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Congenital cardiovascular malformations represent the most common type of birth defect
and encompass a spectrum of anomalies that range from mild to severe. The etiology of
congenital heart disease (CHD) is becoming increasingly defined based on prior epidemio-
logic studies that supported the importance of genetic contributors and technological ad-
vances in human genome analysis. These have led to the discovery of a growing number of
disease-contributing genetic abnormalities in individuals affected by CHD. The ever-
growing population of adult CHD survivors, which are the result of reductions in mortality
from CHD during childhood, and this newfound genetic knowledge have led to important
questions regarding recurrence risks, the mechanisms by which these defects occur, the
potential for novel approaches for prevention, and the prediction of long-term cardiovascular
morbidity in adult CHD survivors. Here, we will review the current status of genetic models
that accurately model human CHD as they provide an important tool to answer these ques-
tions and test novel therapeutic strategies.

Congenital heart disease (CHD) affects 2%–
3% of newborn infants when including

cases of isolated bicuspid aortic valve (BAV)
(Pierpont et al. 2018). The survival of this
most common type of birth defect is increasing
with tremendous improvements in the clinical
management of individuals affected by CHD.
This improved survival has resulted in a growing
population of adult CHD survivors who now
outnumber children with CHD. Unfortunately,
these adult survivors often suffer from comorbid

conditions and are at risk for neurodevelopmen-
tal and cognitive deficits, cardiac arrhythmias,
and ventricular dysfunction, which contribute
to their early mortality (Russell et al. 2018). Ep-
idemiologic studies investigating the etiology of
CHD have implicated both genetic and environ-
mental factors. With recent advancement in
next-generation sequencing technologies, a ge-
netic abnormality—defined as chromosomal
aneuploidy or a pathogenic chromosomal copy
number or single gene variant—is able to be
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detected in ∼1/3 of CHD cases (Akhirome et al.
2017). Although the majority of CHD cases re-
main unexplained, the discoveries of these ge-
netic contributors have led to the development
of genetic models of CHD.

In vivo and in vitro model systems are im-
portant tools to understand disease pathogene-
sis and progression, as well as to investigate its
underlying mechanisms. In addition, these
models can serve to test preclinical therapeutic
interventions. Accordingly, the best models re-
capitulate the anatomy and physiology of the
disease being studied in humans and are also
cost-effective and easy to generate and manipu-
late. Another aspect of a translational genetic
model is that the genetic abnormality has a
strong and consistent association with the dis-
ease phenotype in humans. In the fields of
cardiac developmental biology and CHD, nu-
merous animal models from Drosophila mela-
nogaster (fruit fly),Danio rerio (zebrafish), Xen-
opus laevis (frog), and Gallus gallus (chick), to
small (mice and rats) and large mammals
(sheep, dogs, and pigs) have been used along
with in vitro cell culture models.

Each of thesemodels have their own benefits
and limitations. As the focus of this review is the
development of genetic models of human CHD,
we have emphasized the role of murine models,
which are amenable to reverse genetics, share a
high degree of sequence conservation to hu-
mans, and have similar stages of cardiac mor-
phogenesis along with adult cardiac structures
and physiology. In addition, the field has
amassed >25 years of experience studying car-
diac development and disease in mouse models.
The murine model is not without its limitations
primarily related to the time involved to gener-
ate and characterize a new mouse, which is both
time-consuming and expensive. In addition, the
models of CHD in mice often result in perinatal
lethality, limiting our ability to study long-term
cardiovascular sequelae from the genetic abnor-
mality. Alternatively, zebrafish, a lower species
vertebrate model, is quite popular because of its
low cost of housing, easily available genetic
tools, the embryos’ lack of dependence on a
functional cardiovascular system, and their op-
tical transparency, which allows for more de-

tailed analysis of cellular mechanisms. However,
the utility of a relatively primitive two-cham-
bered heart of the zebrafish is limiting for study-
ing more complex structural abnormalities
found in human CHD (Bakkers 2011). The
fruit fly has similar benefits in regard to being
high throughput and lower cost, but again is
limited by its primitive cardiac structure
(Zhu et al. 2017b). In vitro noncardiac cell-
based models have been used to study potential-
ly pathogenic sequence variants identified in
affected individuals with CHD, but have numer-
ous limitations in regard to the biologic rele-
vance of these observations. More recently, pa-
tient-specific induced pluripotent stem cells
(iPSCs) have begun to be investigated as amodel
to study human CHD (Mital 2016; Mercer and
Evans 2017). Somewhat similar to the weak-
nesses related to zebrafish and fruit fly in regard
to modeling the structural and morphogenetic
aspects of CHD, these models are the most
genetically similar and may allow for the inves-
tigation of the most relevant molecular mecha-
nisms.

