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Congenital heart disease (CHD) is the most common congenital anomaly and is an important cause of infant
morbidity and mortality. Besides the epigenetic and environmental basis of CHD, genetics plays a central role in
CHD pathogenesis. Traditional genetic testing strategies including conventional chromosome analysis, fluores-
cence in situ hybridization, and Sanger sequencing have largely focused on syndromic CHD or selected CHD
phenotypes that are strongly associated with a particular genotype. The landscape of clinical genetic testing in
CHD is rapidly evolving due to technical advances in genetic testing, including the identification of copy number
variants by chromosomal microarray and nucleotide level alterations/variants by next-generation sequencing
(NGS), which are essential to detect genetic causes of CHD and identify associations between genotypes and
longitudinal clinical phenotypes. Whole-exome and whole-genome NGS not only reveal pathogenic variants in
CHD genes, but also identify non-coding variants that influence the expression of CHD genes. Given the increasing
availability and cost-effectiveness of clinical NGS to provide information on the causes of CHD and to detect
incidental findings that are clinically actionable, the guidance of genetic counselors or experienced clinicians is
essential. The identification of definitive causal CHD variants influences patient care and helps to inform the risk
of recurrence, prenatal genetic counseling, and pre-implantation testing for the family of a CHD infant and adults
with repaired/palliated CHD. Prenatally, circulating cell-free DNA screening as a non-invasive approach is
available as early as 9 weeks of gestation and can screen for the common aneuploidies, which may underlie CHD.
In this review, we present past and recent genetic testing in CHD based on our increased understanding of the
pathogenesis of CHD along with current challenges with the interpretation of de novo genetic variants. Identifi-
cation of a genetic diagnosis can help to predict and potentially improve clinical outcomes in CHD patients.

1. Introduction

Congenital heart disease (CHD) is the most common (and often se-
vere) congenital anomaly at birth, with an estimated prevalence of 1
(range from 0.2 to 6) in 500 newborns.' > CHD encompasses a broad
spectrum of heart malformations and may also be accompanied by
extra-cardiac malformations. CHD can be divided into syndromic and

* Corresponding author. Johns Hopkins University, USA.
E-mail address: yzoul9@jhmi.edu (Y.S. Zou).

ELSEVIER Publishing services by Elsevier on behalf of KeAi

1 Co-first authors who contributed equally to this review.

https://doi.org/10.1016/j.gocm.2022.07.005

non-syndromic CHD depending on the involvement of extra-cardiac
congenital abnormalities. Non-syndromic CHD has congenital abnor-
malities isolated to the heart (along with cardiovascular effects), and
syndromic CHD has congenital abnormalities in the heart and other or-
gans (extra-cardiac malformations that are independent from the CHD).
Advanced medical interventions/treatments during infancy have signif-
icantly reduced CHD mortality and the majority (>90%) of current
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patients with CHD survive to adulthood.” Newborns with CHD who have
extra-cardiac structural or functional defects may also develop neuro-
developmental delays in childhood.>® Therefore, understanding the
etiologies and mechanisms of CHD are important for prognosis and
treatment strategies.

The etiology of CHD is most often multifactorial, and genetics has a
central role in CHD pathogenesis (Fig. 1).”'° Conventional chromosome
analysis revealed that trisomies 13, 18 and 21 (Down syndrome) as well
as monosomy X (Turner syndrome), are frequently associated with
CHD.''"'® Fluorescence in situ hybridization (FISH) can be used to reveal
a recurrent small deletion of chromosome 22, resulting in 22q11.2
deletion syndrome (DiGeorge or Velocardiofacial syndrome), which is
the most common deletion syndrome identified in CHD.!* Chromosomal
microarray assay (CMA) extended the molecular insights into
sub-chromosomal copy number variants (CNVs), and more chromosome
deletion or duplication syndromes are revealed using this analysis.'>”

Besides genome-wide linkage analyses of familial CHD to identify
inherited CHD genes, advances in sequencing technologies have sub-
stantially accelerated the discovery of genes associated with CHD.'®2!
Next generation sequencing (NGS) technologies not only have trans-
formed our understanding of CHD, but also are now widely adopted in
clinical genetic laboratories as primary testing.?? It is now cost-effective
to analyze an individual with CHD-targeted gene panels, whole exome
sequencing (WES), or whole genome sequencing (WGS) to contribute to
the diagnosis of CHD.?> CHD-targeted NGS gene panels include known
CHD genes and CHD predisposition genes, and can identify pathogenic
variants such as deleterious missense, loss-of-function variants, small
insertions, and small deletions in CHD patients. WES sequences the
protein coding regions of all 22,000 human genes (~1% of the entire
genome) and has become a frontline diagnostic tool for CHD. WGS ob-
tains genetic information from the entire human genome. WGS plat-
forms, advanced bioinformatics analytical tools and public, available,
population-based sequencing datasets together enable the identification
of not only pathogenic single nucleotide variants, but also CNVs and
structural variants (SVs) in CHD patients.22

In the complex developmental processes of heart formation, CHD
involves numerous essential genes and pathways, many of which are
expressed during early embryonic development. Prenatally, circulating
cell-free DNA screening is available as early as 9 weeks of gestation, and
is a more sensitive screening tool for the most common chromosomal
trisomies as compared to traditional biochemical-based prenatal

Copy number variants
15%
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aneuploidy screening methods.?*?® As prenatal screening ultrasonogra-
phy reveals heart anomalies,?® advanced NGS technologies and powerful
familial trio pipelines assist in genetic diagnosis of CHD.?” The genetic
counseling process helps communicate genetic and other relevant in-
formation such as recurrence risk that can influence patient care. In this
review, we summarize overall genetic causes of CHD, discuss different
genetic testing modalities to identify pathogenic variants in patients with
CHD, and highlight advances in the use of CHD-targeted gene panels,
WES, and WGS in the current genetic diagnosis of CHD.

2. Etiology of CHD
2.1. Overview

The etiology of CHD is multifactorial, and both genetic and envi-
ronmental factors are contributors.>! >?® Genetic variation contributes to
an estimated 40% of CHD cases, environmental factors contribute to an
estimated 5%, and the remaining 55% of CHD cases are of unknown
etiology (Fig. 1).

2.2. Genetic causes in CHD

2.2.1. Overview

Higher risk of CHD within families compared with the general pop-
ulation,’ Mendelian inheritance patterns,8 increased occurrences in
consanguinity,>® and higher monozygotic twin concordance rates®' have
long corroborated the role of genetics in CHD. Genetic causes of CHD are
very heterogeneous, from chromosome abnormalities to single gene al-
terations, including CNVs (estimated 15%: range from 3% to 25% in
syndromic CHD and 3%-10% in non-syndromic CHD), chromosomal
anomalies or aneuploidies (estimated 13%, range from 9% to 18%), and
single gene disorders (estimated 12%).%'®32 Most single gene disorders
are attributable to de novo pathogenic variants (estimated 10.5% in CHD)
rather tglan inherited pathogenic variants (estimated 1.5% in CHD)
(Fig. 1).

2.2.2. Chromosomal aneuploidy with CHD

Identified in the 1950's, the earliest genetic defect associated with
CHD was chromosomal aneuploidy,* which result from a gain (trisomy)
or loss (monosomy) of an entire chromosome. Whole chromosome
aneuploidy is estimated to account for between 9 and 18% of all cases of

Inherited pathogenic
variants 1.5%

Aneuploidies Percentage

Trisomy 21 75%

Trisomy 18 15%

I T T Monosomy X 5%

Trisomy 13 4%

47,XXY <1%

Copy number variants Percentage

22¢11.2 deletion syndrome 10%
1p36 deletion syndrome 5%
7¢11.23 deletion syndrome 4%
- 1g21.1 deletion/duplication syndromes < 1%
8p23.1 deletion syndrome < 1%
1123 deletion syndrome < 1%
Other deletion/duplication syndromes ~ 80%

Fig. 1. Etiology of congenital heart disease (CHD).
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CHD.!® Trisomy 21 (Down syndrome) is the most frequent genetic
diagnosis in CHD, and together with trisomy 18, trisomy 13, and
monosomy X comprise the majority of chromosomal aneuploidies iden-
tified in infants with CHD (Fig. 1).

