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BACKGROUND: Chromosomal microarray analysis (CMA) provides an opportunity to understand genetic causes of congenital
heart disease (CHD). The methods for describing cardiac phenotypes in patients with CMA abnormalities have been incon-
sistent, which may complicate clinical interpretation of abnormal testing results and hinder a more complete understanding
of genotype—phenotype relationships.

METHODS AND RESULTS: Patients with CHD and abnormal clinical CMA were accrued from 9 pediatric cardiac centers.
Highly detailed cardiac phenotypes were systematically classified and analyzed for their association with CMA abnormal-
ity. Hierarchical classification of each patient into 1 CHD category facilitated broad analyses. Inclusive classification allowing
multiple CHD types per patient provided sensitive descriptions. In 1363 registry patients, 28% had genomic disorders with
well-recognized CHD association, 67% had clinically reported copy number variants (CNVs) with rare or no prior CHD as-
sociation, and 5% had regions of homozygosity without CNV. Hierarchical classification identified expected CHD categories
in genomic disorders, as well as uncharacteristic CHDs. Inclusive phenotyping provided sensitive descriptions of patients
with multiple CHD types, which occurred commonly. Among CNVs with rare or no prior CHD association, submicroscopic
CNVs were enriched for more complex types of CHD compared with large CNVs. The submicroscopic CNVs that contained
a curated CHD gene were enriched for left ventricular obstruction or septal defects, whereas CNVs containing a single gene
were enriched for conotruncal defects. Neuronal-related pathways were over-represented in single-gene CNVs, including top
candidate causative genes NRXN3, ADCY2, and HCNT1.

CONCLUSIONS: Intensive cardiac phenotyping in multisite registry data identifies genotype—phenotype associations in CHD
patients with abnormal CMA.
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mortality and morbidity from infancy to adulthood.
As genetic testing technologies have advanced,
S0 has the understanding of the genetic underpinnings
of CHD." Chromosomal microarray analysis (CMA) is
a genome-wide technique that identifies intervals of

COngenitaI heart disease (CHD) is a major cause of

genomic gains or losses, referred to as copy number
variants (CNVs), as well as regions of homozygosity
(ROH), and has been recommended as a first-tier test
for patients with neurodevelopmental disorders and con-
genital anomalies.? CMA has been integrated into rou-
tine practice at many pediatric cardiac centers for infants
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RESEARCH PERSPECTIVE

What Is New?

¢ Novel genotype-phenotype associations were
established for genomic disorders allowing
identification of distinct congenital heart defect
subtypes for certain reciprocal gains and losses
of genetic information.

e large copy number variants were associated
with simple septal defects, copy number vari-
ants containing curated congenital heart defect
genes were associated with left ventricular ob-
structive lesions, and single-gene copy num-
ber variants were associated with conotruncal
defects.

What Question Should Be Addressed

Next?

e Single-gene copy number variants were en-
riched for genes related to neuronal develop-
ment and cell-cell adhesion, and included novel
candidate genes NRXN3, ADCY2, and HCN1,
highlighting the need for additional studies to
define neuronal genes’ roles in heart develop-
ment and neurodevelopmental outcome.

Nonstandard Abbreviations and Acronyms

APVR anomalous pulmonary venous return
AVSD atrioventricular septal defect

CMA chromosomal microarray

CNV copy number variant

CTD conotruncal defect

HLHS  hypoplastic left heart syndrome
LVOTO left ventricular obstructive lesion

Mb million base pairs

OMIM  Online Mendelian Inheritance in Man
pLI probability of loss-of-function intolerant
ROH region of homozygosity

TOF tetralogy of Fallot

with severe CHD.® CMA may establish a diagnosis in
patients suspected to have a genomic disorder com-
monly associated with CHD, such as Wiliams (7q11.23
deletion; MIM #194050) or 22g11.2 deletion (#192430)
syndromes. CMA provides greater sensitivity in detec-
tion of smaller CNVs than traditional fluorescence in situ
hybridization and reveals genomic alterations in patients
with atypical phenotypes.* The discovery of CHD asso-
ciation for more recently described genomic disorders,
such as chromosome 1g21.1 duplication and deletion
syndromes (MIM #612475, MIM #612474), has been
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facilitated by CMA.5 In the clinical setting, CMA may
identify CNVs that are suspected to cause a patient’s
CHD; however, gaps in current knowledge may limit the
interpretation. Larger numbers of patients are required
to characterize these CNVs, which will foster improved
clinical interpretation and patient management. Also,
pathophysiological insight may be gained by establish-
ing CHD causality of CNVs and their associated cardiac
phenotypes in humans.

The objectives of the Cytogenomics of
Cardiovascular Malformations Consortium are to
identify genomic regions that cause or increase sus-
ceptibility to CHD, correlate the findings with clinical
phenotypes, and solidify the CHD associations with
more recently characterized CNVs.® This multisite,
cross-disciplinary collaboration has created a compre-
hensive registry of patients with CHD and abnormal
clinical CMA. In this study, we analyze the genetic ab-
normalities identified by CMA in 1363 patients and cor-
relate them with detailed description and systematic
classification of cardiac phenotypes.

METHODS

Transparency and Openness

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.

Registry Overview and Organization

The Consortium is a collaborative group of medical
geneticists, clinical molecular and cytogeneticists,
basic scientists, and pediatric cardiologists from 9
pediatric clinical centers: Riley Hospital for Children at
Indiana University Health (Indiana University School of
Medicine, IUSM), Nationwide Children’s Hospital (Ohio
State University), Texas Children’s Hospital (Baylor
College of Medicine), Children’s Hospital of Pittsburgh,
Cincinnati Children’s Hospital Medical Center, Primary
Children’s Hospital (University of Utah), Children’s
Wisconsin (Medical College of Wisconsin), Children’s
Healthcare of Atlanta (Emory School of Medicine),
and Advocate Children’s Hospital (Chicago Medical
School).

Patient Cohort and Eligibility

The study was approved by each clinical center’s
Institutional Review Board and utilized a waiver of in-
formed consent. Cases were included in the registry
if the clinical laboratory reported an abnormal finding
on CMA and the patient had an abnormal echocardio-
gram. Clinical laboratories used by Consortium sites
had Clinical Laboratory Improvement Amendments
certification. The CMA abnormalities included CNVs
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interpreted as variants of uncertain significance, likely
pathogenic or pathogenic variants, and ROHs. Patients
who had a normal CMA interpretation were excluded.

Data Collection

Data were collected by medical chart reviews at the
individual sites. Demographic data included sex, eth-
nicity, and race. Race and ethnicity were reported as
included in the electronic medical record using hospital-
determined categories, including “other,” which was
frequently based on patient self-report. These data
were not always reported and could not be verified. A
medical diagnosis list and corresponding International
Classification of Diseases, Ninth Revision/ International
Classification of Diseases, Tenth Revision (ICDS/ICD10)
codes were recorded. The cytogenetic data elements
collected from clinical CMA reports were previously
described.® The echocardiography report (the earliest
available complete echocardiogram) from each regis-
try patient was sent to the Consortium’s central hub at
IUSM for systematic phenotyping and data entry. All
data were stored in a REDCap database.’

Centralized CMA Data Processing

The CMA results were organized and annotated at
the Consortium’s central hub (IUSM) using the UCSC
Genome Browser platform (https:/genome.ucsc.edu).
Genomic coordinates for CNV and ROH regions were
recorded using the GRCh37 (hg19) genome assembly.
The Lift Genome Annotations (ucsc.edu) tool was used
to convert findings reported in other versions of the
reference genome. The hgTables tool was utilized to
generate a list of genes in each abnormal genomic in-
terval based on the NCBI RefSeq Track.? Genes were
annotated for association with human disease using
the OMIM compendium (4341 genes), accessed on
June 30, 2022. Genes were annotated for association
with CHD using the manually curated CHDgene re-
source (http:/chdgene.victorchang.edu.au; 139 CHD
genes), accessed on June 30, 2022. Each gene was
annotated for the likelihood that loss-of-function is not
tolerated based on probability of loss-of-function intol-
erant (pLl) scores (9) downloaded from the Genome
Aggregation Database (http://gnomad.broadinstitute.
org), accessed on April 5, 2020. Genes were also an-
notated based on the level of RNA expression in devel-
oping mouse heart at embryonic day (€)14.5 or brain at
€9.5, which were acquired from published data.®

Centralized Cardiac Phenotyping and
Classification of CHD Types

The cardiac abnormalities documented in echocar-
diography reports were recorded for each regis-
try patient. The cardiac phenotype definitions were
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developed from a modified classification approach uti-
lized by the National Birth Defects Prevention Study,
as previously described.® The specific cardiac abnor-
malities were recorded as “Level 17 diagnoses. Each
Level 1 diagnosis belongs within 1 broader category of
CHD type (“Level 3" categories). For example, a Level
1 diagnosis of aortic valve stenosis is within the Level 3
category of left ventricular obstructive lesion (LVOTO).
All Level 1 diagnoses and the corresponding Level 3
categories (Figure S1) were entered for each patient at
the time of cardiac phenotyping. At the time of entry,
patients can have >1 Level 1 diagnosis and >1 Level 3
category, constituting an inclusive approach to CHD
classification. Additional cardiac phenotype informa-
tion was obtained from the individual study sites when
initial echocardiography reports were incomplete or in-
conclusive. Two investigators (LRH or BJL) performed
all cardiac data entry in order to ensure consistency
in phenotype extraction and classification. All cases
with laterality defects, double outlet right ventricle, or
pulmonary atresia, or other phenotypically complex
cases, were reviewed by a board-certified pediatric
cardiologist (BJL). For Level 1 diagnoses that are es-
tablished compilations of lesions such as tetralogy of
Fallot (TOF), rules were adopted in order to reduce re-
dundancy in data entry, which is further explained in
Data S1.