In this review, we discuss the genetic models
of CHD that are linked to well-established
monogenic causes of CHD with a focus on the
murine model system where these CHD sub-
types can be morphologically recapitulated.
We have divided these models according to
subtypes of CHD, including cardiac septation
defects, heart valve malformations, and cono-
truncal heart defects, and discussed a subset of
these models in more depth to highlight the
insights that can be obtained. We also discuss
the development of in vivo genetic models of
more complex CHD, which are unlikely to be
monogenic in etiology, and look forward to the
use of other model systems in lower species and
in vitro modeling using iPSCs.

MURINE MODELS OF CARDIAC SEPTATION
DEFECTS

Formation of a four-chambered heart with its
separate pulmonary and systemic circulations
requires the proper development of atrial and
ventricular septa. Defects of cardiac septation
are among the most common forms of CHD
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and include atrial septal defects (ASDs), ventric-
ular septal defects (VSDs), and atrioventricular
septal defects (AVSDs) (Fig. 1). Many ASDs and
VSDs are small and close spontaneously, where-
as hemodynamically significant ASDs and
VSDs and all AVSDs require cardiac interven-
tion. Genetic abnormalities associated with car-
diac septation defects have been well described
and include pathogenic variants in single genes.

These findings have been the basis for the gen-
eration of numerous mouse models, which have
provided important insights into disease mecha-
nisms (Table 1). Studies in families with auto-
somal-dominant inherited CHD have linked
pathogenic sequence variants in the cardiac tran-
scription factors, TBX5, NKX2-5, and GATA4,
with cardiac septation defects in humans (re-
viewed in Pierpont et al. 2018).
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Figure 1.Murine models of cardiac septation defects: (A) Illustration depicts a cross-sectional view of a normal
and mature four-chambered heart. (B) Location of primum (arrowhead) and secundum (arrow) atrial septal
defect (ASD) in human heart diagram, which has been recapitulated in Gata4Δex2/WT (G4D) mouse model (C).
(D,E) Schematics display similar features of perimembranous and muscular ventricular septal defects (VSDs)
(arrowhead) seen in human congenital heart disease (CHD) patients, whichwere also detected inNkx2-5+/−mice
(G,H ). (F) The diagram represents atrioventricular septal defect (AVSD) phenotype with single valve (arrow)
noted in humans, resembling the G4D murine model (I). (RA) right atrium, (RV) right ventricle, (LA) left
atrium, (LV) left ventricle, (MV)mitral valve, (AV) aortic valve, (PV) pulmonary valve, (TV) tricuspid valve, (Ao)
aorta, (Pa) pulmonary artery. (Panels C and I are reprinted from Rajagopal et al. 2007, with permission, from
Elsevier © 2007. Panels G and H are reprinted from Winston et al. 2010, with permission, from Circulation ©
2010.)
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TBX5

Pathogenic sequence variants in TBX5 have
been linked to Holt–Oram syndrome, which is
characterized by upper limb and cardiac abnor-
malities (Basson et al. 1997, 1999; Li et al. 1997).
Cardiac defects are found in 75%–85% of indi-
viduals with Holt–Oram syndrome, including
ASD (to the point of common atrium), VSD,
and defects in atrioventricular conduction that
can progress to complete heart block (Basson
et al. 1994; Newbury-Ecob et al. 1996; Bruneau
et al. 1999). The majority of heterozygous path-
ogenic variants result in a loss-of-function allele
and this has led to the successful development of
a murine model for Holt–Oram syndrome,
which recapitulates the majority of human dis-
ease phenotypes.

Mice heterozygous for a Tbx5mutant allele,
which deletes exon 3 that harbors the T-box
domain, was generated by breeding Tbx5lox/+

from Black Swiss background to mice with a
constitutively active Cre recombinase (EIIaCre

from 129SvJ strain) (Bruneau et al. 2001). The
resultant Tbx5del/+ progeny were viable but dis-
played a 40% perinatal lethality. This perinatal
lethality was increased in Tbx5del/+, when the
Tbx5lox/+ mice were from 129SvEv background
indicating a role for genetic modifiers. The sur-
viving adult Tbx5del/+ mice from a mixed back-
ground (Black Swiss and 129SvJ) showed large
ASDs along with evidence of varying degrees of
atrioventricular block. Interestingly, VSDs were
found only in Tbx5del/+ embryos or neonatal
mice, likely representing the reason for observed
perinatal mortality. Another publication
showed that complete deletion of Tbx5 from en-
docardial and endocardial-derived cells using
Tie2Cremice resulted in secundum ASD, where-
as endocardial-specific heterozygous Tbx5
(eTbx5+/−) deletion showed a 65% incidence of
patent foramen ovale (PFO), suggesting that
PFO is an attenuatedmanifestation of ASD (Na-
deau et al. 2010).

