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Congenital heart disease (CHD) is the most common major congenital anomaly with an
incidence of ~1% of live births and is a significant cause of birth defect-related mortality.
The genetic mechanisms underlying the development of CHD are complex and remain
incompletely understood. Known genetic causes include all classes of genetic variation in-
cluding chromosomal aneuploidies, copy number variants, and rare and common single-
nucleotide variants, which can be either de novo or inherited. Among patients with CHD,
~8%-12% have a chromosomal abnormality or aneuploidy, between 3% and 25% have a
copy number variation, and 3%-5% have a single-gene defect in an established CHD gene
with higher likelihood of identifying a genetic cause in patients with nonisolated CHD. These
genetic variants disrupt or alter genes that play an important role in normal cardiac develop-
ment and in some cases have pleiotropic effects on other organs. This work reviews some of
the most common genetic causes of CHD as well as what is currently known about the

underlying mechanisms.

ongenital heart disease (CHD) is the most
Ccommon major congenital anomaly with an
incidence of ~1% of live births (Hoffman and
Kaplan 2002; Calzolari et al. 2003). CHD is a
significant cause of birth defect-related mortal-
ity (Hanna et al. 1994; Lee et al. 2001; Hoffman
and Kaplan 2002; Calzolari et al. 2003; Centers
for Disease Control and Prevention (CDC)
2007; van der Linde et al. 2011; Gilboa et al.
2016). CHD encompasses any malformation of
the cardiovascular system present at birth, and
there are many subtypes ranging from relatively
simple lesions such as atrial and ventricular sep-
tal defects to complex lesions such as hypoplas-
tic left heart syndrome (HLHS) in which there

are underdeveloped left-sided cardiac structures
and only a single functioning ventricle. The high
concordance in monozygotic twins, the in-
creased risk of recurrence in first-degree relatives
compared with the general population, and ge-
netic syndromes associated with specific types of
CHD all suggest a genetic component to CHD in
at least some cases (Nora et al. 1988). The genes
and genetic mechanisms underlying CHD are
complex and remain incompletely understood,
but our understanding has improved signifi-
cantly over the past decade. All classes of genetic
variation including chromosomal aneuploidies,
copy number variants (CNVs), and rare and
common de novo and inherited single-nucleo-
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tide variants (SN'Vs) contribute to CHD (Thien-
pont et al. 2007; Erdogan et al. 2008; Southard
etal. 2012; Gelb and Chung 2014). These genetic
variants disrupt or alter genes that play an im-
portant role in normal cardiac development. Al-
though many of the genes and mutations that
increase the risk of developing CHD have been
identified, only ~20%-30% of individuals with
CHD have an identifiable single genetic factor,
and this yield varies significantly by cardiac le-
sion and whether there are additional medical
features besides CHD (Grech and Gatt 1999;
Gelb 2004; Cowan and Ware 2015; Patel et al.
2016). This work reviews the most common ge-
netic causes of CHD as well as the known genetic
mechanisms.

OVERVIEW OF CHD

CHD is the most common birth defect affecting
~1% of live births, or up to 3% of live births in
studies that include bicuspid aortic valve (BAV)
(Hoffman and Kaplan 2002; Calzolari et al.
2003; Tutar et al. 2005; van der Linde et al.
2011; Egbe et al. 2014). CHD encompasses a
wide spectrum of defects, with varying physio-
logic consequences. More severe lesions that re-
quire multiple surgeries have an incidence of
~0.1% oflive births (Bernier et al. 2010). Despite
significant advances in clinical care, CHD re-
mains the leading cause of birth defect-related
mortality (Boneva et al. 2001; Lee et al. 2001;
Marelli et al. 2007; Gilboa et al. 2010; Khairy
etal. 2010). Data from the Metropolitan Atlanta
Congenital Heart Defects Program showed a 1-
yr survival of 83% for patients with critical CHD
(Oster et al. 2013). For those patients who sur-
vive through infancy, there are still significant
lifelong morbidities (Oster et al. 2013; Agarwal
et al. 2014).

EVIDENCE FOR THE GENETIC BASIS OF CHD

The etiology of CHD is multifactorial. A genetic
or environmental cause can be identified in
~20%-30% of all cases, and that number is
changing as new methods of testing become
available (Grech and Gatt 1999; Gelb 2004;
Cowan and Ware 2015; Patel et al. 2016).

The overall incidence of CHD is similar be-
tween males and females; however, there are dif-
ferences by type of CHD with males having a
slightly higher incidence of more severe lesions
(Sampayo and Pinto 1994; Moons et al. 2009).
There are also differences in incidence of specif-
ic lesions based on race and ethnicity. Patent
ductus arteriosus (PDA) and ventricular septal
defects (VSDs) are more common in Europeans,
whereas atrial septal defects (ASDs) are more
common in Hispanics (Fixler et al. 1990; Egbe
et al. 2014). The differences observed based on
gender and race suggest that genetics play an
important role in the development of specific
types of CHD, with certain populations having
increased genetic susceptibility.

The risk of CHD recurrence in the offspring
of an affected parent is between 3% and 20%
depending on the lesion. Recurrence risk in the
offspring of women with CHD is about twice as
high as the recurrence in offspring of men with
CHD (Burn et al. 1998). A study from Northern
Ireland found that the risk of recurrence of CHD
for siblings was 3.1%, and siblings had an in-
creased risk of extracardiac anomalies even in
the absence of CHD (Hanna et al. 1994). Other
studies have shown similar risk of recurrence
among siblings; more severe types of CHD
have higher recurrence rates (Calcagni et al.
2006; Qyen et al. 2009; Brodwall et al. 2017).
Lesions with the highest recurrence risk are het-
erotaxy (HTX), right ventricular outflow tract
obstruction, and left ventricular outflow tract
obstruction (Loffredo et al. 2004). Approximate-
ly one-half of siblings with recurrent CHD have
a different lesion, supporting the theory that the
etiology of CHD is multifactorial (Oyen et al.
2010). Table 1 describes the estimated recur-
rence risk for CHD by lesion and affected family
member.