In addition to the prespecified assignment of a Level
3 CHD category for each Level 1 diagnosis at the time
of entry, the Level 1 diagnosis information was also uti-
lized to assign 1 overall CHD type to each patient. This
postdata entry hierarchical classification was accom-
plished using a tiered structure similar to Oyen’s prior
use of the National Birth Defects Prevention Study clas-
sification system." The hierarchy utilized for the pres-
ent study is shown in Figure S2. In this method, each
patient had 1 hierarchical category of CHD. For spe-
cific analyses, CHD was also sorted as those likely to
create a univentricular versus biventricular physiology
for the patient. CHD presumed to create univentricu-
lar physiology were the following: hypoplastic left heart
syndrome (HLHS), tricuspid atresia, mitral atresia, sin-
gle ventricle/double inlet left ventricle, and unbalanced
complete atrioventricular septal defect (AVSD).

Statistical Analysis
Genetic Classification of the Cohort

The cohort was subgrouped genetically into 3
major groups according to CMA abnormality (Figure 1).
Genetic Group | was defined as patients with a CMA
abnormality for 1 of the known, well-characterized
CHD-associated genomic disorders as defined by
Consortium investigators (listed in Table 1). Group I
consisted of patients who had 1 or more CNVs that do
not cause a Group | disorder. Group Il patients were
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Abnormal CMA and abnormal echocardiogram
1363
Syndromic disorder with well-recognized CHD association?

chwo
(Groupl) 386 977
ROH only?
N/VS
(Groupll) 911 66 (Group lll)
Size of gain or loss

>5 MV \5 Mb

(Group ll1A) 115 796 (Group lIB)
CHD gene

Nc/ \es

724 72
No. of genes

MultipV \3’73

541 183

Figure 1. Genetic groups in registry patients with CMA
abnormalities.

Group | includes patients with CMA abnormalities for one of the
known and well-characterized genomic disorders associated
with congenital heart disease (CHD) (Table 1). Group Il includes
patients with 1 or more CNVs that do not cause a Group |
disorder. Group Il includes patients who had only regions of
homozygosity reported (ROH). Group IIA includes patients with
1 or more CNVs larger than 5million base pairs (Mb). Group 1IB
includes patients who only had submicroscopic CNV(s) smaller
than 5 Mb. CMA indicates chromosomal microarray; and CNVs,
copy number variants.

further subgrouped by whether the patient had 1 or
more CNVs >5million base pairs (Mb) (Group lIA) or
only had submicroscopic CNV(s) <56Mb in size (Group
[IB). This is the approximate size threshold for detec-
tion of CNVs by standard chromosome analysis. Thus,
the CNVs >5Mb category included aneuploidies and
larger structural rearrangements. Meanwhile, patients
who had 1 or multiple ROHs as their only CMA ab-
normality were placed into Group Ill. ROH inclusion
was based on individual clinical laboratories reporting
practices and all ROH reported in Group Il patients
are >1 Mb.

Cardiac Phenotype Comparisons

The frequencies of CHD phenotypes were analyzed
graphically with heatmaps generated using the gplots
package in R (version 4.1.2). Pearson’s x? test (all ex-
pected cell counts in contingency table >5) or Fisher’s
exact test (any expected cell counts <5) was used to
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Table 1. Genetic Group | Patients With Genomic Disorders
Number of
Phenotype MIM patients in

Genomic disorder number* [PMID] registry (N=386)

Microdeletion or microduplication

22qg11.2 deletion syndrome 188400; 192430 166"

7911.28 deletion (Williams 194050 43
syndrome)

1921.1 duplication 612475 14
22qg11.2 duplication 608363 "
1921.1 deletion 612474 10
1p36 deletion syndrome 607872; 619343 10
8p23.1 deletion [20969981] 12
8p23.1 duplication [17940555] 9
16p11.2 deletion 611913 9
22qg11.2 distal deletion 611867 7
11q terminal deletion 147791 6
(Jacobsen syndrome)

16p11.2 duplication 614671 6
7011.23 duplication 609757

Aneuploidy or large chromosomal deletion

Trisomy 21 (Down syndrome) | NA 401
Monosomy X (Turner NA 22
syndrome)

Trisomy 18 (Edward’s NA 6
syndrome)

Trisomy 13 (Patau syndrome) | NA 5
Monosomy 5p (Cri du chat 123450 4t

syndrome)

Monosomy 4p (Wolf- 194190 2

Hirschhorn syndrome)

NA indicates not available; and PMID, PubMed reference number.

*Acquired from Online Catalog of Human Genes and Genetic Disorders
(OMIM); updated on June 20, 2022.

fCount includes a patient with additional copy number variant (CNV) that
is associated with a separate Group | disorder. One patient with 22g11.2
deletion and 1 patient with monosomy 5p also had 8p23.1 duplication. One
patient with Down syndrome also had 22g11.2 duplication. Further analysis
focused on the primary CNV.

test for significant differences in the proportions of hi-
erarchical CHD phenotypes, and a Bonferroni correc-
tion was utilized for determining statistical significance
when performing multiple comparisons. To compare
the overall distribution of hierarchical CHD phenotypes
between groups, Fisher’'s exact test utilized a Monte
Carlo simulation of 1x108 replicates. Estimated and
Bonferroni-corrected P values <0.05 were considered
statistically significant. Statistical analyses were per-
formed using functions in base R (version 4.1.2).

Bootstrapping Enrichment Analysis of Curated
CHD Genes in CNVs

The list of 139 curated CHD genes was procured as
described above. Patients with only submicroscopic
CNVs (Genetic Group IIB) were selected for CHD gene
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enrichment analysis because aneuploidies and large
structural chromosomal abnormalities that include
many genes would limit sensitivity and specificity. The
frequency of CHD genes observed in registry CNVs
was calculated. The probability for the observed fre-
quency of CHD genes was empirically tested; 10000
random gene lists, each containing 139 genes, were
generated using the Random Gene Set Generator ap-
plication (www.molbiotools.com). For each random
gene list, the frequency that the genes in the list were
observed in Group IIB CNVs was calculated. An em-
pirical P value estimating the likelihood of CHD gene
frequency in Group IIB CNVs was calculated as the
fraction of the 10000 random gene lists that contained
genes that were more frequent in CNVs than was ob-
served for CHD genes.

Gene Set Enrichment Analyses

In silico gene set enrichment analysis for annotated
pathways, gene ontology biological processes, and
disease annotation were completed using ToppFun.'>'®
The threshold for statistical significance was defined
by P value divided by the number of enrichment cat-
egories tested <0.05 (Bonferroni correction).

RESULTS

Overview of Cytogenomics of
Cardiovascular Malformations Registry
Patients

This study included 1363 registry patients who had
an abnormal echocardiogram and at least 1 abnor-
mal (uncertain or pathogenic) finding on CMA identi-
fied as part of their clinical care. Basic demographics
are shown in Table S1. Proportions of male and female
patients were similar. There was a modest underrep-
resentation of Hispanic or Latino, Asian, and Native
American patients relative to the United States popula-
tion, but the representations were reflective of the re-
gional demographics of the centers participating in the
study.