NKX2-5

Disease-causing sequence variants in NKX2-5
were the first reported cause of nonsyndromic

CHD by studying four kindreds with auto-
somal-dominant disease (Schott et al. 1998).
The predominant phenotype in affected family
members was a secundumASD along with atrio-
ventricular conduction abnormalities. Since then,
a range of cardiac abnormalities, including VSD,
tetralogy of Fallot (TOF), pulmonary valve atre-
sia, subvalvular aortic stenosis, and Ebstein’s
anomaly have been correlated with heterozygous
NKX2-5mutations (Stallmeyer et al. 2010; Ellesøe
et al. 2016). HeterozygousNkx2-5 knockoutmice
displayed a spectrum of cardiac developmental
phenotypes that are dependent on the genetic
background. In the FVB/N and 129/Sv back-
grounds, Nkx2-5+/− mice have PFO, atrial septal
aneurysms, and BAV with aortic stenosis (Biben
et al. 2000), whereas Nkx2-5+/− mice in C57Bl/6
background show a high incidence (∼40%) of
secundumASDandbothmuscular andmembra-
nous VSD (Fig. 1A,D,E,G,H; Winston et al.
2010). Additionalmice harboring specific human
disease–associated variants in Nkx2-5 have also
been reported and they display a spectrum of
cardiac phenotypes that mimic human disease
(Ashraf et al. 2014; Chowdhury et al. 2015; Zaka-
riyah et al. 2017).

GATA4

A similar human genetics approach used for
TBX5 andNKX2-5 led to the discovery that het-
erozygous mutations in GATA4 caused cardiac
septation defects, primarily secundum ASD and
membranous VSD (Garg et al. 2003). Multiple
disease-causing, likely loss-of-function genetic
variants in GATA4 have been reported for a
range of cardiac defects, including AVSD, pul-
monic valve stenosis, and TOF (Okubo et al.
2004; Hirayama-Yamada et al. 2005; Sarkozy
et al. 2005; Nemer et al. 2006; Schluterman
et al. 2007). Mice harboring a mutant Gata4
allele (Gata4Δex2/WT) were generated in which
the start codon and almost half of the coding
region is deleted (Rajagopal et al. 2007), whereas
mice heterozygous for this allele display no car-
diac phenotypes in a mixed genetic background,
when bred intoC57Bl6 background display∼50%
perinatal lethality. Analysis of Gata4Δex2/WT em-
bryonic hearts identifiedCHD in 76%, including

Genetic Models of Congenital Heart Disease
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AVSD; primum and secundum ASD; inlet,
membranous, and muscular VSD; and right
ventricular hypoplasia (Fig. 1B,C,F,I). The inci-
dence of CHD decreased to 30% when this mu-
tant allele was backcrossed into an FVB genetic
background. Mice harboring a human CHD-
segregating mutation (G296S) in GATA4 have
also been reported and display a PFO in 80%
of adult mice along with stenosis of the aortic
and pulmonic valves at a lower penetrance
(Misra et al. 2012; LaHaye et al. 2019).

In combination, these models of a common
form of CHD have provided important insights
for in vivo modeling of human CHD. First, the
mouse model recapitulates structural malfor-
mations found in humans. Second, thesemodels
showed that one geneticmutation could result in
multiple cardiac abnormalities, a septation de-
fect and atrioventricular blockwithmutations in
NKX2-5 or TBX5, and a septation defect and
pulmonary valve stenosis with a GATA4 muta-
tion. Another important point was the variabil-
ity of phenotypes found in these murine models
with alterations in the genetic background sup-
porting the role of modifier genes. Finally, an
interesting observation that was suggested is
that PFO, which is present in 10%–25% of the
population (Fisher et al. 1995; Homma et al.
2016), may represent a mild form of ASD and
therefore may also have genetic contributors.

