and Women'’s Hospital, Boston, MA (CES).
Howard Hughes Medical Institute, Chevy Chase, MD (C.E.S.). Departments of
Systems Biology & Biomedical Informatics, Columbia University, New York (Y.S.).

Acknowledgments

We thank the generous participation of patients and their families who contrib-
uted to this research. This work was also made possible by the dedicated teams
of recruiters, coordinators, and research assistants at the following PCGC cen-
ters: University of California San Francisco, Stanford University, Icahn School of
Medicine at Mount Sinai, Children’s Hospital of Los Angeles, Harvard Medical
School, Boston Children’s Hospital, Yale University, University of Rochester Medi-
cal Center, Children’s Hospital of Philadelphia, Columbia University Irving Medicall
Center, Cohen Children’s Medical Center, and Cincinnati Children's Administrative
Coordinating Center.

Sources of Funding

The Pediatric Cardiac Genomics Consortium (PCGC) program was funded
by the National Heart, Lung, and Blood Institute, National Institutes of Health,
US Department of Health and Human Services (grants UM1-HL128711,
UM1-HL098162, UM1-HL098147, UM1-HL098123, UMI1-HL128761,
U01-HL098188, U01-HL098147, UO1-HL0981563, UO1-HL098163, UO1-
HL098123, UO1-HL131003, and U01-HL098162). Dr Nees received salary
support through a Ruth L. Kirschstein National Research Service Award of the
NIH under award number 5T32HL007854-22. Dr Morton received support from
a Boston Children’s Hospital Office of Faculty Development Career Development
Award and an American Heart Association Career Development Award.

Disclosures
None.

Supplemental Material
Supplemental Methods
Tables S1-S9

Figures S1-S4
References34-38

REFERENCES

1. Calzolari E, Garani G, Cocchi G, Magnani C, Rivieri F, Neville A, Astolfi G,
Baroncini A, Garavelli L, Gualandi F, et al; IMER Working Group. Congenital
heart defects: 15 Years of experience of the Emilia-Romagna Registry (Italy).
Eur J Epidemiol. 2003;18:773-780. doi: 10.1023/a:10256312603880

2. Hanna EJ, Nevin NC, Nelson J. Genetic study of congenital heart defects
in Northern Ireland (1974-1978). J Med Genet. 1994;31:8568-863. doi:
10.1136/jmg.31.11.858

3. Hoffman JIE, Kaplan S. The incidence of congenital heart disease. J Am Coll
Cardiol. 2002;39:1890-1900. doi: 10.1016/s0735-1097(02)01886-7

4. Warnes CA. The adult with congenital heart disease: born to be bad?. J Am
Coll Cardiol. 2005;46:1-8. doi: 10.1016/jjacc.2005.02.083

5. Gelb B, Brueckner M, Chung W, Goldmuntz E, Kaltman J, Kaski JP,
Kim R, Kline J, Mercer-Rosa L, Porter G, et al; Pediatric Cardiac Genom-
ics Consortium. The congenital heart disease genetic network study:
rationale, design, and early results. Circ Res. 2013;112:698-706. doi:
10.1161/CIRCRESAHA.111.300297

6. Burn J, Brennan P, Little J, Holloway S, Coffey R, Somerville J, Dennis
NR, Allan L, Arnold R, Deanfield JE, et al. Recurrence risks in offspring of
adults with major heart defects: results from first cohort of British collaborative
study. Lancet 1998;351:311-316. doi: 10.1016/s0140-6736(97)06486-6

7. Moons P, Sluysmans T, De Wolf D, Massin M, Suys B, Benatar A,
Gewillig M. Congenital heart disease in 111 225 births in Belgium: birth
prevalence, treatment and survival in the 21st century. Acta Paediatr.
2009;98:472-477. doi: 10.1111/}.16561-2227.2008.01152.x

8. Pierpont ME, Brueckner M, Chung WK, Garg V, Lacro RV, McGuire AL, Mital
S, Priest JR, Pu WT, Roberts A, et al. Genetic basis for congenital heart disease:

Circ Genom Precis Med. 2023;16:¢003791. DOI: 10.1161/CIRCGEN.122.003791

20.

21.

22.

24,

25.

26.

. Zaidi S, Brueckner

Application of ClinGen Criteria to CHD Genes

revisited: a scientific statement from the American Heart Association. Cir-
culation. 2018;138:e653-e711. doi: 10.1161/CIR.0000000000000606

. Ison HE, Griffin EL, Parrott A, Shikany AR, Meyers L, Thomas MJ,

Syverson E, Demo EM, Fitzgerald KK, Fitzgerald-Butt S, et al. Genetic
counseling for congenital heart disease - practice resource of the
National Society of Genetic Counselors. J Genet Couns. 2022;31:9-33.
doi: 10.1002/jgc4.1498

. Boskovski MT, Homsy J, Nathan M, Sleeper LA, Morton S, Manheimer KB,

Tai A, Gorham J, Lewis M, Swartz M, et al. De Novo Damaging Variants,
Clinical Phenotypes, and Post-Operative Outcomes in Congenital Heart
Disease. Circ Genomic Precis Med. 2020;13:183-199.