The large number of genes that are dysregulated in the setting of
aneuploidy results in phenotypes with a broad range of effects in various
body systems; 98% of fetuses with CHD and cytogenetic abnormalities
have at least one extra-cardiac abnormality.>*>®> Down syndrome, for
example, results from an extra copy of chromosome 21 that encompasses
225 genes,>® and classically presents with multiple features that include
intellectual disability, hypotonia, blood disorders, and hypothyroidism in
addition to cardiac anomalies and distinct facies that can at times be
detected by ultrasonography.'’

Hartman et al. assessed the frequency of chromosomal abnormalities
among live-born infants and fetal deaths with CHD in the Metropolitan
Atlanta Congenital Defects Program.'® They found that 1 in 8 infants
with CHD had a chromosome abnormality. The specific types of CHDs
most likely to be associated with a chromosome abnormality were
interrupted aortic arch (type B or not specified), atrioventricular septal
defect, and double outlet right ventricle. Heterotaxy, Ebstein's anomaly,
and pulmonary valve stenosis were least likely to have a chromosome
abnormality. This study was conducted at a time when CMA was not
routinely available.

Data from Donnelly et al. suggests a 15.58% incremental yield of CMA
over karyotype analysis in fetuses with cardiac anomalies.” This study
also suggests that, depending on the specific cardiac anomaly identified
in the fetus, the incremental yield of CMA over karyotype may be as high
as 30%. Wang et al. found a diagnostic yield of 20.8% for fetuses with
CHD using CMA.>®

2.2.3. Deletion/duplication syndromes with CHD

CNVs comprise deletions or duplications that involve only a portion
of the chromosome that ranges in size from 1 kilobase pairs to several
megabase pairs and can lead to altered dosage of genes. CNVs occur in
both heritable and de novo settings, which can present as non-syndromic
CHD or a syndrome affecting multiple tissue systems, and account for
10-15% of CHD.* Lander et al. estimate that CNVs contribute to be-
tween 3 and 25% of CHD with extra-cardiac abnormalities, as compared
to 3-10% of non-syndromic CHD.*°

CNVs are best detected with CMA, and more recently, whole-genome
and whole-exome sequencing. A large cohort-wide analysis of 538 CHD
trios by WES and genotype array revealed de novo CNVs in 9.8% patients,
who previously had no identified pathogenic genetic findings.>?
Continued gains in speed, accuracy, and resolution of sequencing tech-
nologies will inevitably identify additional novel alterations that will
account for cases that currently have no known genetic cause. Further-
more, the ever-increasing ability to identify CNVs in CHD patients con-
tinues to reveal affected genes and the range of cellular functions
involved in CHD, which include structural proteins and a host of regu-
latory and repair elements. For example, chromosome 7q11.23 deletion
syndrome results in haploinsufficiency of the Elastin structural protein,
which leads to supravalvar aortic and pulmonary stenosis in William
Syndrome.*!

The most common human microdeletion associated with CHD is
chromosome 22q11.2 deletion syndrome (Del22q11), also known as
DiGeorge Syndrome and Velocardio-facial syndrome, which presents
with a variable phenotype encompassing CHD, palate abnormalities,
hypocalcemia, immunodeficiency, characteristic facial features, and
neurodevelopmental abnormalities such as learning disabilities and
psychiatric disorders.*>*® Del22q11 includes the T-Box transcription
factor TBX1, in which haploinsufficiency results in the cardio-pharyngeal
phenotype.***® Enrichment of H3K4mel was shown in Thx1 hap-
loinsufficient mice, suggesting interplay of TBX1 and chromatin regula-
tion in Del22q11.*” Chromosome 8p23 deletion syndrome is another
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well characterized CNV which results in a range of CHD along with
developmental delays, which may stem from loss of the cardiac tran-
scription factor GATA4.*® Other CNVs in syndromic CHD include chro-
mosome 1p36 deletion syndrome (OMIM: 607872), 1q21.1
deletion/duplication syndrome (OMIM: 612474 and 612475), and
11923 deletion syndrome (Jacobsen syndrome, OMIM: 147791).

Large scale investigations of microdeletions and microduplications
have identified recurrently altered genes, implicating them in the CHD
pathogenesis. In one study, 240 CNVs were detected in genes with known
involvement in cardiac development including NRP1, NTRK3, MESP1,
ADAM19, and HAND1.*° Another cohort study found that distinct CNVs
of particular cardiac-specific genes showed differential enrichment in
patients with tetralogy of Fallot, atrial ventricular septal defect, truncus
arteriosus, subaortic stenosis, and atrial ventricular canal,50 providing
further insight into specific pathogenic mechanisms for CHD subtypes.
Interestingly, additional CNVs and/or environmental factors in patients
with Down syndrome could contribute to the CHD risk.”!

2.2.4. Monogenic causes of CHD

While it is estimated that about 400 human genes are involved in
causing or contributing to structural CHD,%>*%% < 200 genes are
currently recognized as being definitively associated,”* implying that
most CHD-associated genes are yet to be identified. Monogenic contrib-
utors to various non-syndromic and syndromic forms of CHD have been
recognized, and include genes encoding morphogenetic factors, tran-
scription factors, signal transducers, histone/chromatin modifiers, sar-
comeric and other cardiac structural proteins that are important for
cardiac development.>®

While single gene variants contribute least to CHD among the various
genetic etiologies, their contribution is still significant, accounting for
8-30% of CHD.®>*% Based on a systematic review of 18 studies which
utilized prenatal WES for fetuses with CHD, the incremental yield from
monogenic testing was shown to be at the higher end of the aforemen-
tioned range, at 21%.°” Most CHD-causing variants occur de novo rather
than being transmitted from parent to child.'®?%°” Overall, it appears
that de novo variants contribute to 8-10% of all CHD, while inherited or
transmitted variants (which can occur in genes such as GDF1, MYH6 and
FLT4, among others) account for about 1.8% of CHD cases.®° In recent
years, it has been recognized that de novo variants contributing to CHD
may sometimes be identified in the mosaic state, where the variant is
present in some but not all somatic cells.”®

Similar to what is observed in the case of chromosomal aneuploidy
and CNVs, the likelihood of identifying a monogenic disorder is higher
for syndromic vs. non-syndromic CHD.'®°%5% Most single gene variants
that contribute to syndromic CHD occur de novo, while inherited variants
seem to play a more significant role in non-syndromic CHD.?® It has been
shown that 10-28% of syndromic CHD cases are attributable to single
gene variants that arose de novo.>*'® On the other hand, only 2-10% of
non-syndromic sporadic CHD is attributable to de novo coding variants in
known and candidate CHD genes.>®°° The difference in the trend in
yield from single gene disorders observed in postnatal cases highlighted
above holds true for prenatal testing as well, where yield of 49% for
syndromic CHD vs. approximately 11% for non-syndromic CHD has been
demonstrated.>” The yield from monogenic testing in multiplex families
with apparently non-syndromic CHD may be as high as 31-46%.5:52

Syndromic or non-syndromic CHD attributable to single gene
dysfunction may be inherited in an autosomal dominant, autosomal
recessive, or X-linked manner, depending on the inheritance pattern
associated with the particular gene/disorder. Syndromic CHD tends to
have high or complete penetrance, while incomplete penetrance is most
notable in non-syndromic familial CHD.?*°® Variable presentation may
be seen in affected family members regardless of whether the gene is
associated with syndromic or non-syndromic CHD, and if disease
expression is very mild, it may go unrecognized.”>®* As a result of
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reduced penetrance and variable expressivity, what appears as sporadic
CHD may at times be familial.