Opverall, twins have an increased risk of CHD
compared with singleton pregnancies, which is
thought to be the result of vascular changes re-
lated to a shared placenta (Manning and Archer
2006; Herskind et al. 2013; Best and Rankin
2015). A population-based Taiwanese study cal-
culated the adjusted risk ratio for CHD with an
affected relative and found that it was 12.03 fora
twin, 4.91 for a first-degree relative, and 1.21 for

284 Cite this article as Cold Spring Harb Perspect Biol doi: 10.1101/cshperspect.a036749

© 2020 by Cold Spring Harbor Laboratory Press. All rights reserved.


http://cshlpress.com/default.tpl?action=full&src=pdf&--eqskudatarq=1284

This is a free sample of content from Heart Development and Disease.
Click here for more information on how to buy the book.

Genetic Basis of Human CHD

Table 1. Risk of recurrence for common isolated congenital heart disease

Lesion  Father affected (%)  Mother affected (%)  One sibling affected (%)  Two siblings affected (%)
ASD 1.5-3.5 4-6 2.5-3 8
AVSD 1-4.5 11.5-14 3-4 10
VSD 2-3.5 6-10 3 10
AS 3-4 8-18 2 6
PS 2-3.5 4-6.5 2 6
TOF 1.5 2-2.5 2.5-3 8
CoA 2-3 4-6.5 2 6
HLHS 21 21 2-9 6
D-TGA 2 2 1.5 5

Data adapted from Cowan and Ware (2015).

See Nora et al. (1988); Nora (1994); Calcagni et al. (2006); Hinton et al. (2007).
(AS) Aortic stenosis, (ASD) atrial septal defect, (AVSD) atrioventricular septal defect, (CoA) coarctation of the aorta,
(D-TGA) d-loop transposition of the great arteries, (HLHS) hypoplastic left heart syndrome, (PS) pulmonary stenosis,

(TOF) tetralogy of Fallot, (VSD) ventricular septal defect.

a second-degree relative. They determined that
the phenotypic variance of CHD was 37.3% for
familial transmission and 62.8% for non-shared
environmental factors (Kuo et al. 2018). In a
large Norwegian birth cohort study, the adjusted
relative risk ratio of CHD for siblings of a child
with CHD was 14.0 for same-sex twins, 11.9 for
opposite-sex twins, 3.6 for full siblings, and 1.5
for half siblings (Brodwall et al. 2017). These
data suggest a genetic component, although
there is also higher incidence of CHD in dizy-
gotic twins compared with non-twin siblings
suggesting an environmental component in ad-
dition (Caputo et al. 2005).

GENETIC TESTING IN CONGENITAL
HEART DISEASE

When a genetic cause of CHD is identified, this
knowledge can assist clinical management by
identifying other organ systems that should be
screened for structural or functional problems
and by facilitating predictions about future
complications and prognosis (Pierpont et al.
2007). Identification of a genetic etiology, which
may be inherited or de novo, allows for more
accurate estimation of recurrence risk. Despite
the importance of identifying a genetic cause in
patients with CHD, current genetic testing prac-
tices are quite variable (Cowan and Ware 2015).

Genetic testing for a fetus with CHD can
start in the prenatal period with either chorionic

villus sampling (CVS) at 10-11 wk gestation or
amniocentesis after 15-16 wk gestation to ob-
tain placental/fetal DNA. More recently, nonin-
vasive prenatal testing (NIPT) has been used to
obtain fetal cell-free DNA from maternal blood
to screen for aneuploidies and common dele-
tions or duplications, most notably 22q11.2 de-
letion syndrome (Wapner et al. 2015; Grace et al.
2016; Dugoff et al. 2017; Gil et al. 2017). NIPT is
a screening test, and abnormal findings require
confirmatory testing using chorionic villi, am-
niocytes, or postnatal testing.

Clinical genetic testing in infants with CHD
using karyotyping, fluorescence in situ hybridi-
zation (FISH), and chromosome microarray
analysis (CMA) has an overall clinical yield of
15%-25% with a higher likelihood of finding a
genetic diagnosis in patients with dysmorphic
facial features and extracardiac anomalies
(Breckpot et al. 2010, 2011; Baker et al. 2012;
Al Turki et al. 2014; Connor et al. 2014; Ah-
rens-Nicklas et al. 2016). Karyotyping is a test
performed on metaphase chromosomes that al-
lows for the identification of aneuploidies and
large chromosomal rearrangements. CMA is
used to detect CNVs across the genome and
can reliably detect deletions or duplications as
small as ~100,000 nucleotides. If a specific dele-
tion or duplication syndrome is suspected, FISH
can be used and allows for rapid turnaround and
focused testing. It is most commonly used to test
for 22q11.2 deletion.
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Recent decreases in sequencing cost allow
for more comprehensive assessment of the ge-
nome and have powered gene panel testing,
whole-exome sequencing (WES), and whole-
genome sequencing (WGS). For each of these
tests, significant bioinformatics analysis is re-
quired after sequencing to determine the signif-
icance of the variant in each individual patient,
often using data from family members to assess
for the inheritance status and segregation with
CHD in the family. WES targets the protein-
coding regions, which comprise ~1.5% of the
genome, and has been particularly useful in as-
sessing patients with CHD and extracardiac fea-
tures (Gelb et al. 2013; Glessner et al. 2014;
Homsy et al. 2015; LaHaye et al. 2016; Sifrim
et al. 2016). WES is used increasingly in clinical
practice because CHD is so genetically hetero-
geneous and because our knowledge of CHD
genetics is incomplete (Bamshad et al. 2011).
The yield of WES for CHD in the clinical setting
of a single large genetic reference laboratory was
28% (Retterer et al. 2016). The impact of having
these genetic diagnoses on clinical care has not
yet been elucidated. WGS sequences the entire
genome including noncoding regions, but stud-
ies have not yet shown the additional clinical
utility of WGS in patients with CHD, although
this is an area of active investigation.

All of the tests described have limitations in
terms of their detection and potential to identify
variants of unknown significance, which may
be difficult for both clinicians and patients to
interpret. For this reason, it is important for
cardiologists, medical geneticists, and genetic
counselors to work together to decide the most
appropriate testing and to interpret the results
and explain them to the patient and their family.