The clinically reported CNVs included large cytoge-
netic abnormalities, such as aneuploidies and partial
chromosome aneusomies resulting from unbalanced
translocations, as well as submicroscopic deletions
and duplications. ROHs were also reported. Each pa-
tient was classified into 1 of 3 genetic groups based on
CMA findings (Figure 1). Genetic Group | included 386
patients (28%) with 19 genomic disorders that have
well-recognized association with CHD (Table 1). Group
Il included 911 patients (67%) with CNVs that have less
recognized or no prior known association with CHD.
Group Il included 66 patients (5%) with ROH only. In
total, there were 919 copy number losses, 771 copy
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number gains, and 730 ROH in the registry. More than
1 CNV was reported in 332 patients, who constituted
24% of Group | and 26% of Group Il patients (Table S2).
The types of CHD in registry patients are summarized
in hierarchical CHD categories in Figure 2. Conotruncal
defect (CTD) was the most frequent hierarchical CHD
category, comprising 29% of patients. Overall, the
registry contains patients with genomic imbalances
of variable size and variable level of prior evidence for
CHD association. There was a relatively higher fre-
quency of CTD, LVOTO, and other complex CHDs, and
lower frequency of isolated septal defects than general
CHD populations.'" 1415

Genotype-Phenotype Analysis of Registry
Patients in Genetic Group |

The CHD categories that are well known to be
associated with specific Group | genomic disorders
were well represented in the hierarchical classification
system (Figure 3A), in which each patient has a single
CHD category assigned, and with inclusive classifica-
tion, which allows for multiple Level 3 CHD categories
per patient (Figure 3B). For example, CTD was frequent
in 22g11.2 deletion, AVSD in trisomy 21, LVOTO in
Turner or Jacobsen syndrome, arteriopathy in Williams
syndrome, and aortopathy in 7q11.23 duplication.
Inclusive classification (Figure 3B) underscores pleiot-
ropy of these genomic disorders by showing that most
patients (262 of 386, 68%) presented with >1 Level 3
CHD category. These included uncharacteristic types
of CHD. For example, 3 (1.8%) patients with 22g11.2
deletion syndrome had the uncharacteristic CHD cat-
egory of AVSD. More strikingly, 7 (16%) patients with
Williams syndrome (7g11.23 deletion) had uncharac-
teristic CHD including CTD, AVSD, and anomalous
pulmonary venous return (APVR; Table 2), which could
not be attributed to variable sizes in 7g11.23 deletion or
concomitant CNV or ROH.

Chromosome 1q21.1 Duplication and
Deletion Syndromes

There were 24 patients with 19211 duplications
(N=14) or reciprocal deletions (N=10). Hierarchical clas-
sification identified that CTD, septal defect, and LVOTO
were frequent and similarly represented between du-
plications and deletions (Figure 3A). Inclusive classifica-
tion (Figure 3B) identified a relatively higher frequency
of LVOTO in 1g21.1 duplications. APVR was associated
with these syndromes, which was not evident in the
hierarchical approach. Figure 4 shows the Level 1 di-
agnoses for CTD (4A) and LVOTO (4B). The CTD of TOF
was enriched in 1g21.1 duplication (29%) and absent in
1921.1 deletions (Figure 4A). The LVOTO of HLHS was
present in 3 (21%) patients with 1g21.1 duplications
versus none with 1g21.1 deletions (Figure 4B).
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CTD

Septal defect
LVOTO
RVOTO 89 (6.5%)

Septal + LVOTO 81(5.9%)

Arteriopathy 42(3.1%)

Aortopathy 1 23 (1.7%)

CTD +AVSD 18 22 (1.6%)

Hierarchical Category of CHD

Cardiomyopathy 18 18 (1.3%)

Septal + RVOTO W 17 (1.2%)
Other 1§ 16 (1.2%)
PDA 1 5(0.4%)
SV, 0s12(0.1%)

Coronary anomaly 11 (< 0.1%)

248 (18.2%)

229 (16.8%)

HTX 72 (5.3%)
AVSD 62 (4.5%)
APVR 44 (3.2%) Genetic Group
. Group |

392 (28.8%)

. Group Il

. Group lll

0 100 200 300 400 500

Number of patients

Figure 2. Hierarchical categories of CHD in registry patients.

The frequency of each CHD category is shown for all patients (N [% of total]) and for patients within
Genetic Group |, Il, or lll. APVR indicates anomalous pulmonary venous return; AVSD, atrioventricular
septal defect; CHD, congenital heart disease; CTD, conotruncal defect; HTX, heterotaxy; LVOTO, left
ventricular obstructive lesion; PDA, patent ductus arteriosus; RVOTO, right ventricular obstructive lesion;

and SV, os, single ventricle otherwise specified.

Chromosome 8p23.1 Deletions and Duplications

A total of 21 patients had 8p23.1 deletions (N=12) or
8p23.1 duplications (N=9). Hierarchical category of
AVSD or AVSD+CTD was frequent in 8p23.1 deletion
(50%) (Figure 3A). Inspecting Level 3 categories with
inclusive classification identified the frequent com-
bination of AVSD with LVOTO or right ventricular ob-
structive lesion in 8p23.1 deletions (4 of 6 patients with
AVSD; all with semilunar valve defects). Inclusive clas-
sification identified a higher frequency of LVOTO (78%)
in 8p23.1 duplication versus 8p23.1 deletion (33%).
Whereas inclusive description was required to iden-
tify APVR in 1g21.1 disorders, conversely, it confirmed
an absence of APVR in registry 8p23.1 deletions and
duplications (Figure 3B). While LVOTO was frequent
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in 8p23.1 duplications or deletions, no patients had
HLHS (Figure 4B).

Chromosome 16p11.2 Deletion and
Duplication Syndromes

The notable difference between patients with 16p11.2
deletions (N=9) or duplications (N=6) was increased
frequency of CTD in deletions (44%) (Figure 3A and 3B).

Chromosome 22q11.2 Duplication Syndrome

The 11 registry patients with 22g11.2 duplication (recip-
rocal to classic 22g11.2 deletion) had a relatively low fre-
quency of CTD (Figure 3A and 3B). Six patients had right
ventricular obstructive lesion or LVOTO independent of
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Figure 3. Distributions of CHD categories in Group | patients (N=386).

A, Results of hierarchical CHD classification method. B, Results of inclusive classification. Box colors indicate the fraction of
patients within a genomic disorder that have the CHD type. Gray squares indicate that no patients had the CHD type. APVR indicates
anomalous pulmonary venous return; AVSD, atrioventricular septal defect; CHD, congenital heart disease; CTD, conotruncal defect;
HTX, heterotaxy; LVOTO, left ventricular obstructive lesion; RVOTO, right ventricular obstructive lesion; and SV, os, single ventricle

otherwise specified.

CTD, all of which constituted significant atrioventricular
valve involvement: 2 patients with Ebstein’s anomaly, 2
with HLHS, 1 with tricuspid atresia, and 1 with a thick-
ened, dysplastic tricuspid valve and thickened mitral
valve. APVR was absent from all 184 patients with Group
| disorders involving the 22g11.2 region (Figure 3B).

Chromosome 22q11.2 Distal Deletions

Hierarchical CHD of septal defect was observed in 6 of
the 7 patients with distal 22g11.2 deletion (Figure 3A),

which included muscular or perimembranous ventric-
ular septal defect in 4 patients and secundum atrial
septal defect without ventricular septal defect in 2.
This indicates an enrichment of isolated septal defects
compared with other 22g11.2 disorders.

Aggregating relatively large numbers of patients and
applying consistent and detailed CHD phenotyping
portrays the similarities and differences in CHD phe-
notypes among genomic disorders caused by CNVs
at the 1921.1, 8p23.1, 16p11.2, and 22g11.2 loci, which
are summarized in Table 3.

Table 2. Novel or Rare Cardiac Abnormalities Present in 7 of 43 Registry Patients With Williams Syndrome (7q11.23

Deletion)
Novel or rare Level 3 CHD

Patient categories Level 1 CHD diagnoses

1 CTD; laterality d-TGA; CoA,; aortic valve stenosis or hypoplasia; tricuspid atresia with VSD; RV hypoplasia;
dextrocardia; persistent left SVCT

2" CTD Conoventricular VSD; CoA; peripheral PSs or hypoplasia; secundum ASD."

3 CTD; SV DORYV with d-malposed great vessels; ASD, nos; SV, nos'

4 AVSD Complete AVSD; peripheral PS or hypoplasia; secundum ASD?

5 CTD; AVSD DORYV; CoA,; aortic valve stenosis or hypoplasia; subaortic stenosis or narrowing; mitral
atresia; LV hypoplasia; common atrium; AVSD, os: common atrioventricular valve draining to
RVt

6 APVR PAPVR; peripheral PS or hypoplasia®

7 APVR TAPVR; aortic valve stenosis or hypoplasia; muscular VSD; secundum ASDT

ASD indicates atrial septal defect; AVSD, atrioventricular septal defect; CHD, congenital heart defect; CTD, conotruncal defect; CoA, coarctation of the
aorta; DORV, double outlet right ventricle; d-TGA, d-transposition of the great arteries; IVC, inferior vena cava; LV, left ventricle; nos, not otherwise specified; os,
otherwise specified; PAPVR, partial anomalous pulmonary venous return; PS, pulmonary stenosis; RV, right ventricle; SV, single ventricle; SVC, superior vena
cava; TAPVR, total anomalous pulmonary venous return; and VSD, ventricular septal defect.

*Patient 2 had concurrent 29.4-kb duplication at 3p25.1 (chr3:15097391-15126800x3).

fLevel 1 CHD dianoses that belong to the novel or rare Level 3 categories.
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Figure 4. Distributions of Level 1 CHD diagnoses in Genetic Group | patients who have Level 3 diagnoses of a conotruncal
defect (CTD) (A) and left ventricular obstructive lesion (LVOTO) (B).

BAV indicates bicuspid aortic valve; CHD, congenital heart disease; CoA, coarctation of the aorta; D-TGA, d-transposition of the great
arteries; DORV, double outlet right ventricle; HLHS, hypoplastic left heart syndrome; IAA, interrupted aortic arch; TOF, tetralogy of

Fallot; and VSD, ventricular septal defect.