Importantly, both familial as well as sporadic CHD may occur due to
pathogenic variants in genes associated with syndromic and/or non-
syndromic CHD.® While some genes such as FLT4 are known to only
cause non-syndromic CHD,>°" other genes can result in either apparently
non-syndromic or syndromic CHD. For example, the patient with a
CHD7-mediated congenital heart defect with no other classic features of
CHARGE syndrome,’” patients with JAGI-related CHD that had no other
features of Alagille syndrome,®® and families with TBX5-related CHD
who did not display other features of Holt-Oram syndrome.®""%? Further,
some genes may contribute to more than one type of cardiac lesion or
dissimilar cardiac phenotypes among affected individuals,”>®”-%® and for
many genes associated with syndromic CHD, individuals with
extra-cardiac features of the syndrome may not have CHD; for example,
15-25% of individuals with CHARGE syndrome do not develop CHD,®’
and some individuals in a family with Holt-Oram syndrome did not have
cardiac defects but had other features of the syndrome.®”

Monogenic CHD can be tested for via Sanger sequencing of a single
gene when there is strong suspicion for a particular genetic contributor,
or via broader testing such as a targeted CHD panel, WES or WGS when
the differential diagnosis list is long or when the constellation of syn-
dromic findings in an individual do not fit a known disorder. The more
expansive sequencing methods are described in subsequent sections of
this article. Importantly, what appears as non-syndromic CHD may in fact
be syndromic, and is especially relevant when apparently non-syndromic
CHD is diagnosed in a fetus, as in utero imaging techniques may miss
certain extra-cardiac fetal anomalies, and features of neuro-
developmental disorders cannot be recognized in the prenatal
period.””>’% Therefore, the absence of extra-cardiac features should not
preclude testing for syndromic CHD genes. Testing for monogenic causes
is indicated when karyotype and CMA are negative in case of fetal
anomalies suspected to be due to genetic etiology, including sporadically
occurring syndromic or non-syndromic CHD.”! Testing for single gene
dysfunction is also indicated for familial CHD.®!%2

2.2.5. Non-coding variants in CHD

Ongoing technological improvements will continue to overcome
previous limitations and add to the list of detectable genetic alterations
resulting in dysregulation of gene expression, however newer research
shows that variants in noncoding regulatory elements may also
contribute to CHD with unknown etiology. Richter et al. assessed the
contribution of noncoding de novo variants in 749 CHD probands with no
previously detected genetic cause.”? Using neural network prediction
algorithms, the group showed that the CHD probands had significantly
more de novo variants affecting noncoding transcriptional elements such
as enhancers and RNA-binding protein regulatory sites, compared with
unaffected individuals. This study further identified recurrently impli-
cated genes with noncoding de novo variants, which included SHOC2,
ZNRF3, CPSF3, MAP4K4, and COL1A2.72.

MicroRNAs (miRNAs) (~20-30 nucleotides long) and long non-coding
RNAs (LncRNAs) (>200 nucleotides long) are non-coding nucleic acid
molecules that influence gene expression and post-transcriptional regu-
lation.”>”> Both miRNA and LncRNA are essential to tissue and organ
differentiation and morphogenesis, including that of the myocardium.”®78
Dysregulation of miRNAs by alterations in the miRNA binding site of a
gene79 or within the miRNA proper80 can result in severe CHD.®! For
instance, a single nucleotide variant in miRNA-499, which normally reg-
ulates a key enzyme in folate metabolism by expression inhibition, results
in abnormal early development of the heart.? Consequently, miR-499 has
become useful as a diagnostic biomarker for CHD.5%%® Likewise, aberrant
expression of LncRNA has been found in cardiac tissue of patients with
VSDs,®* as well as in the plasma of pregnant mothers whose fetuses had
echocardiography confirmed CHD.®® It is foreseeable that the role of
miRNAs and LncRNAs in diagnostics, prognosis, and perhaps even treat-
ment will continue to grow.
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2.2.6. Risk factors for CHD

CHD has also been associated with advanced paternal age (>45
years)®® and genetic risk factors, such as polymorphic alleles in MTHFR
(g.677C > T and g.1298A > C),*” MTRR (g.66A > G and g.2756A > G),%®
GATA4 (g.354A > C),%° NKX2-5 (g.63A > G),*" etc.

2.3. Environmental contributors to CHD

Environmental causes are implicated in an estimated 5% (range from
2% to 10%) of CHD cases (Fig. 1).° CHD has been associated with
environmental risk factors including maternal/paternal environmental
exposures to air pollution or toxic chemicals, parental smoking, maternal
history of infectious diseases during pregnancy, pre-gestational and
gestational diabetes mellitus, maternal obesity, maternal drug use, and
pregnancy through artificial reproductive technologies.”?'°* The asso-
ciation of maternal alcohol or coffee consumption with CHD was not
significant, however, maternal folic acid supplementation seems to have
a preventive effect on CHD.”® Although the underlying mechanisms by
which environmental factors disrupt molecular pathways during cardiac
development to cause CHD remain unknown, CHD has been shown to be
caused by gene-environment interactions resulting in increased inci-
dence of CHD in animal models.’® Table 1 highlights some of the most
common environmental/teratogenic explanations and their associated
CHDs. For pregnancies with known risk factors such as those listed in the
table, fetal echocardiography may be indicated to screen for CHDs.

Table 1
Common environmental exposures/teratogens and associated CHDs.

Teratogen Commonly Associated CHDs:

Mild CHD more common than severe:
e Ventricular septal defects

e Ventricular free wall thickening
o Pericardial effusion

e Tricuspid regurgitation

e Displaced apex

Ventricular septal defects
Atrioventricular septal defects
Tetralogy of Fallot

Transposition of the great arteries
Truncus arteriosus

Hypoplastic left heart

Patent ductus arteriosus

Fetal heart block

Ventricular septal defects
Tetralogy of Fallot

Patent ductus arteriosus
Hypoplastic left heart syndrome
Patent ductus arteriosus
Ventricular septal defects

Atrial septal defects

Peripheral pulmonary stenosis
Ventricular septal defects

Atrial septal defects

Patent ductus arteriosus

Ebstein's anomaly (10%)
Tricuspid atresia

Conotruncal and obstructive defects
Ventricular septal defects

Atrial septal defects

tetralogy of Fallot

Pulmonary valve atresia
Hypoplastic right heart
Pulmonary stenosis and outflow tract
abnormalities

Ventricular septal defects

Atrial septal defects

Outflow tract obstructions
Transposition of the great arteries
Ventricular septal defects
Bicuspid aortic valve

Assisted reproductive
technology

Maternal diabetes

Maternal lupus
Maternal phenylketonuria
(PKU)

Rubella

Alcohol

Lithium

Hyperthermia
Antiepileptics

®© © 06 0 06 06 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 o

Vitamin A

Paroxetine

NSAIDs, such as Ibuprofen

Sources for table: Lynch et al. and Patil et al.'®*'%>
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2.4. Complex inheritance, incomplete penetrance, and genetic modifiers of
CHD

Over half of CHD cases have unknown etiology and some known CHD
genes display an inheritance pattern characterized by incomplete pene-
trance,® which highlights the genetic complexity of CHD. Incomplete
penetrance of CHD genes (e.g., NOTCHI, ROBO4, and SMAD6) happens
in some families when certain individuals express CHD phenotype while
others do not, even though they carry a pathogenic (disease-causing)
variant in a CHD gene. There can also be a sex bias in penetrance.”’ %
Genetic or environmental modifiers could contribute to clinical vari-
abilities (severities) in CHD presentation. Besides classic recessive or
dominant transmitted models, more complex genetic models (e.g.,
epistatic interactions of multiple variants/genes'°’) could play a role in
genetic heterogeneity of CHD.!?! Clinical CHD phenotype could be
influenced by susceptibility loci as well as genetic modifiers. Common
genetic risk variants in multiple loci have been reported in CHD.!?>1%% In
a family with childhood-onset cardiomyopathy, three missense variants
in MKL2, MYH7, and NKX2-5 were required to cause disease.'** Inter-
action between DNAH6 and other primary ciliary dyskinesia genes was
demonstrated to lead to CHD along with primary ciliary dyskinesia in a
study by Li et al.'*® Furthermore, the severity of CHD phenotype may be
associated with mosaicism, including the proportion of abnormal cell
numbers in the disease-relevant tissues, allele frequencies of pathogenic
variants, and types of variants.'°® The allele frequency of a pathogenic
variant found in either blood or saliva specimen may not reflect the
proportion of abnormal cell numbers/percentages in the patient's cardiac
tissue. Various variants (such as missense, nonsense, frame-shift, spli-
cing-site, indel, insertional variants) may have different impacts on the
severity of CHD phenotype.

Identification of a fetus with left ventricular outflow tract obstruction
(LVOTO) malformations should prompt cardiac evaluation for other
family members, especially parents and siblings even when genetic
testing is not pursued or the specific genetic cause in the family is not
identified. This is because bicuspid aortic valve (BAV)/aneurysm syn-
drome may present with variations of left-sided defects, including: BAV
with aneurysm, BAV without aneurysm, aortic aneurysm and normal
aortic valve, as well as more severe defects including coarctation of the
aorta or hypoplastic left heart in family members. BAV/aneurysm syn-
drome is inherited in an autosomal dominant pattern and can show
decreased penetrance and therefore may appear to “skip generations” in
affected families. Thus, all first-degree relatives in families with BAV/
aneurysm syndrome should obtain echocardiograms to check for valve
abnormalities as well as aortic root and ascending aortic aneurysms.'®”
Deleterious variants in NOTCH1 are associated with aortic valve disease
1 (OMIM #109730) which can present with BAV, aortic calcification/-
stenosis, mitral valve atresia, ventricular septal defects, double-outlet
right ventricle, and hypoplastic left heart.