CHROMOSOMAL ANEUPLOIDIES

Aneuploidy is an abnormal number of chromo-
somes such as a trisomy. The risk of most aneu-
ploidies increases with increasing maternal age.
In the Baltimore-Washington Infant study,
chromosomal abnormalities were identified
>100 times more frequently in patients with
CHD compared with normal controls with a to-
tal of 12.9% of CHD cases having chromosomal

abnormalities (Ferencz et al. 1989). The follow-
ing sections review some of the most common
aneuploidy syndromes associated with CHD.
Additional data on prevalence, types of CHD,
and associated features for each syndrome, as
well as details on additional syndromes, are in-
cluded in Table 2.

Down Syndrome

Down syndrome is the most common chromo-
somal abnormality found in patients with CHD
and is usually caused by complete trisomy 21
(Hartman et al. 2011; de Graaf et al. 2016,
2017). CHD is found in 40%-50% of patients
with Down syndrome, most commonly atrioven-
tricular septal defect (AVSD) in ~40% followed
by VSD, ASD, PDA, and tetralogy of Fallot
(TOF) (Freeman et al. 2008; Allen et al. 2013).
CHD is a common cause of mortality in pa-
tients with Down syndrome, contributing to
13% of deaths in childhood and 23% of deaths
in adulthood (Bittles et al. 2007). Some studies
suggest that individuals with Down syndrome
have worse outcomes after congenital heart sur-
gery compared with those with no chromosomal
abnormalities (Reller and Morris 1998; Landis
et al. 2016). More recently, studies have shown
equal or decreased risk of in-hospital mortality
for patients with Down syndrome undergoing
repair of CHD compared with patients with nor-
mal karyotypes except among patients with sin-
gle ventricle physiology (Anaclerio et al. 2004;
Formigari et al. 2004; Michielon et al. 2006,
2009; Lange et al. 2007; Evans et al. 2014; St
Louis et al. 2014; Tumanyan et al. 2015). Al-
though Down syndrome does not seem to confer
an increased risk of mortality for most patients
undergoing CHD repair, there is increased mor-
bidity including increased length of stay, fre-
quency of pulmonary hypertension, and other
postoperative complications (Malec et al. 1999;
Ip et al. 2002; Fudge et al. 2010; Lal et al. 2013).

Trisomy 18 and 13

Many fetuses with trisomy 13 or 18 do not sur-
vive to birth; however, among those who do,
CHD is common. Ninety-five percent of pa-
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tients with trisomy 18 have CHD with PDA and
VSD being the most common diagnoses. Most
patients show polyvalvar dysplasia with two or
more valves showing thickened, myxomatous,
or dysplastic leaflets, although regurgitation
and stenosis are uncommon (Van Praagh et al.
1989; Musewe et al. 1990). The majority of tri-
somy 13 patients have cardiac defects with PDA,
ASD, and VSD being the most common lesions
(Musewe et al. 1990; Lin et al. 2007). Life expec-
tancy is limited in both trisomy 18 and 13, and
most individuals die within the first year of life.
Therefore, there has been significant debate as to
whether repair of CHD should be offered in
these patients (Embleton et al. 1996; Rasmussen
et al. 2003; Yates et al. 2011).

Turner Syndrome

Turner syndrome is a sex chromosome disorder
that results from a complete or partial loss of an
X chromosome resulting in 45, X karyotype.
Those with mosaicism or structural abnormali-
ties of the X chromosome tend to have less
severe phenotypes compared with those with
complete loss (Gatzsche et al. 1994; Bucerzan
et al. 2017). The most common cardiac lesions
associated with Turner syndrome are left-sided
lesions including BAV in 30% of patients and
coarctation of the aorta (CoA) in 10% of pa-
tients. More serious lesions such as partial
anomalous pulmonary venous return (PAPVR)
and HLHS are less common (Mazzanti and
Cacciari 1998; Sybert and McCauley 2004).
Individuals with Turner syndrome can have
hypertension in the absence of CHD and can
develop aortic root dilation; it is therefore rec-
ommended that all patients have a baseline
echocardiogram and be followed with serial im-
aging (Lacro et al. 1988; Gravholt et al. 2017).

COPY NUMBER VARIATION

CNVs consist of deletions or duplications of
contiguous regions of DNA that affect ~12%
of the genome and can impact either a single
gene or multiple contiguous genes (Redon
et al. 2006). Pathogenic CNVs tend to be de
novo and large and disrupt coding portions of

Genetic Basis of Human CHD

genes. These are found more frequently in pa-
tients with CHD compared with controls. There
is wide variation in the reported prevalence of
CNVs between 3% and 25% depending on the
method of detection. CNVs are observed more
frequently in patients with CHD and extracar-
diac features compared with those with isolated
CHD (Goldmuntz et al. 2011; Soemedi et al.
2012; Southard et al. 2012; Zhu et al. 2016).
Thienpont et al. (2007) used array-comparative
genomic hybridization (CGH) in patients with
CHD and associated extracardiac anomalies and
identified likely pathogenic CNVs in 17% of pa-
tients. Glessner et al. (2014) performed WES in
538 patients with CHD and found that 9.8% of
patients without a previous genetic diagnosis
had a rare de novo CNV.

Recent data have shown that CNVs are not
only causative of CHD, but they also impact
clinical outcomes. Carey et al. (2013) compared
neurocognitive and growth outcomes in patients
with single ventricle physiology and found that
patients with pathogenic CNVs had decreased
linear growth and those with CNVs associated
with known genomic disorders had the poorest
neurocognitive and growth outcomes. Kim et al.
(2016) examined CNVs in 422 cases of nonsyn-
dromic CHD and found that the presence of a
likely pathogenic CNV was associated with a
significantly lower transplant-free survival after
surgery. The increased risk of morbidity in pa-
tients with large CNVs may be due to additional
genes that are impacted or due to pleiotropic
effects of single genes within the region. Some
of the most common syndromes caused by
CNVs and associated with CHD are described
in this section. Additional details are included in
Table 2.