Genetic Analysis of Registry Patients in
Genetic Group Il
Large Versus Submicroscopic CNV

Group Il included 911 patients with CNVs that
have rare or no known prior association with CHD.
Reported imbalances included large CNVs (>5Mb;
N=115 patients; Group IIA) and submicroscopic
CNVs (<5Mb; N=796 patients; Group 1IB; Figure 1).
In Group lIA, the median CNV size was 15.504 (in-
terquartile range: 8.833-35.290) Mb and the median
total number of genes in CNVs per patient was 162
(interquartile range: 89-302). In Group IIB, the me-
dian CNV size was 0.308 (interquartile range: 0.139-
0.671) Mb and the median total number of genes
within CNVs per patient was 3 (interquartile range:
1-9). Furthermore, in Group IIB, 72 patients (9%) had
CNV(s) containing curated CHD genes, 183 patients
(23%) had CNV that involved only 1 gene (non-CHD
gene), and 541 (68%) patients had CNV(s) compris-
ing multiple genes, of which none is a curated CHD
gene.

Submicroscopic CNVs Involving CHD Genes

There were a total of 1008 CNVs among the 796 Group
IIB patients. CHD genes were present in 73/1008
(7.2%) CNVs, including 42 gains and 31 losses. In total,
34 CHD genes were located in these CNVs (Table 4).
Bootstrapping analysis determined that CNVs in
Group IIB were significantly enriched for CHD genes
(P=0.002; Figure S3).

J Am Heart Assoc. 2023;12:e029340. DOI: 10.1161/JAHA.123.029340

Genotype-Phenotype Analysis of Registry
Patients in Genetic Group Il

Comparison of CHD Phenotypes Between Group
lIA and Group IIB Patients

The proportions of hierarchical CHD categories were
significantly different between Group IIA and Group
[IB (P<0.0001). The clearest differences were (1) an in-
creased frequency of septal defect in Group IlA and (2)
increased frequencies of CTD, LVOTO, and heterotaxy
in Group IIB (Table 5). Indeed, only 1 Group lIA patient
had heterotaxy. CHDs that were presumed to create
univentricular physiology were significantly more fre-
quent in Group IIB (17.5%) compared with Group IIA
(3.5%). Patients with large CNVs had less complex
CHD than those with submicroscopic CNVs.

Analysis of CHD Phenotypes in Group IIA and in
Subclasses of Group IIB

The proportions of hierarchical CHD categories for
Group lIA and subclasses of Group IIB are shown in
Figure 5. Stark differences in the predominant CHD
category (darker red shading) are evident between
subgroups. In patients with monogenic CNV (N=183
patients), the categories of CTD (N=60, 33%) and
heterotaxy (N=14, 8%) were frequent and septal de-
fect (N=21, 11.5%) was infrequent compared with
other subgroups (counts and fractions are specified in
Table S3). Monogenic CNVs comprised 20% of Group
Il cases overall, but accounted for 26% of CTD, 25%
of heterotaxy, and 31% of CTD+AVSD cases in the



Landis et al

Chromosomal Microarray in Congenital Heart Disease

Table 3. Summary of Cardiac Phenotype Findings for Copy Number Variants at 1g21.1, 8p23.1, 16p11.2, and 22q11.2 loci in
Genetic Group |

10211 (24) CTDin 3 of 10 LVOTO or Septal+LVOTO CTD in 5 of 10 patients CTD in 5 of 14 patients Most
patients in 6 of 14 patients (none with TOF) (four with TOF) categories were
LVOTO in 7 of 14 patients represented
(CoA or HLHS only)
8p23.1 (21) AVSD in 5 of 12 CTD in 3 of 9 patients AVSD combined with LVOTO in 7 of 9 patients APVR
patients LVOTO or RVOTO in 4 of 12 (none with HLHS)
patients
Septal defect in 10 of 12
patients
16p11.2 (15) CTDin4 of 9 None None None AVSD
patients
22g11.2 NA LVOTO; RVOTO; CTD NA LVOTO and RVOTO AVSD
duplication (11) (each in 3 of 11 patients) (mitral or tricuspid valve* APVR
anomaly in 6 of 11
patients)
22q11.2 distal Septalin 6 of 7 NA Septal defect in 6 of 7 NA AVSD
deletion (7) patients patients APVR

APVR indicates anomalous pulmonary venous return; AVSD, atrioventricular septal defect; CoA, coarctation of the aorta; CTD, conotruncal defect; HLHS,
hypoplastic left heart syndrome; LVOTO, left ventricular obstructive lesion; NA, not applicable; RVOTO, right ventricular obstructive lesion; and TOF, tetralogy

of Fallot.

*Tricuspid valve anomalies included 2 patients with isolated Ebstein’s anomaly, 1 patient with tricuspid atresia, and 1 patient with a dysplastic tricuspid valve.

group. In contrast, the categories of LVOTO, Septal,
or Septal+LVOTO were markedly enriched in patients
with CHD gene containing CNVs, which together ac-
counted for 60% of the patients with CHD gene CNVs
in Group 1IB. LVOTO was associated with the smooth
muscle myosin gene MYH11 (7 of 12 patients) and the
vascular signaling CHD gene NOTCH1 (3 of 6 patients),
as well as other biological groups in Table 4.

Among Group [IB patients, presumed univentricu-
lar physiology was less frequent in patients with CHD
gene CNVs (11%) compared with monogenic CNVs
(20%) or other CNVs (18%; Table S3). Monogenic CNVs
accounted for 25% of all Group Il patients with pre-
sumed univentricular physiology. The marked pheno-
typic differences between monogenic CNVs and CHD
gene CNVs suggests differences in the biological roles
of the genes they comprise.

Submicroscopic CNVs Involving a Single
Non-CHD Gene

Group 1IB monogenic CNVs included 107 copy num-
ber losses and 76 copy number gains that involved
a total of 141 distinct genes, annotated in Data S2.
Twenty-three genes recurred in monogenic CNVs in
the registry. Forty-six genes (33%) are associated with
human disease in OMIM. Among the 111 monogenic
CNV genes that were included in published embryonic

J Am Heart Assoc. 2023;12:e029340. DOI: 10.1161/JAHA.123.029340

mouse RNA sequencing data,® 37 genes (33%) had
expression level ranking above the 50th percentile of all
mouse genes in embryonic day (e)14.5 heart. Among
114 genes with Genome Aggregation Database pLl
scores available, 30 genes (26%) had a pLI score >0.5.
These annotations were used to prioritize candidate
genes.

We identified 9 monogenic CNV genes that had
€14.5 mouse heart expression level above the 50th per-
centile and pLI score above 0.5: AP3B1, AUTS2, DMD,
MAGT1, MBD5, PDE4D, PTPRM, TCF12, and TEAD].
Reciprocal deletions or duplications involving MBDS5,
identified here in 4 patients with monogenic CNVs,
cause a rare disorder (Chromosome 2g23.1 Deletion
or Duplication Syndrome; MIM #156200) also known
as MBD5-Associated Neurodevelopmental Disorder
that has reported CHD association at very low pene-
trance.'® The CHD in 2 registry patients included CTD
(Table S4), a CHD phenotype that was not previously
reported.'® The other genes may be considered candi-
date causal genes.

Enrichment Analysis of Genes in
Monogenic CNVs in Genetic Group Il
Pathway analysis of 141 monogenic CNV genes iden-

tified enrichment for the neuronal system pathway
(Reactome; Stable Identifier: R-HSA-112316). Eleven
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Table 5. Frequencies of Hierarchical Congenital Heart Disease Categories and Presumed Univentricular Physiology in

Genetic Group Il and Subgroups IlIA and IIB

CHD category All Group Il Group IIA: CNV>5 Mb Group IIB: CNV<5 Mb P value
CTD 25.5% (232/911) 16.5% (19/115) 26.8% (213/796) 0.019
LVOTO 19.8% (180/911) 13.0% (15/115) 20.7% (165/796) 0.053
Septal defect 16.7% (152/911) 30.4% (35/115) 14.7% (117/796) 0.000023*
RVOTO 7.9% (72/911) 7.0% (8/115) 8.0% (64/796) 0.69
Septal+LVOTO 6.6% (60/911) 10.4% (12/115) 6.0% (48/796) 0.075
HTX 6.3% (57/911) 0.9% (1/115) 7.0% (56/796) 0.0063
APVR 4.1% (37/911) 1.7% (2/115) 4.4% (35/796) 0.21
AVSD 3.3% (30/911) 6.1% (7/115) 2.9% (23/796) 0.089
Aortopathy 1.8% (16/911) 2.6% (3/115) 1.6% (13/796) 0.44
Arteriopathy 1.8% (16/911) 1.7% (2/115) 1.8% (14/796) 1.0
CTD+AVSD 1.8% (16/911) 0 2.0% (16/796) 0.25
Septal+RVOTO 1.5% (14/911) 2.6% (3/115) 1.4% (11/796) 0.40
Univentricular physiology 15.7% (143/911) 3.5% (4/115) 17.5% (139/796) 0.00016*

Hierarchical CHD categories that were present in <1.5% of all Group Il patients are not shown. APVR indicates anomalous pulmonary venous return; AVSD,
atrioventricular septal defect; CHD, congenital heart disease; CNV, copy number variant; CTD, conotruncal defect; HTX, heterotaxy; LVOTO, left ventricular

obstructive lesion; and RVOTO, right ventricular obstructive lesion. specified.