3. Genetic testing
3.1. Karyotype and FISH for CHD

Conventional chromosome analysis/karyotype recognized chromo-
somal aneuploidies a few decades ago.'® Karyotype visualizes the chro-
mosomes during metaphase for diagnosing numerical chromosome
abnormalities (aneuploidies, gross deletions and duplications) and
structural chromosome abnormalities (balanced and unbalanced trans-
locations, inversions, insertions, ring chromosomes, etc.) with a resolu-
tion of 5-10 Mb. It can detect balanced structural chromosome
abnormalities, which are not detectable by CMA. Furthermore, it is
important to perform parental karyotypes of children with chromosomal
abnormalities (such as trisomy 13 or trisomy 21 caused by Robertsonian
translocations, deletions, duplications, or balanced or unbalanced
reciprocal translocations, etc.) for potential chromosomal abnormalities
to assess risk of recurrence in future pregnancies. Inherited translocations
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have been reported to increase risk of aneuploidy recurrence and spon-
taneous abortion.'*®

FISH targets a specific chromosomal region using fluorescent probes,
and can detect aneuploidies, deletions, and duplications with a resolution
of 100 kilobase pairs. FISH can be performed on cells during any stage of
the cell cycle without cell culture and is therefore a useful means of rapid
diagnosis. Aneuploidy screening using FISH probes for chromosomes 13,
18, 21, X, and Y is used prenatally and postnatally to determine various
trisomies or sex chromosome abnormalities in fetuses or newborn ba-
bies.?> FISH is also used to detect pathogenic CNVs that result in
well-known deletion/duplication syndromes such as chromosome 1p36
deletion syndrome, 7q11.23 deletion syndrome (Williams-Beuren syn-
drome) and 22q11.2 deletion syndrome (DiGeorge syndrome).'*'” FISH
is useful to reveal mosaicism when cells with chromosomal aneuploidies
or CNVs are present along with normal cells. False negative results may
occur when atypical or smaller deletions/duplications are present either
proximal or distal to the FISH probes.'%° Therefore, a normal FISH result
cannot definitively rule out the aforementioned deletions, and CMA re-
mains the gold standard for diagnosis of CNVs.

3.2. Chromosomal microarray for CHD

Microarray-based comparative genomic hybridization (CGH) and
single nucleotide polymorphism (SNP) microarrays can identify sub-
microscopic CNVs, which are too small to be seen by standard cytoge-
netic analysis via karyotype. Both array CGH and SNP microarrays can
detect genome-wide CNVs; however, SNP microarray can also detect
triploidy, loss of heterozygosity, uniparental disomy, and mosaicism.''°
The widespread use of CMA as a first-line test for the diagnosis of
congenital anomalies, including cardiac defects, has led to the discovery
of many CNVs associated with CHD. CMA is routinely used in both the
prenatal and postnatal settings for patients with both syndromic and
non-syndromic CHDs, and the American College of Obstetricians and
Gynecologists (ACOG) states that CMA may be used for prenatal diag-
nosis in the setting of fetal anomalies, as well as for any person under-
going prenatal diagnosis, in light of its increased diagnostic yield as
compared to standard karyotype.'!! Unlike aneuploidies, the incidence
of CNVs is not dependent upon maternal age. In the general population
(i.e. fetuses without sonographic anomalies or other risk factors), the
incidence of CNVs is estimated to be approximately 0.4%.''! In the
setting of a fetal CHD, the yield of CMA is estimated to be increased to
approximately 3%-25%, but varies greatly depending upon the type of
CHD and the presence of other anomalies, soft markers, and/or growth
restriction. Many recurrent CNVs are the result of flanking repeat se-
quences, which predispose to non-allelic homologous recombination and
recurrent de novo deletions or duplications encompassing the same
genomic interval. CNV-mediated CHDs are associated with a poorer
prognosis, as compared to cases of CHD without CNVs. Specifically, the
presence of pathogenic CNVs has been associated with significantly
decreased transplant-free survival after surgery, worse linear growth, and
worse neurocognitive outcomes.*®

3.3. Targeted next-generation sequencing (pathogenic variants) for CHD

NGS is a massively parallel sequencing technology used to identify
small genetic variation down to the nucleotide level. NGS panels are
designed to include multiple genes of interest for a specific disorder (e.g.,
Noonan syndrome/RASopathy gene panels) or a group of related disor-
ders (e.g., heterotaxy/primary ciliary dyskinesia panels) or may even be a
broad CHD panel including several genes associated with non-syndromic
and syndromic CHD. Some broad panels may additionally contain one or
more heterotaxy/primary ciliary dyskinesia genes (Table 2), and even
contain genes associated with other cardiac disorders such as cardio-
myopathies, arrhythmias, etc. Test offerings can vary greatly among
laboratories, not just in which condition(s) the panel targets, but also in
the genes surveyed for the condition(s). Massively parallel sequencing
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Table 2
Genes commonly included in targeted CHD panels.
CHD MIM Disorder Inheritance
Genes
CHD7" 214800  CHARGE syndrome” AD
N/A Isolated CHD"?
ELN* 185500  Supravalvular aortic stenosis AD
GATA4* 607941  Atrial septal defect 2 AD
614430  Atrioventricular septal defect 4
187500  Tetralogy of Fallot
614429  Ventricular septal defect 1
GATA6" 614475  Atrial septal defect 9 AD
614474  Atrioventricular septal defect 5
600001  Pancreatic agenesis and congenital heart
defects”
217095 Persistent truncus arteriosus
187500  Tetralogy of Fallot
GDF1° 208530  Right atrial isomerism” AR
613854  Congenital heart defects, multiple types, 6 AD
JAG1® 118450 Alagille syndrome" AD
187500  Tetralogy of Fallot®®
NKX2-5% 108900  Atrial septal defect 7 AD
217095  Conotruncal heart malformations, variable
614435  Hypoplastic left heart syndrome 2
187500  Tetralogy of Fallot
614432  Ventricular septal defect 3
NKX2-6° 217095  Conotruncal heart malformations AR
217095 Persistent truncus arteriosus
NOTCH1" 109730  Aortic valve disease 1 AD
616028  Adams-Oliver syndrome 5"
NR2F2? 615779  Congenital heart defects, multiple types, 4 AD
TBX1° 188400  DiGeorge syndrome” AD
192430  Velocardiofacial syndrome”
217095  Conotruncal anomaly face syndrome”
187500  Tetralogy of Fallot
TBX5" 142900  Holt-Oram syndrome” AD
N/A Atrioventricular septal defect, Atrial septal
defect, Ventricular septal defect®’:5%¢7
ZIC3" 306955 Congenital heart defects, nonsyndromic, 1, XLR
X-linked
306955 Heterotaxy, visceral, 1, X-linked"”
314390 VACTERL association, X-linked”

Table lists 13 genes common across targeted CHD panels offered by four different
laboratories included in the Genetic Testing Registry, and available for prenatal
testing. An additional 32 CHD genes common across panels from 3 laboratories,
and 35 genes common across 2 laboratories are available for testing but not
included in this table.
Note: AD: autosomal dominant; AR: autosomal recessive; XLR:X-linked recessive.
? Gene associated with NS-CHD (non-syndromic congenital heart disease)
only.
b Gene associated with NS-CHD as well as extracardiac/syndromic presenta-
tion or heterotaxy.

involves simultaneous sequencing of all genes on the panel, precluding
the need for consecutive testing of genes of interest. Sequencing is tar-
geted to the coding regions and exon-intron boundaries (<10 bp of the
flanking intronic sequence on either side of each exon) in each gene, as
these regions harbor the majority of monogenic disease-causing vari-
ants.®” NGS panel testing can detect single nucleotide variants and small
deletions or insertions (INDELs) in the targeted genes, which are not
detectable using karyotyping and CMA. Additional technologies that
enable detection of exon-level deletions and duplications are also typi-
cally incorporated.