22q11.2 Deletion Syndrome

22q11.2 deletion syndrome is the most common
microdeletion syndrome associated with CHD.
The majority of patients clinically diagnosed
with DiGeorge or velocardiofacial syndrome
have a microdeletion of 22q11.2. Seventy-five
to eighty percent of patients with 22q11.2 dele-
tion have CHD, with conotruncal defects being
the most common lesions (Marino et al. 2001).
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The prevalence of 22q11.2 deletion in patients
with CHD is highest in patients with type B
interrupted aortic arch (IAA), truncus arterio-
sus, TOF, and isolated aortic arch anomalies
(Nielsen and Wohlert 1991; McElhinney et al.
2001; Agergaard et al. 2012; Peyvandi et al.
2013a; Donofrio et al. 2014). Among patients
with conotruncal lesions, up to 50% have a
22ql1 deletion (Goldmuntz et al. 1998).
22q11.2 deletion is a syndrome that involves
a contiguous deletion, most commonly involv-
ing more than 40 genes. Efforts to determine
which gene within this region is responsible for
the cardiovascular phenotype initially focused
on TBXI (Jerome and Papaioannou 2001;
Merscher et al. 2001). Mutations in TBX1 have
been identified in patients with clinical features
of DiGeorge syndrome without a deletion, sup-
porting the role of TBX1 in the development of
CHD (Yagi et al. 2003). There are some shared
clinical features between 22ql1.2 duplication
syndrome and the deletion syndrome, and ex-
perimental evidence suggests that both overex-
pression and underexpression of TBXI in the
developing outflow tract can lead to CHD
(Chen et al. 2014; Hasten et al. 2018). Some in-
dividuals with conotruncal defects and features
of DiGeorge syndrome have a deletion in 22q11
that does not encompass the TBX1 gene, and two
other genes in this region, CRKL and MAPKI,
have been associated with the CHD phenotype
(Breckpot et al. 2012; Thorsson et al. 2015).

Williams-Beuren Syndrome

Williams-Beuren syndrome, or Williams syn-
drome, is caused by a contiguous gene deletion
at 7q11.23 that encompasses the elastin gene
ELN (Ewart et al. 1993; Morris and Mervis
2002). Similar to 22q11 deletion syndrome, de-
letions are often sporadic but can be inherited.
Between 50% and 80% of patients with Williams
syndrome have CHD, most commonly supra-
valvar aortic stenosis (AS), supravalvar pulmo-
nary stenosis (PS), and branch pulmonary artery
stenosis (Kececioglu et al. 1993). Whereas the
supravalvar AS tends to progress in childhood,
the PS can improve (Wren et al. 1990; Eronen
et al. 2002). Patients with Williams syndrome

are at increased risk of sudden cardiac death
and anesthesia-related complications (Conway
et al. 1990; Latham et al. 2016). These compli-
cations are thought to arise from abnormalities
in the coronary arteries and ventricular hyper-
trophy secondary to outflow obstruction, but the
precise mechanisms are not known.

Mutations in ELN, a critical component of
vascular tissue, are observed in patients with au-
tosomal dominant isolated supravalvar AS,
leading to the conclusion that haploinsuffi-
ciency of this gene is the etiology of CHD in
patients with Williams syndrome (Curran et al.
1993; Ewart et al. 1993; Li et al. 1997a). Muta-
tions in ELN lead to a vasculopathy that can
cause arterial narrowing with thickened arterial
walls. Narrowing of the aorta, coronary arteries,
and renal arteries often lead to complications in
these patients. It is recommended that all pa-
tients with supravalvar AS and patients with pe-
ripheral PS that does not resolve in the first few
years of life undergo genetic testing (Pierpont
et al. 2018).

SINGLE-GENE DEFECTS

In addition to CNVs, de novo sequence variants
in single genes have been identified using WES
in patients with CHD, both in syndromic and
nonsyndromic cases. Patients with CHD have
an excess burden of de novo protein altering
variants in genes that are expressed during car-
diac development (Zaidi et al. 2013). A Europe-
an study using WES in 1891 patients found that
in patients with nonisolated CHD, there were an
increased number of de novo protein-truncating
variants and deleterious missense variants in
known autosomal dominant CHD-associated
genes as well as in non-CHD genes associated
with developmental delay. In isolated CHD
patients, there was a much lower frequency of
de novo deleterious variants, but there was an
increase in rare, inherited protein-truncating
variants in CHD-associated genes likely repre-
senting mutations that are incompletely pene-
trant (Sifrim et al. 2016).

If there is family history of a syndrome that
involves CHD, testing for single-gene defects
can be targeted based on family member test
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results or clinical suspicion. With the exception
of Noonan syndrome panels, gene panels have
not been routinely incorporated into testing for
CHD because of the large number of genes in-
volved. Therefore, in patients with a strong sus-
picion for a genetic cause of CHD, WES can be
used effectively to identify single-gene defects.

Monogenic Conditions Causing Syndromic
CHD

As sequencing techniques have improved, the
genetic causes of several well-characterized clin-
ical syndromes have been discovered. The fol-
lowing section describes examples of the most
common monogenic syndromes associated with
CHD. These syndromes are inherited in an au-
tosomal dominant manner. Some are caused by
variants in one gene and others are genetically
heterogeneous. Table 3 contains additional de-
tails for selected syndromes.

Alagille Syndrome

Alagille syndrome is a condition consisting of
CHD, hepatic complications including bile
duct paucity and cholestasis, and skeletal and
ophthalmologic anomalies. There is significant
variability in the expression even within the
same family, with some individuals displaying
very mild features and others with severe CHD
or liver disease leading to transplant or death
(Quiros-Tejeira et al. 1999; Kamath et al. 2003;
Izumi et al. 2016; Ziesenitz et al. 2016). More
than 90% of patients with Alagille syndrome
have cardiovascular involvement. The most
common lesion is branch pulmonary artery
stenosis. More complex lesions include TOF
with or without pulmonary atresia (Emerick
et al. 1999; McElhinney et al. 2002). Other vas-
cular anomalies are frequently found in patients
with Alagille syndrome and are a significant
cause of mortality (Kamath et al. 2004).
Alagille syndrome is genetically heteroge-
neous; the two most commonly associated genes
are JAGI, which encodes a ligand in the Notch
signaling pathway, and NOTCH2, a Notch re-
ceptor (Li et al. 1997b; Oda et al. 1997; McDa-
niell et al. 2006; Kamath et al. 2012). The Notch
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signaling pathway is important for controlling
cell fate during development, and mutations in
this pathway are also associated with other car-
diac diseases (Niessen and Karsan 2008). JAGI
mutations are found in ~90% of individuals
with clinical Alagille syndrome, and these are
usually loss-of-function mutations, suggesting
haploinsufficiency as the mechanism (Warthen
etal. 2006). In addition, 3%-7% of patients have
deletions of chromosome 20p12, which con-
tains JAGI. In a large family with cardiac defects
typical of Alagille syndrome but no hepatic phe-
notype, a missense mutation that leads to slight-
ly decreased JAG1 was identified suggesting that
the variable expression may be associated with
the amount of JAG1 (Lu et al. 2003). NOTCH2
mutations are found in 1%-2% of individuals
with Alagille syndrome (Spinner et al. 1993;
McDaniell et al. 2006).