*CHD categories with P value that reaches statistical significance after multiple hypothesis correction (@=0.0038).

monogenic CNV genes are in this pathway (Table 6;
Table S5), and these accounted for 18 patients (10%)
with monogenic CNVs. Eleven of these 18 patients
(61%) had a hierarchical CHD of CTD, including 9
with TOF (50%). Eight of these 11 genes had similar
expression levels between embryonic mouse heart
and brain. The second significantly enriched pathway
in monogenic CNV genes was Phosphodiesterase in
Neuronal Function (MSigDB; BIOCARTA), which in-
cluded 3 Neuronal System pathway genes (ADCY2,
ADCY8, and CHRNAY) and the genes PDE4D and
GUCY1A2 (Table S5). In comparison to these enrich-
ments, the 34 CHD genes identified in CNVs of Group
IIB patients were not enriched for neuronal pathways
and instead were enriched for heart development, car-
diac progenitor differentiation, NOTCH signaling, and
chromatin organization (Table S6). The results identify
biological pathway differences, which appear to corre-
late with the overarching pattern of divergence in CHD
phenotypes that was observed between these CNV
subgroups (Figure 5).

Further enrichment analysis of monogenic CNV
genes for gene ontology Biological Processes and
Disease annotations identified enrichment for cell—cell
adhesion (20 genes) and neurodevelopmental dis-
eases including Intellectual Disability and Pervasive
Development Disorder (Table S5). Eight of the 9 mono-
genic CNV genes that were initially prioritized for hav-
ing relatively high embryonic heart expression and pLl
>0.5 were found in at least 1 of the enriched biologi-
cal and disease terms: AP3B1, AUTS2, DMD, MAGTT,
MBDS5, PDE4D, PTPRM, and TCF12.

Three monogenic CNV genes in the Neuronal
System pathway recurred in Group |IB patients, display

J Am Heart Assoc. 2023;12:e029340. DOI: 10.1161/JAHA.123.029340

embryonic heart expression, and have pLI >0.99:
NRXN3 (N=3, including twin brothers with TOF), ADCY2
(N=2), and HCN1 (N=2). In all such cases the CNV was
either a deletion or a duplication that terminated within
the gene. These may present top candidate genes for
CHD causality that warrant further investigation.

DISCUSSION

With an emphasis on the role of cardiac phenotyping
in a large, multicenter cohort of patients with abnormal
clinical CMA results, this study expands the CHD phe-
notypes to consider in established genomic disorders,
identifies novel candidate genes in CNVs, and reveals
a stratification in CHD categories between subclasses
of CNVs.

The first organizing principle of cardiac phenotyp-
ing in the registry was that collection of detailed raw
cardiac data using a consistent taxonomy would be
required to create precise CHD descriptions, which
has been inconsistent in genetic literature, and to
draw comparison between different genetic causes.
The second was that because genetic causes of
CHD are heterogeneous and have variable ex-
pressivity, the structure of cardiac phenotype data
should permit flexibility in how lesions are combined,
for which there is currently no consensus, and de-
pends upon the purpose and type of analysis. In this
study, hierarchical classification of each patient into
1 CHD category facilitated broad descriptions and
genotype—phenotype analyses between genetic
subgroups. There were also examples where inclu-
sive classification was important for its sensitivity,
such as in describing prevalence of APVR in 1g21.1
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Figure 5. Distributions of hierarchical CHD categories in Group Il patients (N=911).

Group llA includes patients with CNV>5 Mb. Group |IB is further subdivided into patients with CNV involving a CHD gene; CNVs
involving a single non-CHD gene; and CNVs that have multiple genes, none of which are CHD genes. APVR indicates anomalous
pulmonary venous return; AVSD, atrioventricular septal defect; CHD, congenital heart disease; CNV, copy number variant; CTD,
conotruncal defect; HTX, heterotaxy; LVOTO, left ventricular obstructive lesion; Mb, million base pairs; PDA, patent ductus arteriosus;
RVOTO, right ventricular obstructive lesion; and SV, os, single ventricle otherwise specified.

imbalances and, conversely, determining that APVR
was absent in registry patients with disorders involv-
ing 8p23.1 and 22q11.2. Inclusive classification facil-
itated identifying the frequent combination of AVSD
with semilunar valve abnormalities in patients with
8p23.1 deletions, a corollary to the role of the in-
volved gene GATA4 in both atrioventricular septation
and semilunar valve development.'’18

Cardiac Phenotypes in More Recently
Described Genomic Disorders

The registry identifies well-known cardiac phenotypes
for established CHD genomic disorders. Registry data
also firmly establish associations that were suggested
in previous reports, including enrichments of TOF in
1g21.1 duplications'2? and non-TOF CTD in 1g21.1
deletions,'92324 and a notable frequency of HLHS in
22011.2 duplications.?® These associations are impor-
tant to improve the differential diagnosis in infants with

J Am Heart Assoc. 2023;12:e029340. DOI: 10.1161/JAHA.123.029340

specific categories of CHD and subtle or no dysmor-
phic features.

Novel Cardiac Phenotypes in Williams
Syndrome, 1g21.1 Duplication, and
22q11.2 Duplication

The registry has also led to novel phenotype observa-
tions in genomic disorders that have well-established
CHD association. Novel phenotypes in patients with
Williams syndrome included double outlet right ven-
tricle, dextro-transposition of the great arteries, tri-
cuspid atresia, unbalanced common atrioventricular
valve, common atrium, and partial anomalous pul-
monary venous return. The high prevalence of LVOTO
(and specifically coarctation of the aorta or HLHS) in
1921.1 duplications (50%) is novel; literature review
identified only 1 prior case description of LVOTO.%®
The enrichment of atrioventricular valve abnormality in
patients with 22g11.2 duplication is also novel. To our
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Table 6. Genes in Monogenic Copy Number Variants That Belong to the Enriched Neuronal System Pathway

No. of occurrences RNA expression
in monogenic RNA expression level level in €9.5
CNVs (total/losses/ | in e14.5 mouse heart mouse brain
Genes Gene name Cytoband gains) (percentile rank)* (percentile rank)* pLI
ADCY2" Adenylate cyclase 2F 5p15.31 1/1/0 28 31 0.999
ADCY8 Adenylate cyclase 8 8024.22 1/0/1 19 23 0
CACNA2D3 Calcium voltage-gated channel 3p21.1 2/0/2 24 31 0.578
auxiliary subunit alpha2delta3
CHRNA7 Cholinergic receptor nicotinic 15013.3 2/0/2 19 46 <0.001
alpha 7 subunit
DLG2 Discs large MAGUK scaffold 119141 1/1/0 43 22 0.780
protein
HCN1t Hyperpolarization activated 5pi12 2/0/2 30 21 0.999
cyclic nucleotide gated
potassium channel 1f
NRXNSt Neurexin 3t 149311 2/2/0 42 23 1
SLC1AT Solute carrier family 1 member 1 9p24.2 1/1/0 42 29 <0.001
SLC22A2 Solute carrier family 22 member 6025.3 1/1/0 0 14 0
2
SYT10 Synaptotagmin 10 12p111 3/0/3 0 17 <0.001
TSPAN7 Tetraspanin 7 Xp11.4 2/0/2 NR NR 0.74577

CNVs indicates copy number variants; pLl, predicted intolerance to loss of function (gnomAD); and NR, not reported.
*RNA sequencing data of embryonic (e) day of mouse development published in Homsy et al.®

Top candidate genes and gene names.

knowledge, this is the first report of isolated Ebstein’s
anomaly (present in 2 registry patients) and the first
report of tricuspid atresia in 22g11.2 duplications. The
tricuspid valve defects in registry patients may provide
the first human CHD correlation with the hypoplastic
right ventricle phenotype that was observed in mice
with gain of function of Tbx7, a CHD gene within the
human 22qg11.2 locus.?” Overall, the factors regulating
phenotypic variability within genomic disorders, which
may include environmental or other genetic factors,
require additional study. The registry finds that many
patients have multiple CMA abnormalities, which could
contribute to phenotype heterogeneity.