MURINE MODELS OF CARDIAC VALVE
MALFORMATIONS

Proper development of heart valves is important
for unidirectional blood flow in humans and
other species with chambered hearts. Congeni-
tal valve malformations are the most frequent
type of CHD and BAV is the most common
with a population prevalence of 1.3% (Verma
and Siu 2014). In BAV, there is improper septa-
tion or fusion of two of the three aortic leaflets
(right coronary, left coronary, and noncoro-
nary) (Fig. 2) and is associated with the devel-
opment of adult-onset complications, including
aortic valve stenosis (AVS) and regurgitation,
calcific aortic valve disease (CAVD), and aor-
topathy. BAV can be subdivided into three mor-
phologic categories: R-L (fusion of right and left

coronary leaflets), which is most common in
humans; R-NC (fusion of right and noncoro-
nary); and L-NC (fusion of left and noncoro-
nary). In addition, congenital stenosis of the
aortic or pulmonic valve are common types of
CHD. For each of these conditions, genetic eti-
ologies in humans have been described and mu-
rine models developed (Table 1).

NOTCH1

By studying multigenerational families with au-
tosomal-dominant inherited cardiac disease,
pathologic loss-of-function sequence variants
inNOTCH1were the first reported genetic cause
of BAV and its associated aortic disease (Garg et
al. 2005). Since then, other groupshavealso iden-
tified different NOTCH1 mutations that cause
BAV, other forms of left-sided CHD and TOF
(McBride et al. 2008; Kerstjens-Frederikse et al.
2016; Page et al. 2019). Mice heterozygous for
Notch1 display minimal aortic disease with a
low incidence of BAV and mild CAVD (Nigam
and Srivastava 2009; Nus et al. 2011; Bosse et al.
2013). The BAV phenotype is more penetrant
with complete deletion ofNotch1 from valve en-
dothelial cells (after endocardial to mesenchy-
mal transformation) using Nfatc1enCre as these
mice display an ∼30% incidence of R-L BAV by
one group (Fig. 2A–D) but other investigators
reported both R-L and R-NC BAV (MacGrogan
et al. 2016; Wang et al. 2017). In addition, the
analysis of Notch1+/− mice lacking telomerase
activity by genetic deletion of Terc (telomerase
RNAcomponent;mTR) displayed robust CAVD
withassociatedAVS(Theodoris et al. 2017). Sim-
ilarly, the generation of Notch1+/− mice in
the setting of complete deletion of endothelial
nitric oxide synthase (Nos3−/−) resulted in high
incidence of BAV with associated AVS and re-
gurgitation and molecular changes consistent
with CAVD (Bosse et al. 2013). Interestingly,
Nos3−/−; Notch1+/− mice display significant
perinatal lethality, which was because of TOF-
like phenotypes (Koenig et al. 2016). The role of
genetic background in murine models has also
been seenwithNotch1+/−mice,where dilationof
the aortic root is found when backcrossed into a
129SvEv strain (Koenig et al. 2017).
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GATA5 and GATA6

In addition to NOTCH1, GATA5—a member of
the GATA family of transcription factors—has
also been implicated in BAV where predicted
damaging sequence variants in GATA5 have
been identified in affected individuals by several
investigators (Padang et al. 2012; Bonachea et al.
2014; Shi et al. 2014). Genetic deletion of Gata5
in mice led to a partially penetrant R-NC BAV
phenotype (25%) with associated valve stenosis
(Fig. 2E,F; Laforest et al. 2011). Further studies
revealed that endothelial cell-specific deletion

of Gata5 using Tie2-Cre in a mixed genetic
background (129SV/C57Bl6) recapitulated the
R-NC BAV (21%) phenotype of Gata5−/−

mice. Of note, BAV identified in humans with
GATA5 variants had both R-NC and R-L BAV.
Similar toNOTCH1, disease-causing variants in
GATA5 have been reported in a spectrum of
CHD (Jiang et al. 2013; Wei et al. 2013; Kassab
et al. 2016).