Holt-Oram Syndrome

The two most common features of Holt-Oram
syndrome are CHD and upper extremity mal-
formations (Holt and Oram 1960). All patients
with Holt-Oram syndrome have some upper
limb anomaly ranging from mild abnormalities
of the carpal bone to complete phocomelia
(McDermott et al. 1993). Among patients with
Holt-Oram syndrome, 75% have CHD, and the
most common types are ASDs and VSDs. More
complex forms of CHD occur in ~15%-25% of
patients (Sletten and Pierpont 1996; Baban et al.
2014; Barisic et al. 2014). Patients are also at risk
for cardiac conduction disease, which can be
progressive and lead to complete heart block
(McDermott et al. 1993; Basson et al. 1994).
About 75% of cases of Holt-Oram syn-
drome are caused by mutations in TBX5, a
member of the T-box family of transcription
factors, which plays a role in regulation of gene
expression during embryogenesis (Basson et al.
1997; Li et al. 1997¢; McDermott et al. 2005).
TBXS5 is expressed in the developing heart and
limb and has been shown to be involved in the
development of the cardiac septum and conduc-
tion system, consistent with the clinical findings
in Holt-Oram syndrome (Steimle and Mosko-
witz 2017). Most of the variants in TBX5 are
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truncating variants, and the mechanism of dis-
ease is suspected to be haploinsufficiency. How-
ever, some variants that cause gain of function
have similar phenotypes (Basson et al. 1997,
1999; Fan et al. 2003; Bohm et al. 2008; Muru
et al. 2011). In the remaining 25% of cases of
Holt-Oram syndrome, no genetic etiology has
been identified, although it is hypothesized that
these patients may have mutations in regulatory
domains of TBX5 not included in routine se-
quencing,.

Noonan Syndrome and RASopathies

Noonan syndrome and the RASopathies are a
group of disorders with overlapping phenotypes
including CHD, short stature, dysmorphic facial
features, and abnormal neurodevelopment.
These disorders are caused by mutations in genes
that encode proteins involved in the RAS/MAPK
pathway, a signal-transduction pathway impor-
tant for cell growth, differentiation, senescence,
and death (Allanson 2016). Other than Noonan
syndrome, disorders include cardiofaciocutane-
ous syndrome (CFC), Costello syndrome (CS),
and Noonan syndrome with multiple lentigines.

Noonan syndrome is a disorder with both
clinical and genetic heterogeneity consisting of
characteristic facial features, short stature, CHD,
cardiomyopathy, and chest deformities (Roma-
no et al. 2010; Allanson and Roberts 2016). Car-
diac involvement is present in 80%-90% of in-
dividuals. The most common cardiovascular
findings are PS in 50%-60% and hypertrophic
cardiomyopathy (HCM) in 20% (Marino et al.
1999; El Bouchikhi et al. 2016; Jhang et al. 2016).
The presence of HCM contributes to significant
mortality and tends to be earlier-onset and more
rapidly progressive than other types of pediatric
HCM (Wilkinson et al. 2012; Gelb et al. 2015).

About one-half of the patients with Noonan
syndrome have missense variants in PTPNII,
which lead to activation of SHP2 and increased
RAS/MAPK signaling (Tartaglia et al. 2001,
2002). Among those without PTPNI11 variants,
20% have variants in SOSI (Roberts et al. 2007).
The cardiovascular manifestations of Noonan
syndrome vary depending on the mutation. Mu-
tations in PTPN11 are more commonly associ-

ated with PS, whereas mutations in RAFI
or RITI are associated with a high risk of
HCM (Tartaglia et al. 2002; Aoki et al. 2016;
Jhang et al. 2016; Kouz et al. 2016).

The other RASopathies share some com-
mon features, including developmental delays,
short stature, ptosis, hypertelorism, and macro-
cephaly. Individuals with CFC and CS tend to
have more severe cognitive impairment com-
pared with individuals with Noonan syndrome
(Abe et al. 2012). Cardiac defects are found in
~75% of individuals with CFC, and, similar to
Noonan syndrome, the most common findings
are PS and HCM (Pierpont et al. 2014; Jhang
et al. 2016). HCM is found in the majority of
individuals with Noonan syndrome with multi-
ple lentigines and is much more frequent than in
individuals with Noonan syndrome (Limongelli
et al. 2007; Aoki et al. 2016).

Given the clinical and genetic overlap be-
tween the RASopathies, gene panels have been
developed that allow for sequencing the most
commonly affected genes. These are useful in
evaluation of patients with CHD in whom a
RASopathy is suspected, because it may be dif-
ficult to distinguish between the syndromes
based on clinical features alone, especially in
infancy. An accurate diagnosis can assist with
screening for other systemic involvement and
providing prognostic information.

The majority of mutations causing RASopa-
thies are gain-of-function mutations leading to
increased signaling in the Ras/MAPK pathway
(Carta et al. 2006; Pandit et al. 2007; Roberts
et al. 2007, 2013; Cordeddu et al. 2009; Marti-
nelli et al. 2010; Tartaglia et al. 2011; El Bou-
chikhi et al. 2016; Kouz et al. 2016). This
provides a potential therapeutic target for inhib-
itors of RAS/MAPK signaling cascade (Chen
et al. 2010; Marin et al. 2011; Rauen et al. 2011;
Wu et al. 2011; Inoue et al. 2014). In one case
report, a rapamycin analog was used to inhibit
mTOR activity as palliative therapy in an indi-
vidual with Noonan syndrome with multiple
lentigines (NSML) and severe HCM, but further
research is needed to determine if these thera-
pies can improve the neurodevelopmental or
cardiovascular outcomes in patients with these
disorders (Hahn et al. 2015; Aoki et al. 2016).
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Heterotaxy and Ciliopathies

The heart is an asymmetric organ, and left-right
patterning is critical for normal cardiac devel-
opment. Disorders of left-right patterning in-
clude heterotaxy syndrome (HTX), in which
there is abnormal sidedness of multiple organs,
and situs inversus totalis (SIT), in which the
organs are in a mirror-image pattern. Data
from the National Birth Defects Prevention
study showed that among patients with laterality
defects, 68% had complex CHD and another 9%
had simple CHD. Those with HTX were much
more likely to have complex CHD compared
with those with SIT (Lin et al. 2014). The asso-
ciation between CHD and laterality defects sug-
gests a common developmental mechanism,
perhaps because of defects in cilia as the primary
cause of these abnormalities.