NGS panel testing for CHD is sometimes utilized in the postnatal
setting, more so for syndromic CHD, but in general, it is not the standard
of care for sporadic non-syndromic CHD as the majority of these cases are
expected to have multifactorial etiology with low yield on current genetic
testing technologies.' ' Studies to determine and compare the utility and
detection rate of NGS panel testing in specific CHD cohorts, i.e.,
non-syndromic vs. syndromic, adult vs. pediatric, and/or familial vs.
sporadic have not yet been performed.

Two postnatal studies have utilized NGS panels to test families with
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seemingly non-syndromic CHD.®“°? The NGS panel in both studies
included 57 CHD-associated genes (the gene set included in each panel
was not identical) and identified likely disease-causing variants in 5/16
families (31%) and 6/13 families (46%) respectively. TBX5, TFAB2B,
ELN, NOTCH1, and MYH6 were implicated in these two studies, with
disease-causing variants in NOTCHI and TBX5 being common to both
studies. The yield from these two studies is likely inflated as they only
investigated multiplex families, and they did not utilize the more strin-
gent criteria of American College of Medical Genetics & Genomics
(ACMG) for variant interpretation. Nevertheless, the two studies seem to
demonstrate the utility of NGS panels for familial CHD.

Currently, NGS panel testing is only sometimes employed in the
testing of fetuses with CHD.!''> While a family history of CHD is a
consistent risk factor in the identification of fetal CHD, etiology is still
more likely to be multifactorial rather than monogenic.''* Prenatal
studies to assess diagnostic yield of NGS panel testing in fetuses with
familial CHD have not yet been performed. To-date, a single prenatal
study assessing the utility of NGS panel testing in the diagnosis of fetuses
with sporadic CHD has been conducted.”® The study employed a panel of
77 CHD-associated genes to test 44 fetuses with either non-syndromic or
syndromic CHD, after they had undergone karyotyping and CMA with
negative results. Seven fetuses (15.9%) had a positive result, all of them
attributable to de novo variants, while 79.5% had variants of uncertain
significance (VUSs). Positive results in this cohort were attributable to
pathogenic or likely pathogenic variants in the CHD7 gene for CHARGE
syndrome, CITEDZ2 (associated with atrial septal defect and ventral septal
defect), MYH6 (associated with atrial septal defect, dilated cardiomy-
opathy and hypertrophic cardiomyopathy), JAG1 (associated with te-
tralogy of Fallot and Alagille syndrome), and in two fetuses, KMT2D
-associated Kabuki syndrome. The authors noted that the detection rate
in the prenatal cohort was lower compared to the two postnatal studies,
possibly attributable to the inclusion of sporadic rather than familial CHD
cases, differences in type of cardiac lesions tested for, differences in ac-
curacy of diagnosis owing to limitations with in utero phenotyping, and
the application of ACMG criteria for variant interpretation in the prenatal
study.®1:62

In 2018, the American Heart Association recognized the utility of
gene panel testing in cases of suspected monogenic disease with a small
differential diagnosis.”® Following this, the ACMG in 2020 published a
statement recommending single-gene testing or a phenotype-based gene
panel test as the initial or first-line test to be performed when anomalies
in the fetus strongly suggest a specific monogenic disorder.''®> When a
phenotype is genetically heterogeneous (e.g., Noonan syndrome), panel
testing has increased detection rate over single gene testing, is less
expensive than an approach of reflexing to the next gene of interest after
a negative single gene test, and is also less expensive than WES or WGS.
Panel tests typically have a short turnaround time of 2-4 weeks, with the
added advantage of identifying far fewer VUSs compared to WES/WGS,
making result interpretation that much more manageable. Notably, the
VUS rate increases incrementally with the inclusion of additional genes
on a panel. It would be important for the ordering provider to be aware
that the associated risk for CHD for each gene on a panel may vary, and
that including low-risk genes or candidate genes will likely result in a
greater number of VUSs being identified.

3.4. Whole exome sequencing and whole genome sequencing for CHD

Similar to NGS panels, WES and WGS both utilize massively parallel
NGS technology, but in comparison with panels, interrogation by WES is
more large-scale while WGS is the most comprehensive (Fig. 2). WES
limits examination to the exons (protein-coding regions) and exon-intron
boundaries of the approximately 20,000 genes that together comprise
1-2% of the nuclear genome yet harbor 85% of variants contributing to
monogenic traits (Fig. 2).''® WES can detect single nucleotide variants
(SNVs), small INDELSs, and CNVs involving one or more exons (Fig. 2).117
WGS involves testing of most of the 3 billion base pairs in the nuclear
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Fig. 2. Diagnostic capability of genetic tests.

genome, and in addition to all exons, also covers non-coding regions
(deep intronic regions, untranslated regions or intergenic regions) that
harbor an estimated 15% of variants contributing to monogenic disease
(Fig. 2).22 Another strength of WGS is the ability to identify copy number
variants and gross chromosomal abnormalities or SVs not identifiable by
other sequencing methods including panel tests and WES.?%!17:118

WES has been offered as a clinical test since 2011. Some laboratories
limit analysis to the coding sequence of known disease-associated genes
alone (called a clinical exome), but others may include analysis of vari-
ants identified in candidate genes as well.!'> WGS is also available as a
clinical test, but is not frequently utilized at this time mainly owing to
increased cost and longer turnaround time.!'> However, based on the
ability of WES and WGS to facilitate novel gene discovery, and the extra
benefit of identifying variant types by WGS that are not identifiable by
other sequencing tests, WES and WGS are commonly used in research.

WES has been utilized in the testing of fetuses with CHD, typically
after karyotype and/or CMA have yielded negative results and has
demonstrated incremental yield in non-syndromic CHD as well as syn-
dromic CHD with extra-cardiac anomalies. The CODE study (COngenital
heart disease and the Diagnostic yield with Exome sequencing) involved
antenatal trio WES of a prospective CHD cohort of 197 fetuses, as well as
systematic review of 18 published studies in which WES was performed
on a total of 636 prenatally diagnosed CHD cases.’” In the prospective
cohort the overall detection rate was 12.7%, 11.5% in the isolated CHD
prospective cohort, and 14.7% in the prospective cohort with CHD and
extra-cardiac anomalies; the corresponding pooled yields from system-
atic literature review were 21%, 11% and 37% respectively. When
sub-analysis of studies with at least 20 cases was performed, the incre-
mental yields were similar except for CHD associated with extra-cardiac
anomalies, which had higher yield at 49%. Higher WES detection rate for
CHD with extra-cardiac anomalies over isolated CHD was demonstrated.
The yield was highest for cardiac shunt lesions (41%), followed by
right-sided lesions (26%), complex lesions (23%), and left-sided
obstructive lesions (18%). Kabuki syndrome and CHARGE syndrome
were the most frequently identified disorders in this study. The majority
(approximately 70%) of the pathogenic variants identified occurred de
novo, and in genes associated with autosomal dominant disease.

A recent study utilized trio WGS in 111 fetuses with structural or
growth anomalies including cardiac defects, and was able to detect every
pathogenic variant that was identified in the same cohort by concurrently
performed CMA plus WES (22/111 cases; 19.8%).!'” Additionally, WGS
was also able to detect a balanced translocation in a parent which
resulted in CNVs in twin fetuses, another case with a dual diagnosis
owing to presence of a CNV along with a heterozygous SNV, and a third

case of intrauterine cytomegalovirus infection, which are genetic and
non-genetic etiologies not detectable by CMA, WES or NGS panel testing.
A subsequent prenatal WGS study by Wang et al. also resulted in a
detection rate of 19%, identifying not only sequencing variants but also
CNVs detected by CMA.'!° These results suggest a role for WGS as a
first-tier test replacing multiple consecutive genetic tests such as micro-
array, gene panels, and WES, to provide the most comprehensive analysis
in a timely manner essential in the prenatal setting.