Interestingly another member of the GATA
transcription factor family has also been impli-
cated in BAV.Whereas mutations in GATA6 are
implicated as a cause of truncus arteriosus (TA)

R L

NC

Wild-type Nfatc1enCre; Notch1fl/fl

Wild-type

RV

i

i

ii
ii

iii

RV

LV
LV

Gata5–/–
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Figure 2.Mouse models for aortic valve malformations. Illustrations represent a tricuspid aortic valve (A) and a
bicuspid aortic valve (BAV) (B). Right (R), left (L), and noncoronary (NC) leaflets are labeled. BAVs were shown
in endothelial-specific deletion of Notch1 (Nfatc1enCre; Notch1fl/fl) (D) and in Gata5−/− (F) mice compared with
normal three leaflet structure found in wild-type mice (C,E). (LV) left ventricle, (RV) right ventricle. (Panels
C and D are reprinted from Wang et al. 2017, with permission, from Oxford University Press © 2017. Panels E
and F are reprinted from Laforest et al. 2011, with permission, from the American Society for Clinical Investi-
gation © 2011.)

Genetic Models of Congenital Heart Disease

Cite this article as Cold Spring Harb Perspect Biol 2021;13:a036764 9



and identified in patients with septal defects and
TOF, murine models display a BAV phenotype
(Kodo et al. 2009; Maitra et al. 2010). Mice hap-
loinsufficient forGata6 display 56% incidence of
BAV in males and 27% incidence in females
owing to R-L fusion. Further analysis revealed
that second heart field (SHF)-specific deletion of
Gata6 using Isl1-Cre mice can recapitulate the
BAV phenotype indicating SHF-specific role for
Gata6 in valve development (Gharibeh et al.
2018). The conotruncal heart defects identified
in humans are only found in Gata4+/−; Gata5+/−

and Gata5+/−; Gata6+/− murine embryos, as they
display double-outlet right ventricle (DORV) and
overriding aorta (Laforest and Nemer 2011).

These mouse models of BAV provided im-
portant tools to gain insight into the disease.
First, generation of murine models of R-L and
R-NC BAV imply that these phenotypes have
distinct embryologic origins and clinical obser-
vations have suggested that they have unique
long-term comorbidities (Mahadevia et al.
2014). These murine models also display the
common complications of BAV, which include
CAVD and aortopathy. Accordingly, the models
will serve as important tools that can be used to
study the mechanisms of disease progression
and potentially test novel therapies. A final ob-
servation is the genotype–phenotype discrep-
ancy in leaflet fusion phenotype found inmouse
models versus humans with corresponding ge-
netic mutations.

MURINEMODELSOF CONOTRUNCAL AND
AORTIC ARCH ARTERY DEFECTS

Malformations of the cardiac outflow tract and
aortic arch include a range of CHD from TOF,
DORV, and TA to interrupted aortic arch (IAA)
(Fig. 3). The etiology formajority of conotruncal
and aortic arch defects remains unknown;
however, a known genetic risk factor is 22q11
microdeletion, which accounts for∼12%of con-
otruncal heart defects (Momma 2010).

22q11 Deletion Syndrome/TBX1/CRKL

Approximately 75% of patients with 22q11 de-
letion syndrome (22q11DS), who commonly

harbor an ∼3 Mb heterozygous deletion of
chromosome 22q11.2, are born with CHD, pri-
marily conotruncal heart defects and aortic arch
anomalies (Yamagishi and Srivastava 2003).
Identifying the causative gene for CHD associ-
ated with 22q11DS was an important step in the
investigation of genetic and developmental basis
for CHD. Although molecular genetic studies
revealed that >40 genes resided in the crucial
22q11.2 locus, direct sequencing of candidate
genes failed to detect mutations in non-deleted
patients with 22q11DS phenotypes (Lindsay
2001). Therefore, mouse models for 22q11DS
were generated by creating orthologous chro-
mosomal deletions. By using this genetically en-
gineeredmouse (Df1), which harbored a hetero-
zygous deletion of the orthologous 22q11
region, investigators were successful in repro-
ducing aortic arch abnormalities and some con-
otruncal heart defects in Df1/+ mice that reca-
pitulated those in human 22q11DS (Lindsay
et al. 1999). Subsequent studies showed patho-
genic variants in TBX1, a gene located in chro-
mosome 22q11.2, as the cause of cardiovascular
defects that occur in 22q11DS (Lindsay et al.
2001; Merscher et al. 2001).

Heterozygosity of Tbx1 caused aortic arch
anomalies, whereas homozygosity of Tbx1 led
to most of the phenotypes observed in
22q11DS, including not only conotruncal and
aortic arch defects but also thymic hypoplasia,
parathyroid hypoplasia, cleft palate, and abnor-
mal facial features that are characteristic of this
syndrome (Hu et al. 2004; Zhang and Baldini
2008). Several animal models with mutant
Tbx1 alleles have also been generated (Table
1). Homozygous Tbx1 null mouse embryos are
associated with 100% neonatal lethality with
cardiovascular defects including conotruncal
heart defects. However, mice harboring hypo-
morphic alleles of Tbx1 that express varying lev-
els of Tbx1 display a range of defects including
TOF, DORV, TA, and IAA (Fig. 3D–J; Hu et al.
2004; Zhang and Baldini 2008).