Cilia are organelles that have a crucial role in
cellular signaling during development, particu-
larly in the proper formation of the left-right
axis in the developing embryo (Yoshiba and
Hamada 2014). Abnormal ciliary structure or
function is associated with syndromic ciliopa-
thies, which include primary ciliary dyskinesia
(PCD) and HTX, both of which are associated
with CHD (Sutherland and Ware 2009).

A study examining chemically mutagenized
fetal mice identified more than 200 mouse lines
with various forms of CHD, 30% of which were
consistent with HTX. WES in the fetal mice
identified recessive CHD mutations in 61 genes,
more than one-half of which were cilia-related
(Li et al. 2015). In a study of WES in a large
cohort of individuals with CHD, among 28 de
novo mutations, 13 were in genes that were also
identified in the mouse screen (Zaidi et al. 2013;
Klena et al. 2017).

HTX is associated with CHD in the majority
of individuals. Individuals with HTX are classi-
fied into two categories: left atrial isomerism
(polysplenia syndrome) and right atrial iso-
merism (asplenia syndrome). In left atrial
isomerism, common types of CHD include in-
terruption of the inferior vena cava, PAPVR, and
heart block. In right atrial isomerism, the most
common defects are AVSDs, total anomalous
pulmonary venous return (TAPVR), and cono-

Genetic Basis of Human CHD

truncal defects. Extracardiac manifestations in-
clude spleen abnormalities, gut malrotation,
biliary atresia, and CNS abnormalities (Suther-
land and Ware 2009; Lin et al. 2014). HTX has a
high risk of familial recurrence (Oyen et al.
2010). All types of inheritance including X-
linked, autosomal dominant, and autosomal
recessive have been described with multiple im-
plicated genes including LEFTYA, CRYPTIC,
and ACVR2B (Belmont et al. 2004). Pathogenic
variants in ZIC3, a zinc-finger transcription fac-
tor involved in heart looping, are thought to
contribute to ~5% of HTX cases in males
(Cowan et al. 2014; Paulussen et al. 2016).

PCD is a disorder characterized by abnor-
mal ciliary motility in the airway tract that leads
to frequent respiratory infections and complica-
tions (Mirra et al. 2017; Dalrymple and Kenia
2018). HTX and associated CHDs are found in
~6% of patients with PCD showing the overlap-
ping phenotypes and genetic etiologies of these
conditions (Kennedy et al. 2007).

There is evidence that mutations in cilia
genes are also involved in isolated CHD—espe-
cially AVSDs and D-transposition of the great
arteries (D-TGA) (Versacci et al. 2018). In pa-
tients with CHD but no HTX, there is a high
incidence of ciliary motion defects—up to 51%
in one study (Garrod et al. 2014).

Given the significant genetic heterogeneity
seen in HTX and PCD, genetic testing can be
difficult. All patients should have CMA first be-
cause some CNVs and chromosomal abnormal-
ities can be associated with HTX (Cowan et al.
2016). Gene panels are available for PCD, which
include the most commonly associated genes
(Pierpont et al. 2018).

GDF1 and Founder Ashkenazi Mutation

Given the heterogeneity of CHD, there are likely
to be genes involved in the pathogenesis of CHD
in specific populations. One such gene is GDFI,
which is associated with CHD in the Ashkenazi
Jewish population. A study screening 375 unre-
lated patients with CHD identified loss-of-func-
tion mutations in GDFI among cases with var-
ious types of CHD including conotruncal
defects and atrioventricular canal defects. These
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were heterozygous mutations, and they hypoth-
esized that GDFI represented a susceptibility
gene (Karkera et al. 2007). Linkage analysis in
a family with right atrial isomerism led to the
identification of compound heterozygous reces-
sively inherited truncating mutations in GDFI
(Kaasinen et al. 2010). A large study using WES
data for 2871 CHD cases showed an increase in
homozygous mutations in GDFI among cases
with evidence of Ashkenazim based on PCA
analysis. One specific mutation, ¢.1091T>C, ac-
counted for ~5% of severe CHD cases among
those with Ashkenazi descent (Jin et al. 2017).
Although the overall contribution to CHD is
likely low, GDFI is an important contributor
in certain populations (Sun et al. 2013).

Monogenic Causes of Isolated CHD

In addition to the syndromes described above,
variants in an increasing number of genes have
been identified in individuals with isolated
CHD, initially through studies of familial CHD
and later through the use of NGS. Among the
genes that have been identified, most fall into
one of the following functional categories and
play an important role in normal cardiac devel-
opment: transcription factors, signaling mole-
cules, and structural proteins (Fahed et al.
2013). Select examples in each of these function-
al categories are described below. Table 4 con-
tains additional genes associated with isolated
CHD. The list of genes associated with isolated
CHD is rapidly expanding but it is often difficult
to prove the pathogenicity of rare variants, espe-
cially in the setting of phenotypic heterogeneity.

Transcription Factors

There is a set of highly conserved transcription
factors that are critical for cardiac development
(Olson 2006; Kodo et al. 2012). Mutations in the
homeobox transcription factor NKX2-5 were re-
ported in both familial and sporadic cases of
CHD associated with conduction defects in
1998 (Schott et al. 1998). The most common
phenotype in individuals with NKX2-5 muta-
tions is ASD with conduction delay (Benson
et al. 1999; Stallmeyer et al. 2010). Identification

of NKX2-5 mutations in individuals with these
cardiac findings is clinically relevant because
they are at increased risk of progressive conduc-
tion disease and sudden cardiac death, and the
genetic information is considered in decision-
making regarding pacemakers and implantable
cardiac defibrillators (Perera et al. 2014; Ellespe
et al. 2016).