Candidate Genes ldentified in Monogenic
CNVs

Analysis of monogenic CNVs identified novel can-
didate causal genes, which have a role in neuronal
development and in the registry, were enriched for
CTD phenotypes. The connection between heart
and brain development aligns with results of exome
analysis of a similar number of patients with CHD.®
Neurocristopathies including 22g11.2 deletion and
CHARGE syndrome are associated with neurodevel-
opmental abnormalities and enriched for CTD.?® Cell
adhesion, which was an enriched biological process
in monogenic CNVs, is important for migration of car-
diac neural crest cells to form the developing outflow
tract?® and therefore a potential mechanism of CTD

J Am Heart Assoc. 2023;12:e029340. DOI: 10.1161/JAHA.123.029340

development. The registry identifies NRXN3, ADCY2,
and HCN1 as particularly strong candidates. NRXN3
encodes a neurexin protein that is important for cell
adhesion. Its related gene NRXN7, which contained
an intragenic deletion in 3 registry patients, has been
previously associated with CHD.3°-%2 ADCY2 cata-
lyzes cyclic adenosine monophosphate formation, and
knockdown of its ortholog in zebrafish led to cardiac
malformation.®® HCN7 encodes a cyclic adenosine
monophosphate activated potassium/sodium channel
and is highly expressed in the sinoatrial node.®* The
candidate genes identified in this study warrant further
investigation.

Complexity of CHD and CNV Size

We observed an interesting separation of CHD cat-
egories when the CNVs were subclassified for size,
involvement of a curated CHD gene, or involvement
of a single gene. Patients with large (>5Mb) CNVs in
general presented less complex cardiac lesions, pos-
sibly due to reduced viability in fetuses with large CNVs
and complex CHD. CHD gene—containing CNVs were
phenotypically more similar to large CNVs in terms of
increased frequency of septal defects and decreased
frequencies of CTD, heterotaxy, and univentricular
physiology, possibly because many established CHD
genes are critical in early cardiac development or regu-
late transcription broadly, and decrease fetal viability
when CHD is complex. Whether patients who are born
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with complex CHD and large CNVs or CHD gene—
containing CNVs have different survival compared with
other genetic causes warrants further investigation.

The clinical implications of registry findings are ge-
netic and cardiac. Enrichment of severe cardiac phe-
notypes in Group IIB patients supports performing
CMA over karyotype in patients with complex CHD,
consistent with current guidelines. Also, CMA can
identify patients with incomplete or atypical cardiac
presentations that may not have in the past prompted
targeted testing such as fluorescence in situ hybridiza-
tion for 7q11.23 deletion. Given evidence for dosage
sensitivity of many CHD genes, sequencing panels
should include copy number analysis. Whole genome
sequencing interpretation should target copy number
abnormalities, as well as sequence variants in tran-
scriptional regulatory regions that may alter dosage,
for these genes. Registry data suggest that targeted
testing of CHD genes may have lower yields than
CMA in patients with CHD that creates univentricular
physiology.

The cardiac considerations emerging from registry
data relate to clinical care and outcomes research. For
example, the registry adds APVR as a phenotype to
consider in patients with 1g21.1 duplications or dele-
tions. Additional imaging to completely define pulmo-
nary vein anatomy may in some cases be indicated,
such as in Turner syndrome. The high frequency of
LVOTO in patients with disorders of 1g21.1 or 8p23.1
supports cardiac screening of patients for occult left-
sided CHD, such as bicuspid aortic valve, upon diagno-
sis. Many clinical outcomes studies in CHD have been
complicated by variable genetic testing or reporting.
The registry data suggest that patients with complex
CHD, including those with univentricular physiology,
are more likely to have submicroscopic CNVs than
large CNVs. Recent studies indicate that CNVs may
impact survival in patients with nonsyndromic pre-
sentations.®®3¢ Taken together, these data point to a
critical role for copy number analysis in the genetic
classification of study cohorts with severe CHD.

Limitations

We were unable to analyze CNVs not included on clini-
cal reports. Using only CNVs that were reported based
on laboratory-established criteria helped to reduce
noise and greatly supports the clinical utility of the
overall findings. Parental testing data were not avail-
able for many patients, largely because such testing
is not performed clinically in most cases. CMA data
were only collected from liveborn infants. The registry
is enriched for more severe CHD than general popula-
tions, likely because genetic testing is more common
in these patients. Also, genomic disorders that were
prevalent in the registry, such as 22qg11.2 deletion,
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are commonly associated with relatively severe CHD.
Although genetic testing practices likely vary between
centers, the multicenter nature of this study supports
generalizability. Geographically the centers were in the
Southwest, South, and Midwest and replication in ad-
ditional cohorts, including in populations with different
racial and ethnic composition, is important. The con-
sistent methodology for recording cardiac phenotypes
reduces variability between centers in regard to car-
diac reporting.

The registry includes only patients with CMA abnor-
mality. CMA does not detect sequence variants. Prior
studies indicated that CMA abnormalities are present
in 10% to 20% of CHD, so the registry includes a frac-
tion of the overall CHD population. Gene analyses in
this study focused on single-gene and CHD gene con-
taining CNVs, which constituted 28% of Group Il pa-
tients. The identified candidate genes and CHD genes
were present in a minority of Group 1B patients, indi-
cating that a large number of causal genes remain to
be identified. Future work will include analysis of recur-
rent loci and algorithmic genotype—phenotype analy-
ses leveraging the registry’s detailed raw cardiac data.
Utilizing candidate genes identified by exome studies
to determine if they were represented in CNV regions
may also be a useful approach.®

In some patients, genetic testing may have been
performed because of concurrent developmental
delay, which could skew CMA results toward neurode-
velopmental genes and pathways. This merits consid-
eration; however, multiple consortium centers routinely
perform CMA in neonates and infants with CHD as the
primary indication. In general, standardizing the early
genetic evaluation of infants with CHD will likely foster a
more complete understanding of the clinical impact of
abnormal testing results on later neurodevelopmental
and survival outcomes.®®

CONCLUSIONS

A cardiac phenotype-intensive analysis of a large num-
ber of patients with CMA abnormalities has generated
novel cardiogenomic associations including expanding
of CHD phenotypes in genomic disorders, novel can-
didate genes, and stratification of CHD phenotypes
based on CNV size and the involved genes.
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Data S1
Supplemental Methods.

The Level 1 diagnoses of tetralogy of Fallot (TOF) and hypoplastic left heart syndrome (HLHS)
are established compilations of cardiac defects. Any right-sided obstructive lesions located from
the subpulmonary region to the distal pulmonary arteries were not recorded when TOF was
present. Similarly, left-sided obstructive lesions from the mitral valve to proximal descending
aorta were not individually recorded in HLHS. Patients with conotruncal defects (CTDs) that
characteristically have an associated ventricular septal defect (VSD), including TOF, double
outlet right ventricle, and truncus arteriosus, did not have a VSD entered separately unless there
was a second anatomically distinct VSD. Similarly, patients with double inlet left ventricle who
had a bulboventricular foramen functioning as an interventricular communication did not have
VSD separately recorded. Absence of VSD in any patients with these particular diagnoses would
be noted in the cardiac data entry.



Data S2
Supplemental Data Set (Excel File).

Annotations for Group 1B monogenic copy-number variants.



Table S1. Demographics of registry cohort (N=1363)

Characteristic N (%)
Sex
Male 660 (48)
Female 642 (47)
Not Reported/Unknown 61 (5)
Ethnicity
Not Hispanic or Latino 956 (70)
Hispanic or Latino 110 (8)
Not Reported/Unknown 297 (22)
Race
White 823 (60)
Black or African American 186 (14)
Asian 40 (3)
Native American or Alaska Native 5(0.4)
Native Hawaiian or Other Pacific Islander 3(0.2)
Other 58 (4)

Not Reported/Unknown 248 (18)




Table S2. Distribution of the number of CNVs that were reported in study patients.

Number of reported Group | (N=386) Group Il (N=911)
CNVs Number of cases, (%) Number of cases, (%)
1 292 (76) 673 (74)
2 79 (20) 203 (22)
3 14 (4) 28 (3)
4 0 5(0.5)
5 1(0.3) 2(0.2)




Table S3. Frequency of Group 1B hierarchical CHD categories and presumed univentricular
physiology classification among the subgroups of patients with submicroscopic CNVs.

CHD category CNV with CHD CNV with a single CNV without CHD

gene (72 patients) gene (183 patients) gene or single gene
N (%) N (%) (541 patients)

N (%)

CTD 13 (18.1) 60 (32.8) 140 (25.9)

LVOTO 23 (31.9) 33 (18.0) 111 (20.5)

Septal defect 14 (19.4) 21 (11.5) 82 (15.2)
RVOTO 4 (5.6) 17 (9.3) 43 (7.9)
Septal + LVOTO 6 (8.3) 13(7.1) 27 (5.0)
HTX 3(4.2) 14 (7.7) 39(7.2)
APVR 3(4.2) 6 (3.3) 26 (4.8)
Arteriopathy 2(2.8) 3(1.6) 9(1.7)
CTD + AVSD 1(1.4) 5(2.7) 10 (1.8)
AVSD 1(1.4) 5(2.7) 17 (3.1)
Aortopathy 1(1.4) 3(1.6) 9(1.6)
Septal + RVOTO 0 2(1.1) 9 (1.6)
Cardiomyopathy 1(1.4) 1(0.5) 8(1.5)
Other 0 0 7(1.3)
PDA 0 0 2 (0.4)
SV, os 0 0 2(0.4)
Univentricular 8 (11.1) 36 (19.7) 95 (17.6)

physiology

Two registry patients had a monogenic CNV that contained a CHD gene. These were included in
the CHD gene group.