Recognizing that diagnostic rate from WES and WGS are comparable
to that of karyotyping and CMA, and even higher for certain indications,
the International Society for Prenatal Diagnosis (ISPD), the Society for
Maternal Fetal Medicine (SMFM), and the Perinatal Quality Foundation
(PQF) published a joint position statement acknowledging the use of
panel testing, WES and WGS for fetal diagnosis in certain situations. The
position statement was recently updated and considers the presence of a
single major fetal anomaly or involvement of multiple organ systems
suspicious for genetic etiology as indications for prenatal sequencing.”’
They recommend a trio WES approach, and that it be performed for the
above prenatal indications when CMA results are non-informative, or
that CMA be run in parallel with WES as the latter cannot detect CNVs.
The authors of the position statement consider WGS as still applicable in
the research setting only for many reasons including difficulty in inter-
pretation of non-coding variants and SVs. The position statement also
recognizes a role for the application of sequencing methods in the testing
of parents who present for preconception counseling with history of
recurrent anomalies in more than one pregnancy, and a sample from the
affected proband or fetus cannot be obtained. The ACMG in 2020 has also
published a statement that trio WES be considered in the testing of fe-
tuses with ultrasound anomalies for which karyotype and CMA do not
provide informative results.''® Further, the ACMG and ISPD publications
also provide guidance regarding points to consider in the reporting of
WES and WGS findings that may go beyond testing of known
CHD-associated genes, to include candidate genes, secondary findings,
and incidental findings.”"!!®

3.5. Secondary genomic findings for CHD

The ACMG has published recommendations for reporting incidental
findings in clinical WES or WGS since 2013.'2° The most recent version is
the ACMG SF v3.0 list published in 2021."?! It includes 73 genes based on
the medical actionability of the associated condition and maximizing the
potential to reduce morbidity and mortality. Thirty-three genes related to
cardiovascular phenotypes are in the list, which include aortopathy genes
(FBN1, TGFBR1, TGFBR2, SMAD3, ACTA2, MYH11), arrhythmogenic
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cardiomyopathy genes (PKP2, DSP, DSC2, TMEM43, DSG2), catechol-
aminergic polymorphic ventricular tachycardia genes (RYR2, CASQ2,
TRDN), dilated cardiomyopathy genes (TNNT2, LMNA, FLNC,TTN),
vascular type of Ehlers-Danlos syndrome (COL3A1), familial hypercho-
lesterolemia genes (LDLR, APOB, PCSK9), hypertrophic cardiomyopathy
genes (MYH7, MYBPC3, TNNI3, TPM1, MYL3, ACTC1, PRKAG2, MYL2),
and genes for long QT syndrome types 1 to 3 (KCNQ1, KCNH2, SCN5A). It
is recommended that pathogenic or likely pathogenic variants in these
CHD-related genes be reported in clinical exome and genome sequencing,
unrelated to the indication for testing, and with the patient's consent.

3.6. Noninvasive prenatal testing for CHD

Since its launch in 2011, circulating cell-free DNA screening (cfDNA)
has revolutionized non-invasive screening for aneuploidy. cfDNA meth-
odology analyzes extracellular DNA fragments in maternal circulation
(typically 150-200 base pairs in length), released by the trophoblast cells
of the placenta, to screen for chromosome abnormalities using various
methodologies, such as massively parallel shotgun sequencing (MPSS) or
SNP-based methods. cfDNA most commonly screens for the common
viable aneuploidies: trisomy 21, trisomy 18, trisomy 13, and sometimes
sex chromosomes aneuploidies. However, the scope of this screening
continues to grow, and some laboratories now offer expanded panels
which may include other autosomal aneuploidies (such as trisomy 16,
trisomy 22, or even “all-chromosome” cfDNA), select microdeletion
syndromes, single gene disorders, and fetal Rh status.

cfDNA screening is clinically available as early as ~9 weeks of
gestation and is known to have high sensitivity and specificity for the
common aneuploidies. Given this, cfDNA has rapidly become a first-line
aneuploidy screening tool for both high- and average-risk pregnancies
alike. High-risk indications for cfDNA screening include advanced
maternal age, positive serum screening results, or abnormal fetal ultra-
sound findings such as soft markers or congenital anomalies. While
prenatal diagnosis via chorionic villus sampling (CVS), amniocentesis, or
fetal blood sampling remains the gold standard for the diagnosis of ge-
netic disease in pregnancy, many patients may opt for cfDNA screening
over diagnostic testing, given the potential risk for miscarriage associated
with a diagnostic procedure. As such, cfDNA screening is an available
option in pregnancies diagnosed with CHD when the pregnant person
declines diagnostic testing and remains an excellent screen for some of
the most common causes for CHD, including Down syndrome, monosomy
X, trisomy 18, and trisomy 13. A study by Salzer-Sheelo et al., in 2021
found that, surprisingly, 44% (n = 24/55) of cases with a prenatal CHD
would be detectable by cfDNA screening inclusive of 5 chromosomes: 21,
18, 13, X, and Y.'?? An additional 15% of cases attributable to 22ql1.2
deletion syndrome would (theoretically) also be detectable by cfDNA
screening. Of note, the performance of cfDNA screening for other con-
ditions such as microdeletions and single-gene disorders is less
well-established but is known to be less sensitive and specific. The pos-
itive predictive value is often significantly lower for sub-chromosomal
copy number variants, given the lower incidence of these conditions.
Screening for select, frequently de novo, autosomal dominant disorders
associated with advanced paternal age or abnormal ultrasound findings is
also a newly available option; though performance data of this type of
screen is even sparser. Therefore, patients opting for cfDNA screening
over diagnostic testing should be thoroughly counseled about the limi-
tations of this screening, in that a normal cfDNA result cannot rule out all
possible genetic etiologies associated with CHD. Table 3 highlights select
disorders that are known to cause CHDs and may be detectable by cfDNA
screening.

Patients should also be counseled on the availability and potential
utility of carrier screening for the parents of a fetus with a CHD. Carrier
screening uses various methodologies such as targeted genotyping and/
or gene sequencing to attempt to identify individuals who are at
increased risk of having a child with an inherited autosomal recessive or
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X-linked disease. This screening can be performed before or during a
pregnancy to identify at-risk couples, who then have the option to pursue
alternative reproductive options to reduce the risk of having an affected
child, such as prenatal diagnosis, pre-implantation genetic testing of
embryos, use of a sperm/oocyte donor, or adoption. Historically,
ethnicity-based carrier screening was performed for a handful of the most
common disorders in a given ethnic group. Advances in genetic testing
technology and decreased cost now allow for high throughput testing of
several hundred genes simultaneously with a rapid turnaround time, and
many carrier screening laboratories can now test for several hundred
diseases via a single blood and/or saliva sample. The ACMG now rec-
ommends an ethnicity-agnostic, tiered approach to carrier screening.'?>
Tier 1 screening is defined as screening for cystic fibrosis, spinal muscular
atrophy, and risk-based screening as determined by personal and family
history, as well as other risk factors. Tier 2 screening is defined as
screening for conditions with a carrier frequency of 1 in 100 or greater.
Tier 3 screening is defined as screening for conditions with a carrier
frequency of 1 in 200 or greater. Tier 4 screening is defined as screening
for conditions with a carrier frequency of less than 1 in 200. For the
general population, ACMG recommends offering tier 3 screening. Tier 4
screening should be considered in cases of parental consanguinity, or
when a family or personal medical history warrants it.

While the yield of carrier screening for the purposes of identifying a
diagnosis in a fetus with a prenatally detected CHD is often low, there are
numerous autosomal recessive disorders which have been associated
with CHD and, in the setting of non-specific fetal anomalies, large carrier
screening panels inclusive of several hundreds of genes can provide a
potentially cost-effective means of “casting a wide net” for fetal disease.
Disorders that may be included on carrier screening panels that have also
been implicated in CHD include Smith-Lemli-Opitz syndrome (OMIM
270400), Bardet-Biedl syndrome (OMIM PS209900), Barth syndrome
(OMIM 302060), Ellis-van Creveld (OMIM 225500), Fanconi anemia
(OMIM PS227650), some heterotaxy conditions such as ZIC3 (OMIM
300265), and more. Identification of a couple at-risk for a disease on a
carrier screening panel before/during early-stage of pregnancy, which
later fits the fetal phenotype, can help direct targeted single gene testing
on a prenatal specimen obtained via chorionic villus sampling (CVS) or
amniocentesis.