Other transcription factors that have been
associated with structural heart disease in both
human and mouse models include members of
the GATA family (Garg et al. 2003; Rajagopal
et al. 2007; Kodo et al. 2009; Wei et al. 2013;
Qian et al. 2017) and members of the Tbox fam-
ily that have been implicated in both syndromic
and isolated forms of CHD (Kirk et al. 2007;
Griffin et al. 2010; Smemo et al. 2012; Huang
etal. 2017). Recent work has identified SOX17 as
a contributor to CHD associated with pulmo-
nary hypertension as well as isolated and fami-
lial pulmonary hypertension (Zhu et al. 2018).
SOX17is a transcriptional target of GATA4, and
itinhibits signaling in the WNT/B-catenin path-
way involved in cardiac development (Zorn
et al. 1999; Holtzinger et al. 2010).

Cell Signaling and Adhesion Models

Many signaling pathways are involved in cardiac
development, and genes in these pathways are
frequently disrupted in patients with CHD.
Notch signaling is important for cellular differ-
entiation and is involved in the pathogenesis of
both isolated and syndromic CHD (Li et al.
1997b; McDaniell et al. 2006; Kamath et al.
2012; Stittrich et al. 2014; Meester et al. 2019).
Mutations in NOTCHI have been identified
in autosomal dominantly inherited CHD con-
sisting primarily of BAV and are associated
with abnormalities of the outflow tracts and
semilunar valves (Garg et al. 2005; Kerstjens-
Frederikse et al. 2016; Preuss et al. 2016). In
patients with isolated TOF, NOTCH]I was noted
to be the most frequent site of genetic variants
accounting for 4.5% of patients (Page et al.
2019).

Another cell signaling family that is crucial
for cardiac development is the TGF-f cytokine
superfamily. Several genes in this family are im-
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Table 4. Selected monogenic causes of isolated congenital heart disease

Chromosome Mode of
Gene location inheritance Cardiac disease References
ACTCI 15q14 AD ASD, HCM, DCM, LVNC Matsson et al. 2008
CITED2 6q24.1 AD ASD, VSD Sperling et al. 2005
CRELDI 3p25.3 AD ASD, AVSD Guo et al. 2010
GATA4 8p23.1 AD ASD, VSD, AVSD, PS, TOF Zhang et al. 2017
GATA5 20q13.33 AD, AR ASD, BAV, TOF, VSD, DORV  Jiang et al. 2013; Shan et al. 2014
GATA6 18q11.2 AD TA, TOF Kodo et al. 2009; Xu et al. 2018;
Zhang et al. 2018
HANDI 5q33.2 AD SV, VSD Reamon-Buettner et al. 2008, 2009
HAND2 4q34.1 AD PS, TOF, VSD Shen et al. 2010; Topf et al. 2014; Sun
et al. 2016
MEIS2 15q14 AD ASD, VSD, CoA Verheije et al. 2019
MYBPC3 11pl11.2 AD ASD, PDA, VSD, MR Wells et al. 2011; Wessels et al. 2015
MYH6 14ql1.2 AD, AR ASD, HCM, DCM, HLHS Theis et al. 2015; Jin et al. 2017
MYH7 14ql1.2 AD for CM  EA, LVNC, HCM, DCM Postma et al. 2011; Hanchard et al.
2016
NODAL 10q22.1 AD D-TGA, DORV, TOF, VSD Roessler et al. 2008; Mohapatra et al.
2009
NOTCH1 9q34.3 AD ASD, VSD, CoA, HLHS, DORV  Garg et al. 2005; Kerstjens-Frederikse
et al. 2016
NKX2-5 5q35.1 AD ASD, TOF, HLHS Schott et al. 1998; Benson et al. 1999;
Stallmeyer et al. 2010
NR2F2 15q26.2 AD AVSD, AS, CoA, VSD, HLHS, Al Turki et al. 2014; Bashamboo et al.
TOF, DORV 2018; Qiao et al. 2018
SMAD2 18q21.1 AD HTX, DORV, ASD, VSD, PDA  Zaidi et al. 2013: Granadillo et al.
2018
SMAD6 15q22.31 AD BAV, CoA, AS Gillis et al. 2017
TAB2 6q25.1 AD BAV, AS, TOF Thienpont et al. 2010
TBX1 22ql1.2 AD Conotruncal defects, VSD, IAA, Yagi et al. 2003
ASD
TBX5 12q24.1 AD VSD, ASD, AVSD, conduction  Basson et al. 1999
defects
TBX20 7pl4.2 Unknown ASD, VSD, MS, DCM Kirk et al. 2007

Genes in this table are associated with congenital heart disease based on criteria established by The Clinical Genome
Resource Gene Curation Working Group (2018).

(AS) Aortic stenosis, (ASD) atrial septal defect, (AVSD) atrioventricular septal defect, (BAV) bicuspid aortic valve, (CM)
cardiomyopathy, (CoA) coarctation of the aorta, (DCM) dilated cardiomyopathy, (DORV) double outlet right ventricle, (D-
TGA) d-loop transposition of the great arteries, (EA) Ebstein’s anomaly of the tricuspid valve, (HCM) hypertrophic
cardiomyopathy, (HLHS) hypoplastic left heart syndrome, (HTX) heterotaxy syndrome, (IAA) interrupted aortic arch,
(LVNC) left ventricular noncompaction, (MR) mitral regurgitation, (PDA) patent ductus arteriosus, (PS) pulmonary
stenosis, (SV) single ventricle, (TA) truncus arteriosus, (TOF) tetralogy of Fallot, (VSD) ventricular septal defect.

plicated in heart development including BMP-2,
BMP-4, TGF-f2, and TGF-3 (Nakajima et al.
2000; Armstrong and Bischoff 2004). The
TGEF-B superfamily also includes Nodal, a se-
creted signaling ligand that has been implicated
in laterality defects including HTX as well as
isolated CHD (Roessler et al. 2008; Mohapatra

et al. 2009). Isolated CHD lesions associated
with NODAL mutations include D-TGA, dou-
ble outlet right ventricle (DORV), TOF, and iso-
lated VSDs. Overexpression of TGF-B1 seems to
play a role in the development of pulmonary
hypertension in patients with CHD, suggesting
that alterations in this pathway may have pleo-
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tropic effects on the heart as well as the pulmo-
nary vasculature (Gao et al. 2005; Yuan 2018).