CTD: conotruncal defect, LVOTO: left ventricular obstruction, RVOTO: right ventricular
obstruction, HTX: heterotaxy, AVSD: atrioventricular septal defect, APVR: anomalous
pulmonary venous return, PDA: patent ductus arterious, SV, os: single ventricle otherwise
specified.



Table S4. Cardiac phenotypes in patients with 2g23.1 duplications or deletions (MIM #156200)

Patient Sex CMA abnormality Level 3 Level 1 Hierarchical
(arr[hgl19]) Diagnoses Diagnoses Category
1 M 2023.1 (149177826- CTD TOF only CTD
149359334) x3
2 M 2023.1 (149177826- Septal, Secundum Septal defect
149359334) x3 LVOTO ASD; Mitral
stenosis or
hypoplasia
3 F 20923.1(149177826- Septal Secundum Septal defect
149359334) x3 ASD
4 M 2023.1 (148938816- CTD d-TGA with CTD
149034418) x1 intact
ventricular
septum and no
ventricular

obstruction
ASD: atrial septal defect; CTD: conotruncal defect; F: Female; L: left ventricular obstruction; M:
Male; d-TGA: D-transposition of the great arteries; TOF: tetralogy of Fallot




Table S5. Enrichment analysis results for 141 monogenic CNV genes.

Pathway

(834 annotation terms tested;
significance threshold: 6.00E-05)

GO: Biological Process
(3271 annotation terms tested,;
significance threshold: 1.53E-05)

Disease (DisGeNET)
(2964 annotation terms tested;
significance threshold: 1.69E-05)

Pathway (P value) Genes Biological Genes Phenotype term Genes
Process (P value)
(P value)
Neuronal System™* HCN1, neuron cell-cell CNTN4, Intellectual CNTN4, PDE4D,
(3.07E-05) SLC1A1, adhesion NRXNS3, Disability (2.92E- TCF12, AFF2,
SYT10, (2.65E-06) ASTN2, TNR 09) ATR, DOCKS,
ADCY2, PPM1D, MYTL1,
ADCYS8, MAGTL,
CHRNA?, SLC1A1,
NRXN3, CHRNA?7,
SLC22A2, CNTNG6, KANK1,
TSPAN7, NRXN3, TMLHE,
DLG2, ASL, RBFOX1,
CACNA2D3 TSPAN?7,
MACROD2,
AUTS2, ULK4,
DLG2, PRKN,
DMD, CTNND?2,
FTO, MBDS5,
TNR
Phosphodiesterases PDE4D, cell-cell CNTN4, Neurodevelopmental | CNTN4, DOCKS,
in neuronal ADCY?2, adhesion PDEA4D, Disorders (1.49E- PPM1D,
function** ADCYS8, (9.25E-06) DOCKS, 08) CHRNA?,
(3.60E-05) CHRNA?7, ADAM9, CNTNG6, KANK1,
GUCY1A2 OBSCN, NRXNS3,
GRID2, RBFOX1,
AP3B1, MACROD2,
CCDC141, AUTS2, ULK4,
YES1, DLG2, ASTN2,
CLDN23, PRKN, DMD,
CNTNS, MBD5, IMMP2L
NRXNS3,
PTPRM,
PCDH11X,
DLG2,
ASTNZ2,
CTNND?2,
TNR, CDH4,
ALOX5
neuron CNTN4, Developmental CNTN4, TCF12,
development TCF12, delay (disorder) AFF2, PPM1D,
(4.41E-06) WDR36, (4.52E-07) SHOX, GRID2,
THSD7A, CHRNA?,
MYOC, CNTNS,
HCNL1, FANCD?2,
GRID2, BBS5, KANK1,
CCDC141, RBFOX1,
CHRNA?7, AUTS2, DMD,
CNTNS, TANGO2, FTO,
KANK1, MBD5
NRXN3,




PTPRM,
VAMP7,
AUTS2,
ULK4, DLG2,
PRKN, DMD,
CTNND2,
TNR, CDH4,
SEMASE,
SEZ6

Mental Retardation
(6.80E-07)

CNTN4, TCF12,
AFF2, ATR,
DOCKS, MYT1,
SLC1A1, ASL,
RBFOX1,
TSPAN7,
MACROD?2,
AUTS2, PRKN,
DMD, CTNND2

Pervasive
Development
Disorder (1.44E-06)

CNTN4, AFF2,
SLC1AL,
CHRNAY,
NRXNS,
RBFOX1,

MACROD?2,
AUTS2, PRKN,
CTNND2, MBD5,
IMMP2L

Autistic Disorder
(7.53E-06)

CNTN4,
CHRNAY, GHR,
NRXN3, TMLHE,

RBFOX1,
MACROD2,
ASTN2, PRKN,
IMMP2L

Global
developmental delay
(8.84E-06)

CNTN4, TCF12,
AFF2, PPM1D,
SHOX, GRID2,
CHRNAY,
CNTNS,
FANCD?2,
RBFOX1,
AUTS2, DMD,
TANGO2, FTO,
MBD5

Statistical significance was defined as P values < 0.05 divided by the number of annotation terms

that were tested.
*BioSystems: REACTOME
**MSigDB C2 BIOCARTA (v7.5.1)




Table S6. Pathways that are enriched among 34 curated CHD genes that were in Group 11B

CNVs.
Pathway Source P value Genes
Heart development MSigDB C2 1.10E-09 GATA4, NKX2-5, TBX20,
BIOCARTA (v7.5.1) NOTCH1, FOXC1,
PITX2
Cardiac progenitor MSigDB C2 1.61E-07 GATA4, NKX2-5, KDR,
differentiation BIOCARTA (v7.5.1) TBX20, NOTCH1
Notch-mediated MSigDB C2 5.17E-06 GATA4, KDR, CREBBP,
HES/HEY network BIOCARTA (v7.5.1) NOTCH1
NFAT and Hypertrophy MSigDB C2 6.61E-06 GATA4, RAF1, NKX2-5,
of the heart (Transcription | BIOCARTA (v7.5.1) CREBBP
in the broken heart)
Thyroid hormone BioSystems: KEGG 8.09E-06 GATA4, RAF1, MED13L,
signaling pathway CREBBP, NOTCH1
BMP signaling in eyelid MSigDB C2 1.44E-05 NOTCHL1, FOXC1,
development BIOCARTA (v7.5.1) PITX2
22011.2 copy number MSigDB C2 1.46E-05 RAF1, NKX2-5, LZTR1,
variation syndrome BIOCARTA (v7.5.1) FOXC1, PITX2
Pathways affected in MSigDB C2 1.86E-05 RAF1, KANSL1,
adenoid cystic carcinoma | BIOCARTA (v7.5.1) CREBBP, NOTCH1
Angiogenesis PantherDB 2.82E-05 RAF1, KDR, PRKD1,
NOTCH1, JAG1
TFAP2 (AP-2) family BioSystems: 3.41E-05 CITED2, PITX2
regulates transcription of REACTOME
other transcription factors
altered Notch signaling Pathway Ontology 3.41E-05 NOTCH1, JAG1
involving the main players
YAP1- and WWTR1 BioSystems: 4.55E-05 GATA4, NKX2-5,
(TAZ)-stimulated gene REACTOME CREBBP
expression
Chromatin organization BioSystems: 4.89E-05 EHMT1, SMARCBL,
REACTOME ARID1B, KMT2D,
KANSL1, CREBBP
Chromatin modifying BioSystems: 4.89E-05 EHMT1, SMARCBL,
enzymes REACTOME ARID1B, KMT2D,
KANSL1, CREBBP
transforming growth Pathway Ontology 5.68E-05 NF1, CREBBP

factor-beta signaling

819 annotation terms were tested. P value significance threshold is 0.05/819 = 6.11E-05.