4. Approach to genetic testing

An accurate diagnosis in individuals and families affected by CHD is
important for guidance of medical, surgical, and palliative management,
understanding of prognosis, estimation of recurrence risk for future
pregnancies, and enabling of preimplantation genetic testing and pre-
natal diagnosis. A careful clinical evaluation and a thorough physical
examination prior to genetic testing can narrow the diagnosis and tailor
genetic testing using a more cost-effective approach in the postnatal
period. However, in utero phenotyping may be inaccurate or incomplete,
requiring a broader, more comprehensive genetic testing approach. We
outlined an algorithm for the prenatal genetic workup of CHD (Fig. 3)
based on recent guidelines from ACMG and ISPD.”''° Based on clinical
phenotypes, CHD can be categorized as syndromic or non-syndromic
CHD (the first decision branch in Fig. 3).

For syndromic CHD with neurodevelopmental delay or extra-cardiac
anomalies, different genetic testing modalities (from karyotype, FISH,
CMA, to sequencing) are recommended based on the disease(s) suspected
(Fig. 3).°° Non-syndromic CHD is further classified as familial or sporadic
CHD based on family history (Fig. 3). CMA and sequencing assays
including a CHD gene panel, WES, and WGS are recommended to reveal
etiology of CHD (Fig. 3).

Postnatally, patients with CHD should be evaluated by professionals
with specialized training to include cardiologists/CHD specialists and
medical geneticists. Comprehensive evaluation includes dysmorphology
assessment by medical geneticists with additional help of facial analysis
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Table 3
Disorders known to cause CHDs that may be detectable by various cfDNA platforms.

Condition

Etiology

Commonly associated CHDs"

Estimated incidence

Reported
performance
(when available)

Down syndrome/Trisomy 21

Trisomy 18

Trisomy 13

Trisomy 22

Trisomy 16
Turner syndrome/Monosomy X/
Other monosomy X variants

Other sex chromosome aneuploidies

Triploidy

DiGeorge syndrome/22q11.2 deletion

1p36 deletion syndrome

Wolf-Hirschhorn syndrome (4p-
syndrome)

Jacobsen syndrome

Noonan syndrome/RASopathies
(Cardiofacialcutaneous syndrome,
Costello, LEOPARD)

Craniosynostoses (Antley Bixler,

Apert, Crouzon, Jackson Weiss,
Meunke, Pfeiffer)

Alagille syndrome

Cornelia de Lange syndrome

CHARGE syndrome

Aneuploidy

Aneuploidy

Aneuploidy

Aneuploidy

Aneuploidy
Aneuploidy

Aneuploidy

Aneuploidy

Microdeletion

Microdeletion

Microdeletion

Microdeletion

Single gene
disorder

Single gene
disorder

Single gene
disorder

Single gene
disorder

Single gene
disorder

50% have CHD'>*
Endocardial cushion defects, ventricular septal
defects, atrial septal defects'>*

>80% have CHD'**

Complex CHD, polyvalvular dysplasia, ventricular
septal defects, atrial septal defects, patent ductus
arteriosus'**

>90% have CHD'**

Complex CHD, single ventricle physiology,
polyvalvular dysplasia, ventricular septal defects,
atrial septal defects, patent ductus arteriosus,
transposition of the great arteries'>*

>75% have CHD'>*

Septal defects, complex CHD'**

Ventricular septal defect'>®

23%-50% have CHD'>*

Coarctation of the aorta, bicuspid aortic valve, aortic
dilation, hypoplastic left heart, congenital coronary
artery anomalies, persistent left superior vena
cava'®*

CHD uncommon but possible

154

Ventricular septal defect, atrial septal defect, truncus
arteriosus, papillary muscle calcification'*®

Less common: Tetralogy of Fallot, two-chamber
heart, overriding aorta, transposition of the great
arteries’®®

Most commonly conotruncal: Tetralogy of Fallot,
transposition of the great arteries, truncus
arteriosus'>*

Atrial septal defects, ventricular septal defects,
patent ductus arteriosus, valvular anomalies.
tetralogy of Fallot, coarctation of the aorta, cardio-
myopathy'®!

~50% have CHD'®?

Typically simple heart defects: atrial and ventricular
septal defects, pulmonary stenosis, patent ductus
arteriosus with aortic insufficiency'®

56% have CHD'®*

Ventricular septal defects and left heart obstructive
malformations are common: aortic/mitral valve
abnormalities, coarctation of the aorta, Shone's
complex, hypoplastic left heart (present in 5%)'°°
50%-80% have CHD'®*

25%-71% have pulmonary valve stenosis
10%-29% have hypertrophic cardio-myopathy
o Apert: 10% have CHD'®®

Crouzon & Pfeiffer: CHD is uncommon
Patent ductus arteriosus, coarctation of the aorta,
transposition of the great vessels, pulmonary
stenosis, atrial septal defects, tetralogy of Fallot

164

164

165

166

90%-97% have CHD, typically involving pulmonary
valve, pulmonary artery, and its branches'®”
Pulmonary stenosis (67%), tetralogy of Fallot (7%-—
16%), ventricular septal defect, atrial septal defect,
aortic stenosis, coarctation of the aorta'®”

30% have CHD'®

Pulmonary stenosis, ventricular septal defects, atrial
septal defects, coarctation of the aorta, aortic valve
anomalies, tetralogy of Fallot, double-outlet right
ventricle'®®

Conotruncal defects (tetralogy of Fallot),
atrioventricular canal defects, aortic arch
anomalies'®’

Dependent on the age of the oocyte

Dependent on the age of the oocyte

Dependent on the age of the oocyte

Dependent on the age of the oocyte

Dependent on the age of the oocyte
1/568 at amniocentesis,157 1/2500 in
newborns'?

Dependent on the age of the oocyte for
most (exceptions such as XYY do not
demonstrate a maternal age effect)
2%-3% of all conceptions, 1/10000 at
live birth'*°

1/4000°°

1/4000-1/10000'%

1/20000-1/50,000"°

1/100000%°%

1/1000-1/2500"%*

o Antley Bixler: unknown
e Apert: 1/65000-1/68000
e Crouzon: 16 per million
e Jackson Weiss: unknown
e Meunke: 1/30000

o Pfeiffer: 1/100000
1/70000

1/10000-1/30000

1/8500-1/10000

99.7% DR 0.04%
FPR'*®

97.8% DR 0.04%

FPR'*®

99% DR
0.04% FPR'>®

95.8% DR

0.14% FPR'®

100% DR 0.004%
FPR'*®

Note: DR: detection rate; FPR: false positive rate; PPV: positive predictive value.

? Not an exhaustive list.

b Number of reported cases too small for accurate assessment of performance.'®
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Congenital heart disease
(CHD)

'

[ Comprehensive clinical evaluation and genetic counseling ]

[ Non-syndromic CHD ] [ Syndromic CHD ]
Unknown ; Deletion/duplication Single gene
[ Family history ] [ syndrome ] [ Aneuploidy ] [ syndrome ] [ disorder
e } v |
Chromosome Karyotype / Chromosome Gene panel for
[SporadlcCHD] [Famlhal CHD] [ microarray ] [ FISH microarray / FISH CHD / Sanger
¢ ¢Negame lNgga(ne ¢Negatn‘e ‘Hegame
[ Chromosome microarray / ] Mo [ Exome sequencing ]
Karyotype
lrlegutwe ¢ Negative
Exome Jo Specific disorder
sequencing suspected * [ Whole genome sequencing™ ]
ll&eganve r’es

Whole genome |Neg Gene panel /
sequencing™ Exome sequencing

« Exome sequencing and chromosomal microarray may be run concurrently rather than
sequentially when there is strong suspicion for a single gene disorder, and microarray
should not be omitted as exome sequencing cannot identify all copy number variants.”

* WGSisr

d to be only p d in the research setting at this time.”™

Fig. 3. The genetic workup for congenital heart disease (prenatal diagnosis).

technology, growth, and developmental charts (pediatric patients), im-
aging workup (such as echocardiogram, cardiac catheterization, renal
ultrasound, skeletal X-ray or brain MRI), past medical history and family
history. Involving a medical geneticist increases the CHD diagnosis by
7%-13%, after excluding Down syndrome.'?*

5. Best practices for NGS test in CHD

The current “best practice” for variant calling in clinical sequencing
for germline analysis is the use of family trios (Fig. 4). Joint (simulta-
neous) variant calling in a proband and both parents enable the phasing
of variants by parent of origin. A key advantage of joint variant calling for
family trios is the ability to distinguish de novo alterations in the proband
(Fig. 4), which account for a significant proportion of positive CHD di-
agnoses from clinical genetic testing (Fig. 1). De novo alterations should
be queried against public databases of genome variation to rule out a
known germline polymorphism, and manually review to exclude

artifactual calls. Both de novo and inherited alterations need to be care-
fully classified into five specific categories including ‘pathogenic’, ‘likely
pathogenic’, ‘uncertain significance’, ‘likely benign’, and ‘benign’ to
describe variants identified in Mendelian disorders to determine poten-
tial pathogenesis in CHD.'?>"'?” Family trio NGS testing detects more
genetic causes of CHD compared to patient-only NGS testing.?”!?® Pe-
riodic reclassification of alterations with uncertain significance identified
on NGS testing is important and may become a component of a genetic
testing program.] 2

6. Importance of genomic medicine in a multidisciplinary team
approach for CHD

Optimal, patient-centered, comprehensive management of CHD re-
quires a collaborative multidisciplinary team approach, including pro-
viders from Maternal-Fetal-Medicine, Pediatric Cardiology, Pediatric
Cardiac Surgery, Neonatology, and Genomic Medicine (Genetics).