Structural Proteins

Mutations in structural cardiac proteins also
contribute to CHD in some patients. Mutations
in cardiac sarcomere proteins are associated
with cardiomyopathies and recently have been
reported in some types of CHD. MYH6 encodes
myosin heavy chain 6, and dominant mutations
have been associated with ASDs in addition to
dilated cardiomyopathy (Granados-Riveron
etal. 2010; Posch et al. 2011). Recently, recessive
MYH6 missense mutations were identified in
two patients with HLHS and decreased ventric-
ular function, suggesting a role in the develop-
ment of the normal ventricular myocardium
(Theis et al. 2015). Mutations in MYH?7, another
sarcomeric protein, have been associated with
Ebstein’s anomaly of the tricuspid valve and
left ventricular noncompaction (Postma et al.
2011). ACTCI encodes a cardiac actin and mu-
tations have been identified in familial cases of
ASDs without cardiac dysfunction (Matsson
et al. 2008).

Histone Modifiers

WES has identified several monogenic causes of
isolated and nonisolated CHD. Zaidi et al.
(2013) used WES in 362 severe cases of CHD
and showed an excess of likely damaging de
novo variants in genes expressed during cardiac
development. This study showed significant en-
richment of genes involved in the modification
of histone 3 lysine 4 (H34K). Methylated H34K
is an important regulator of developmental
genes. Other genes in this pathway, including
MLL2, KDM6A, and CHD?, have been previ-
ously associated with CHD (Vissers et al. 2004;
Lederer et al. 2012). Histone modifications are
important regulators of gene expression. These
data suggest that the H34K pathway is impor-
tant for appropriate gene regulation during car-
diac development and that other epigenetic
mechanisms may play a role in the pathogenesis
of CHD. In addition, this shows the utility of

using WES to identify new genes and mecha-
nisms in cases of CHD of unknown etiology.

COMMON VARIANTS AND CHD

Given that the majority of CHD cases do not yet
have a known genetic cause, several investigators
have hypothesized that common variants may
play a role in the risk of CHD. Genome wide
association studies (GWASs) have been used to
identify common variants associated with spe-
cific types of CHD. A large study of CHD found a
region on chromosome 4p16 that was associated
with risk of ASD, and genotype at this locus ac-
counted for ~9% of the population-attributable
risk (Cordell et al. 2013a). A GWAS in the Han
Chinese population identified twoloci, 1p12 and
4q13.1, associated with CHD. Another study in
the Han Chinese using a compound heterozy-
gous model identified four additional loci that
explained 7.8% of the CHD variance in the pop-
ulation, suggesting that multiple modes of inher-
itance are contributing (Jiang et al. 2018). Several
studies have examined specific groups of CHD
including left-sided lesions and TOF and have
identified susceptibility loci that account for a
small proportion of the genetic variation in
each case (Cordell et al. 2013b; Mitchell et al.
2015; Hanchard et al. 2016). Although common
variants likely have a role in CHD susceptibility,
these account for only a small proportion of the
genetic risk, and large studies of individuals with
similar CHD lesions are needed to identify ad-
ditional susceptibility loci.

RECOMMENDATIONS FOR CLINICAL
GENETIC TESTING

Recommendations for clinical genetic testing in
CHD are evolving. Any individual with features
suggestive of a recognizable chromosomal con-
dition should undergo focused testing. Because
many syndromic forms of CHD have variable
presentations, patients with CHD with any ex-
tracardiac finding including dysmorphic fea-
tures, growth deficiency, developmental delay,
or another congenital anomaly should be of-
fered genetic testing. If there is a family history
of congenital anomalies or multiple miscarriag-
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es, genetic testing should also be offered (Pier-
pont et al. 2007, 2018). In neonates and young
infants, it can be difficult to appreciate dysmor-
phic features, cognitive delays, and extracardiac
anomalies. Testing should be considered for
these patients if they have a type of CHD that
is frequently associated with genetic syndromes
including TOF, IAA, truncus arteriosus, and
left-sided obstructive lesions, even in the ab-
sence of other features (Ito et al. 2017). For
fetuses diagnosed with CHD, there is a much
higher chance of identifying genetic abnormal-
ities, possibly because of high rates of intrauter-
ine demise with certain conditions. For this
reason, genetic testing and counseling should
be offered in all cases of prenatally diagnosed
CHD because a positive test may help identify
additional anomalies and affect pregnancy man-
agement (Donofrio et al. 2014; Bensemlali et al.
2016; Lazier et al. 2016).

CMA is the appropriate first-line test for
most individuals and has been shown to be
cost-effective (Manning and Hudgins 2010;
Geddes et al. 2017). In cases in which rapid re-
sults will have a clinical benefit, FISH for aneu-
ploidy or 22q11.2 deletion can be considered.
The limitation of CMA is that balanced chro-
mosomal rearrangements cannot be detected,
and if this is suspected, karyotype is needed. If
CMA is negative and a genetic cause of CHD is
strongly suspected, WES can be considered.

CONCLUDING REMARKS

Congenital heart disease is a broad phenotype
that encompasses many different cardiac struc-
tures and many genetic variants. Among pa-
tients with CHD, 8%-12% have an aneuploidy
or large chromosomal abnormality, and 3%-5%
have a single-gene defect. The frequency of de-
tection of CNVs in CHD patients varies widely
between 3% and 25% with increased frequency
among those with nonisolated CHD. Recent ev-
idence suggests that heterozygous de novo pre-
dicted deleterious SNV can be identified in 8%
of CHD patients and inherited autosomal reces-
sive SNVs in 2% (Jin et al. 2017). A given syn-
drome or genetic variant can cause different
types of CHD in different patients because of

Genetic Basis of Human CHD

genetic modifiers. In addition, for each type of
CHD, there is a long list of possible genetic caus-
es. As sequencing becomes more cost-effective,
additional causes will certainly be identified,
and we are just beginning to understand how
genetics impact outcomes among patients with
CHD.
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