. Carey AS, Liang L, Edwards J, Brandt T, Mei H, Sharp AJ, Hsu DT,

Newburger JW, Ohye RG, Chung WK, et al. Effect of copy number variants
on outcomes for infants with single ventricle heart defects. Circ Cardiovasc
Genet 2013;6:444-451. doi: 10.1161/CIRCGENETICS.113.000189

. Connor JA, Hinton RB, Miller EM, Sund KL, Ruschman JG, Ware SM.

Genetic testing practices in infants with congenital heart disease. Congenit
Heart Dis. 2014;9:168-167. doi: 10.1111/chd.12112

. Buckley JR, Kavarana MN, Chowdhury SM, Scheurer MA. Current prac-

tice and utility of chromosome microarray analysis in infants undergo-
ing cardiac surgery. Congenit Heart Dis. 2015;10:E131-E138. doi:
10.1111/chd. 12241

. Jin SC, Homsy J, Zaidi S, Lu Q, Morton S, DePalma SR, Zeng X, Qi H,

Chang W, Sierant MC, et al. Contribution of rare inherited and de novo vari-
antsin 2,871 congenital heart disease probands. Nat Genet. 2017;49:1593—
1601. doi: 10.1038/ng.3970

M. Genetics and genomics of congeni-
tal heart disease [Internet]. Circ Res. 2017;120:923-940. doi:
10.1161/CIRCRESAHA.116.309140

. Watkins WS, Hernandez EJ, Wesolowski S, Bisgrove BW, Sunderland RT,

Lin E, Lemmon G, Demarest BL, Miller IéfBernstein D, et al. De novo and
recessive forms of congenital heart di§éag ma*é?:distinct genetic and phe-
notypic landscapes. Nat Commun. 20195110 14<{8gtion

. Chaix MA, Andelfinger G, Khairy P. Genetic testing in congenital heart

disease: a clinical approach. World J Cardiol. 2016;8:180-191. doi:
10.4330/wjc.v8.2.180

. Alankarage D, Ip E, Szot JO, Munro J, Blue GM, Harrison K, Cuny H,

Enriquez A, Troup M; Humphreys DT, et al. Identification of clinically action-
able variants from genome sequencing of families with congenital heart
disease. Genet Med. 2018;1

. Li Y=J, Yang Y-Q. An update on the molecular diagnosis of congenital

heart disease: focus-on loss-of-function-mutations. Expert Rev Mol Diagn.
2017;17:393-401. doi: 10.1080/14737159.2017.1300062

Strande NT, Riggs ER, Buchanan AH, Ceyhan-Birsoy O, DiStefano M,
Dwight SS, Goldstein J, Ghosh R, Seifert BA, Sneddon TP, et al. Evaluat-
ing the clinical validity of gene-disease associations: an evidence-based
framework-developed by the clinical genome resource. Am J Hum Genet.
2017;100:895-9086. doi: 10.1016/j.ajhg.2017.04.015

Downey A, Busta E, Mancher M, Botkin J. Returning Individual Research
Results to Participants. Return Individ Res Results to Particip. 2018
Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, Grody WW,
Hegde M, Lyon E, Spector E, et al. Standards and guidelines for the inter-
pretation of sequence variants: a joint consensus recommendation of the
American College of Medical Genetics and Genomics and the Association
for Molecular Pathology. 2015.

. Cowan JR, Ware SM. Genetics and genetic testing in congenital heart dis-

ease. Clin Perinatol. 2015;42:373-93, ix. doi: 10.1016/].c[p.2015.02.009
Zaidi S, Choi M, Wakimoto H, Ma L, Jiang J, Overton JD, Romano-Adesman A,
Bjornson RD, Breitbart RE, Brown KK, et al. De novo mutations in histone-
modifying genes in congenital heart disease. Nature. 2013;498:220-223.
doi: 10.1038/nature 12141

Donofrio MT, Moon-Grady AJ, Hornberger LK, Copel JA, Sklansky MS,
Abuhamad A, Cuneo BF, Huhta JC, Jonas RA, Krishnan A, et al; Ameri-
can Heart Association Adults With Congenital Heart Disease Joint
Committee of the Council on Cardiovascular Disease in the Young and
Council on Clinical Cardiology, Council on Cardiovascular Surgery and
Anesthesia, and Council on Cardiovascular and Stroke Nursing. Diag-
nosis and treatment of fetal cardiac disease: a scientific statement from
the american heart association. Circulation. 2014;129:2183-2242. doi:
10.1161/01.cir0000437597.44550.5d

Homsy J, Zaidi S, Shen Y, Ware JS, Samocha KE, Karczewski KJ, DePalma
SR, McKean D, Wakimoto H, Gorham J, et al. De novo mutations in congeni-
tal heart disease with neurodevelopmental and other congenital anomalies.
Science. 2015;350:1262-1266. doi: 10.1126/science.aac9396

April 2023 11



€202 ‘T Yyore | uo Aq Bio'sfeusno feye/:dny wo.y papeojumoq

Griffin et al

27. Hoang TT, Goldmuntz E, Roberts AE, Chung WK, Kline JK, Deanfield

28.