Mother Proband with congenital heart disease Father
raw sequence data (FASTQ files) (CHD), raw sequence data (FASTQ files) raw sequence data (FASTQ files)
[ Alignment and pre-processing of NGS data ]

P

' W

J(

Mother
binary alignment/map (BAM) file

Proband with congenital heart disease
binary alignment / map (BAM) file

Father
binary alignment / map (BAM) file

L

v

[ Joint variant calling for family trio

i

de novo alterations (gene variants and
copy number variants)

!

Filter to remove false positives / known
germline polymorphisms and confirm

L with manual review J

7

novo alterations in CHD

N
Determine potential pathogenesis of de

.

-
Inherited alterations (gene variants and
copy number variants)

!

Filter to remove artifacts / known
germline polymorphisms and confirm
L with manual review J

7

Determine potential pathogenesis of
inherited alterations in CHD

Fig. 4. Variant calling in family trio next-generation sequencing(NGS).
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Genetic counseling is a key component of the diagnostic evaluation for
fetuses with ultrasound anomalies, including CHD. Given the clinical and
etiologic heterogeneity of CHDs, the rapidly expanding knowledge base
of the genetic underpinnings of CHDs, and the intricacies of cytogenetic
and molecular analyses, genetic counseling for CHDs can be complex.
Medical geneticists and genetic counselors can obtain a complete medical
and pregnancy history (including possible teratogenic exposures),
construct a three-generation family history, develop a differential diag-
nosis, determine an appropriate testing strategy, facilitate decision-
making, coordinate genetic testing, interpret results, provide recur-
rence risk counseling, and discuss available screening and testing for
future pregnancies. In addition to training in clinical medical genetics,
genetic counselors are also trained in psychosocial counseling and
therefore can also provide support, referrals, and resources to families
facing a new diagnosis of a CHD. Identifying an underlying genetic
diagnosis, if present, can greatly influence prognostication, medical
management of both the pregnancy and other potentially affected family
members, recurrence risk, reproductive options, and even postnatal
surgical intervention. Involving medical geneticists and genetic coun-
selors in the care of families with CHD can help ensure comprehensive
pre- and post-test counseling, informed consent, the provision of
comprehensive, balanced information about genetic diagnoses, and non-
coercive decision-making.

7. Towards emerging technologies in CHD

In terms of NGS processing pipelines for the detection of CNVs, be-
sides institution developed CNV calling tools,'*%!! various CNV calling
tools have been commercially available.'>?13* Using a combination of
multiple CNV calling tools may achieve potential ability to detect CNV of
various sizes (from exon-level to gene/chromosome-level). With further
advances of CNV calling tools, WGS may gradually become an appealing
replacement to CMA. Given a high diagnostic yield®” and potential to
identify SVs, WGS may grow into a first-tier genetic test in CHD.

SVs encompass deletions, duplications, insertions, inversions and
translocations involving >50bp of DNA,**® and tend to occur in repeti-
tive regions of the genome.!*® While next-generation short-read
sequencing tests (i.e. WES and WGS) and microarray can effectively
identify large SVs with copy number changes involving >10 kb, smaller
SVs such as transposon insertions or SVs without copy number changes
(e.g. balanced translocations, inversions) are hard to identify, and
breakpoints in complex SVs hard to define using these conventional
techniques.'®® Currently, the full scope of genome-wide SVs in CHD is
overlooked, and technologies including long-read DNA sequencing (LRS)
and optical genome mapping (OGM) bring new opportunities to study
SVs in CHD. These technologies may be useful to include in research and
clinical diagnosis of CHD with unknown etiology. Indeed, studies
applying LRS to uncover genetic etiology in cases of CHD with and
without additional phenotypic features exist. One study using LRS
implicated a large deletion involving MYH6 and MYHY in atrial septal
defect,'®® and another identified complex genomic rearrangements due
to chromothripsis in a patient with multiple anomalies.'” The ability of
OGM to identify SVs in syndromic CHD has also been demonstrated.'>®
Further detailed characterization of SVs in large-scale studies will be
essential to unveiling the complex architecture of SVs and determining
accurate frequencies of SVs in CHD.

Future refinements in serum-based screening methods (such as cell-
based prenatal diagnosis, capillary-based cfDNA screening,'®® and
others) may provide additional avenues for non-invasive screening for
select CHD-associated disorders during pregnancy.

Genome-wide association studies (GWAS) can identify multiple DNA
sequence polymorphisms across the genome to investigate whether the
cumulative effect of many variants is associated with disease penetrance
or severity. Polygenic risk scores (PRS) combine the effects of many
GWAS variants into a single score to attempt to provide a more

119

Gynecology and Obstetrics Clinical Medicine 2 (2022) 109-123

personalized risk estimate. PRS have been shown to have predictive
value for several common diseases, including cancer, diabetes, and psy-
chiatric disease' *>!*! among others.!*>!43 PRS have also been applied to
cardiac disorders, including coronary heart disease,'***° atrial fibrilla-
tion,'® and CHD susceptibility and phenotype.'*”"'*® Polygenic models
have also been observed to modify or contribute to cardiac phenotypes in
syndromic disorders, including both Down syndrome'*° and Marfan
syndrome.'>® However, polygenic models for CHD etiology are still being
explored. While there is promise for the future clinical use of PRS, there
are several limitations, including difficulty in replicating GWAS results,
as well as limited applicability across diverse patient populations.'®! The
practical applications of PRS for stratified screening or for guiding
medical interventions in CHD patients remain to be defined in further
studies.

8. Conclusions and future directions

Genetic testing to understand the etiology of CHD is important not
only for the diagnosis, classification of CHD and clinical care of patients
with CHD, but also for the prenatal care of CHD patients who are now of
reproductive age and are at increased risk of having children with CHD.
NGS has dramatically propelled the discovery of the genetic etiology of
CHD, which includes single gene variants, copy number and structural
variants. Given its increasing availability and decreasing cost, NGS is
quickly replacing Sanger sequencing and CMA as a method of evaluating
SNVs and CNVs in CHD. Because isolated CHD etiologies are likely to be
more complex with multigenic causes, somatic mosaicism, epigenetic
effects, and gene-environment interactions contributing, WES or WGS
approaches beyond single gene effects will increase diagnostic yield.

Despite our current understanding of the genetic etiology of CHD,
there is still much work to be done to reveal a complete picture of eti-
ologies involved in CHD because etiologies remain unknown in more
than half of patients with CHD. Novel CHD genes are highly likely to be
discovered by prioritizing diverse patient recruitment or by focusing on
population-specific CHD genotypes, as CHD phenotypes are unique be-
tween ancestrally diverse groups. Functional genomic studies using
single-cell RNA sequencing, ChIP-seq, ATAC-seq, methylation (epi-
genomics) profiles, and protein biomarker profiles are revealing more
complex genetic networks with effects in specific cardiac lineages in
CHD, and are comprehensively assessing non-coding variants and oli-
gogenic variants in etiologies of CHD. Deciphering the effect of envi-
ronmental exposures in terms of aberrant gene expression from direct
analyses of human CHD tissues may lead to understanding
environmental-gene relationships in CHD. Finally, accumulation of in
vitro/in vivo data linked with patients' phenotypic data are starting to
provide clinicians with resources to apply human genetic findings toward
the clinical care of CHD patients. These technologic advances will
improve clinical care of CHD patients and enrich the fundamental
knowledge in human heart developmental and genome biology.
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