CONOTRUNCAL

"Truncus only”

"IAA, type B”

"|AA type B and Truncus”

"IAA, nos”

"D-TGA with intact ventricular septum and no OTO”
"D-TGA with intact ventricular septum and LVOTO"
"D-TGA with intact ventricular septum and RVOTO"
"D-TGA with VSD and no OTO"

"D-TGA with VSD and LVOTO"

"D-TGA with VSD and RVOTO”

“D-TGA, nos”

"D-TGA, os"

"TOF only”

"TOF with absent pulmonary valve”

"PA with VSD and TOF anatomy”

"DORV-TOF type”

"DORV-TGA type"

"DORV, 0s”

"DORV, nos”

"Conoventricular VSD”

"Hemitruncus”

SEPTAL DEFECT
“Perimembranous VSD”
"Muscular VSD”
"Supracristal VSD“
"VSD nos”

"VSD os”

"Secundum ASD”
"Sinus Venosus Defect”
"ASD, nos"

"ASD, os”

"Common Atrium”

HETEROTAXY

"Atrial Isomerism*

"Atrial Situs Inversus”
"Dextrocardia with CVIM*“
"Superior-Inferior Ventricles”
"Ventricular Inversion, L-Looped”
"LSVC or Bilateral SVC"
"Interrupted IVC”

"L-Sided IVC"

"L-TGA without OTO"

"L-TGA with RvOTO"

"L-TGA with LVOTO™

"Right-Sided Abdominal Aorta”
"Situs Inversus Totalis with CVM*
“Situs Inversus Totalis, No CVM*
"Dextrocardia with Normal Intracardiac Anatomy”
"Mesocardia”

"Levocardia with CVM™

ATRIOVENTRICULAR SEPTAL DEFECT
"Primum ASD“

“Inlet VSD*

"Complete balanced AVSD”

"Complete unbalanced RV dominant AVSD"
"Complete unbalanced LV dominant AVSD“
"Transitional AVSD*

"AVSD, os”

"AVSD, nos”

"Cleft Mitral Valve"

LEFT VENTRICULAR OBSTRUCTIVE LESION (LVOTO)
“HLHS with intact ventricular septum”
"HLHS with VSD*

"HLHS with APVR”

"IAA, type A

"IAA, type C*

"CoA with intact ventricular septum®
"CoA with VSD*

"Aortic Valve Stenosis or Hypoplasia®
"Subaortic Stenosis or Narrowing”
"BAV”

"Aortic Valve Malformation, os*

"Mitral Stenosis or Hypoplasia”

"Mitral Atresia”

"Mitral Malformation, os”

"Mitral Valve Prolapse”

"Left Ventricular Hypoplasia, non-HLHS"
"Aortic Atresia”

ANOMALOUS PULMONARY VENOUS RETURN
"TAPVR without OTO*

"TAPVR with RVOTO"

"TAPVR with LVOTO*

"PAPVR without OTO"

"PAPVR with RVOTO"

"PAPVR with LVOTO"

"Cor Triatriatum”

SINGLE VENTRICLE ADRTOPATHY CORONARY ANOMALY CARDIOMYOPATHY
"DILV, L-malposition” "Aortic Root Dilation” "ALCAPA* "HCM*

"DILV, D-malposition” "Ascending Aorta Dilation” Coronary Anomaly, nos DCM

"DILV, normally related great vessels” "Aortic Sinotubular Junction Dilation” Coronary Anomaly, os "RCM ;

"DILV, nos” "ARVC“

"DIRV" LVNC'

"SV, os” "Cardiomyopathy, nos”
"SV, nos”

MYOCARDIAL
“LV trabeculations”

RIGHT VENTRICULAR OBSTRUCTIVE LESION (RVOTO)

"Tricuspid Atresia with intact ventricular septum”
"Tricuspid Atresia with VSD“

"Tricuspid Stenosis or Hypoplasia”
"Tricuspid Malformation, os”

"Ebstein’s anomaly”

"Pulmonary Valve Stenosis or Hypoplasia”
"Pulmonary Valve Malformation, os*
"Subpulmonary Stenosis or Narrowing”
"Anatomic Peripheral PS or Hypoplasia”
"PA with intact ventricular septum”

"PA, nos”

"PA with VSD, not TOF Anatomy”

"PA with V5D, nos”

"Right Ventricular Hypoplasia”

ARTERIOPATHY

"Right Aortic Arch”

"Double Aortic Arch”

"Aberrant Subclavian Artery”
"Pulmonary Artery Anomaly, nos“
"Pulmonary Artery Anomaly, 05"
"Vascular Ring, nos”
"Aortopulmonary Window™
"Supravalvar AS”

"PDA, age greater than 1yr"

OTHER
Entered as free text

Figure S1. Cardiac phenotyping framework that was utilized at the time of registry phenotyping. Level 3 CHD category (bold
headers) comprises a set of Level 1 cardiac phenotypes. Both Level 1 and Level 3 categories were recorded for each registry entry.

The cardiac phenotype definitions were developed from a modified classification approach utilized by the National Birth Defects
Prevention Study (NBDPS) [10].



Input: All “Level 1” Diagnoses for a Registry Patient Output: One Assigned
. Hierarchical Category

Atrial Isomerism; Atrial Situs Inversus; Dextrocardia with CVM; Superior-Inferior Ventricles; Ventricular Inversion, L-Looped; Interrupted IVC; L-Sided IVC; Right- HTX
Sided Abdominal Aorta; Situs Inversus Totalis with CVM
v
Truncus; IAA type B; IAA nos; D-TGA+IVS; D-TGA+IVS+LVOTO; D-
TGA+IVS+RVOTO; D-TGA nos; D-TGA os; D-TGA+VSD; D-TGA+VSD+LVOTO; AVSD nos; Primum ASD; Inlet VSD; Complete balanced AVSD; Complete
D-TGA+VSD+RVOTO; TOF; TOF+APV; PA+VSD (TOF anatomy); DORV-TOF AND unbalanced RV dominant AVSD; Complete unbalanced LV dominant AVSD; CTD+AVSD
type; DORV-TGA type; DORV os; DORV nos; Conoventricular VSD; IAA type Transitional AVSD; AVSD os; Cleft Mitral Valve
B + Truncus; Hemitruncus; PA with VSD (not TOF Anatomy)
v
Truncus; IAA type B; IAA nos; D-TGA+IVS; D-TGA+IVS+LVOTO; D-TGA+IVS+RVOTO; D-TGA nos; D-TGA os; D-TGA+VSD; D-TGA+VSD+LVOTO; D-
ITGA+VSD+RVOTO; TOF; TOF+APV; PA+VSD (TOF anatomy); DORV-TOF type; DORV-TGA type; DORV os; DORV nos; Conoventricular VSD; IAA type B + Truncus; CTD
Hemitruncus; PA with VSD (not TOF Anatomy)

v

AVSD nos; Primum ASD; Inlet VSD; Complete balanced AVSD; Complete unbalanced RV dominant AVSD; Complete unbalanced LV dominant AVSD; AVSD

Transitional AVSD; AVSD os; Cleft Mitral Valve
¥
TAPVR; TAPVR+RVOTO; TAPVR+LVOTO; PAPVR; PAPVR+RVOTO; PAPVR+LVOTO | APVR |
v
[ COA+VSD; HLHS+VSD | [ Septal+LvOTO |

-

Perimembranous VSD; Muscular VSD; Supracristal VSD; VSD nos;
Aortic Valve Stenosis or Hypoplasia; IAA type A AND | DILV nos; DILV with L-malposition; DILV with D-malposition; DILV Septal+LVOTO
with normally related great vessels

v
| HLHS+IVS; HLHS+APVR; IAA type A; CoA+IVS; Aortic Valve Stenosis or Hypoplasia I LVOTO
v

Perimembranous VSD; Muscular VSD; Supracristal VSD; VSD nos;
Pulmonary Valve Stenosis or Hypoplasia AND | DILV nos; DILV with L-malposition; DILV with D-malposition; DILV Septal+RVOTO
with normally related great vessels

| Tricuspid Atresia+IVS; Tricuspid Atresia+VSD; Tricuspid Stenosis ortlypoplasia; Ebstein’s anomaly; Pulmonary Valve Stenosis or Hypoplasia; PA+IVS | RVOTO |
[DILV nos; DILV with L-malposition; DILV with D-ri'lalposition; DILV with normally related great vessels| [ Single ventricle |

HCM; DCM; RCM; ARVC; LVNC; Cardiomyopathy nos | Cardiomyopathy |

Perimembranous VSD; Muscular VSD; Supracristal VSD; V%D nos; VSD os; Secundum ASD; Sinus Venosus Defect; ASD nos| | Septal |
lSubaortic Stenosis or Narrowing; BAV; Aortic Valve Malformation; os; Mitral Stenosis or Hypoplasia; Mitral Malformation osl | LVOTO |
[Tricuspid Malformation os; Pulmonary Valve Malformation os | [ RVOTO |

|Right Aortic Arch; Double Aortic Arch; Aberrant Subclavian Artery; Pulmonary Artery Anomaly os; SVAS | Arteriopathy |

[ Aortic Root Dilation; /-tscending Aorta Dilation | [ Aortopathy |

| Coronary Atomaly 0s | | Coronary anomaly |

[ PDA (aget 1year | [ PDA |

[ None ofﬁabove | [ Other |

Figure S2. Schema for the algorithmic hierarchical classification of an overall CHD category based upon a registry patient’s Level 1
diagnoses. Starting from top, a patient with a Level 1 diagnosis (white box) is assigned to the corresponding hierarchical category
(gray box) and removed from further classification. The method was adapted from Oyen et al [11].
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Figure S3. Permutations estimating the likelihood for the frequency that CHD genes were
located in Group Il with submicroscopic CNVs. In Genetic Group 1B patient data, CHD genes
(N=139) occurred in 73 CNVs (red bar). In comparison, only 20 of 10,000 randomly generated
139-gene lists contained genes that occurred in Group 11B patient CNVs more than 73 times.
These are shown as black bars that extend above the dashed horizontal red line. This analysis
indicates significant enrichment of CHD genes in Group 1B CNVs based on an estimated p-
value of 0.002.
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