29.

30.

31.

32.

Circ Genom Precis Med. 2023;16:¢003791. DOI: 10.1161/CIRCGEN.122.003791

JE, Giardini A, Aleman A, Gelb BD, Mac Neal M, et al. The Congenital
Heart Disease Genetic Network Study: cohort description. PLoS One.
2018;13:e0191319. doi: 10.1371/journal.pone.0191319

Bensemlali M, Stirnemann J, Le Bidois J, Lévy M, Raimondi F, Hery E,
Stos B, Bessieres B, Boudjemline Y, Bonnet D. Discordances between
pre-natal and post-natal diagnoses of congenital heart diseases and
impact on care strategies. J Am Coll Cardiol. 2016;68:921-930. doi:
10.1016/jjacc.2016.05.087

Brosig CL, Bear L, Allen S, Hoffmann RG, Pan A, Frommelt M, Mussatto KA.
Preschool neurodevelopmental outcomes in children with congenital heart
disease. J Pediatr. 2017;183:80-86.e 1. doi: 10.1016/jjpeds.2016.12.044
Pierpont ME, Basson CT, Benson DW, Gelb BD, Giglia TM, Goldmuntz E,
McGee G, Sable CA, Srivastava D, Webb CL; American Heart Association
Congenital Cardiac Defects Committee, Council on Cardiovascular Disease
in the Young. Genetic basis for congenital heart defects: current knowl-
edge a scientific statement from the American Heart Association Con-
genital Cardiac Defects Committee, Council on Cardiovascular Disease in
the Young: endorsed by the American Academy of Pediatrics. Circulation.
2007;1156:3015-3038. doi: 10.1161/CIRCULATIONAHA.106.183056
Landstrom AP, Kim JJ, Gelb BD, Helm BM, Kannankeril RJ, Semsarian C,
Sturm AC, Tristani-Firouzi M, Ware SM. Genetic testing for heritable car-
diovascular diseases in pediatric patients: a scientific statement from the
American Heart Association. Circ Genomic Precis Med. 2021:14:¢000086.
doi: 10.1161/HCG.0000000000000086

Hernan R, Cho MT, Wilson AL, Ahimaz P, Au C, Berger SM, Guzman E,
Primiano M, Shaw JE, Ross M, et al. Impact of patient education videos on
genetic counseling outcomes after exome sequencing. Patient Educ Couns.
2020;103:127-13b. doi: 10.1016/}.pec.2019.08.018

33.

34.

35.

36.

37.

38.

Application of ClinGen Criteria to CHD Genes

Carmichael N, Martinez Manzano JM, Quesada-Arias LD, Poli SDF,
Baumgartner MA, Planchart Ferretto MA, Dlgianni L, Gampala-Sagar S,
Leone DA, Gulati S, et al. Psychological impact of genetic and clini-
cal screening for pulmonary fibrosis on asymptomatic first-degree
relatives of affected individuals. Thorax. 2021;76:621-623. doi:
10.1136/thoraxjnl-2020-216244

Amendola LM, Berg JS, Horowitz CR, Angelo F, Bensen JT,
Biesecker BB, Biesecker LG, Cooper GM, East K, Filipski K, et al.
The clinical sequencing evidence-generating research consortium:
integrating genomic sequencing in diverse and medically underserved
populations. Am J Hum Genet [Internet]. 2018;103:319-327. doi:
10.1016/j.ajhg.2018.08.007

Brehaut JC, O'Connor AM, Wood TJ, Hack TF, Siminoff L, Gordon E,
Feldman-Stewart D. Validation of a decision regret scale. Med Decis Mak.
2003;23:281-292. doi: 10.1177/0272989X03256005

Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of
genetic variants from high-throughput sequencing data. Nucleic Acids Res.
2010;38:e164-e164. doi: 10.1093/nar/gkq603

Cingolani P, Platts A, Wang LL, Coon M, Nguyen T, Wang L, Land SJ, Lu X,
Ruden DM. A program for annotating and predicting the effects of single
nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila
melanogaster strain w1118; iso-2; iso-3. Fly (Austin). 2012;6:80-92. doi:
10.4161/fly.19695

Riggs ER, Andersen EF, Cherry AM, Kantarci S, Kearney H, Patel A, Raca G,
Ritter DI, South ST, Thorland EC, et al. Technical standards for the inter-
pretation and reporting of constitutional copy-number variants: a joint con-
sensus recommendation of the American College of Medical Genetics and
Genomics (ACMG) and the Clinical Genome Resource (ClinGen). Genet
Med. 2020;22:245-257. doi: 10.1038/541436-019-0686-8

) American

Association.

April 2023 12