CRKL, a gene encoding CRK-like proto-on-
cogene, adaptor protein also maps within the
commonly deleted region for 22q11DS. Mice
homozygous for a targeted null mutation at
Crkol locus (Crkol−/−) showed abnormal aortic
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arteries and malalignment of the outflow tract
including IAA, overriding aorta, and DORV
(Fig. 3A–C; Guris et al. 2001). Although TBX1
is considered to be the major genetic determi-
nant for several phenotypes associated with
22q11DS, CRKL may also play a role (Guris
et al. 2006; Moon et al. 2006).

Moreover, novel therapeutic strategies have
been proposed using Tbx1mutant mouse mod-
els. CanonicalWnt/β-catenin has major roles in
cardiac outflow tract development that may act
upstream of Tbx1. By gene expression profiling,
Tbx1 and β-catenin were found to have oppos-
ing effects on anterior heart field (AHF) differ-
entiation and consistent with this, genetic rescue
experiments between Tbx1 and β-catenin in the
AHF found that TA observed in Tbx1 condi-
tional null embryos was partially rescued by
loss of one allele of the β-catenin gene in the
Mef2c-AHF-Cre domain (Racedo et al. 2017).
Although these genetic approaches are impor-
tant, it is difficult to translate them to the clinical
setting. A recent study using a high-throughput
screening approach identified vitamin B12 as a
molecule capable of enhancing Tbx1 gene ex-
pression (Lania et al. 2016). Using Tbx1lacZ/+

mice as a readout, vitamin B12 was shown to
increase expression of Tbx1 in vivo and partially
rescue the Tbx1 haploinsufficient phenotype.

FOXC1, FOXC2, FOXH1 (Forkhead
Transcription Factors)

The forkhead transcription factors Foxc1, Foxc2,
and Foxh1 have been shown to recognize and
bind to cis-regulatory elements in Tbx1 promot-
er and directly promote Tbx1 expression
(Maeda et al. 2006). Mutations in FOXC1,
FOXC2, and FOXH1 were identified in patients
with TOF (Roessler et al. 2008; Töpf et al. 2014).
Mice null for Foxc1 have coarctation of the aorta
and aortic and pulmonary valve dysplasia as well
as IAA type B, whereas Foxc2-null mice have
IAA type A and type B (Winnier et al. 1999).
In addition, Foxc1 and Foxc2 compoundmutant
mice also show coarctation of the aorta, aortic
and pulmonary valve dysplasia, and IAA type A
and B (Winnier et al. 1999). Mice deficient for
Foxh1, which mediates Nodal signaling, show

defects in anterior–posterior patterning and in
node formation (Yamamoto et al. 2001). Con-
ditional deletion of Foxh1 in mice manifests
severe conotruncal heart defects including
transposition of the great arteries (TGA) and
DORV (Yamamoto et al. 2003).

These studies show the utility of mouse
models to generate models of CHD that involve
malformations of multiple cardiovascular struc-
tures including cardiac septa, valves, and great
vessels. In addition, they show the value of ge-
netically engineered murine models to identify
the CHD-causing genes within a contiguous
gene deletion syndrome or pathologic copy
number variation (CNV). Last, they show how
models can be used to define molecular mecha-
nisms, which are then used to identify novel
genetic or pharmacologic therapies that may
ameliorate the severity of the CHD phenotype.

MURINE MODELS OF COMPLEX
CONGENITAL HEART DEFECTS

The development of murine models, which
mimic the complex forms of CHD, have been
more difficult to develop. Most success has
been obtained with heterotaxy syndrome, which
is linked to mutation of genes involved in
cilia morphogenesis. A classic example of this
is the genetic association with mutations in
ZIC3, which encodes a gene downstream of the
left–right signaling pathway, in patients with
X-linked heterotaxy (D’Alessandro et al. 2013).
Consistent with the human phenotypemice, null
for Zic3 and those harboring a hypomorphic
allele show the spectrum of left–right patterning
cardiac defects including TGA, single ventricle/
DORV, AVSD, and abnormal systemic venous
connections along with other neural tube and
skeletal malformations (Purandare et al. 2002;
Haaning et al. 2013). Numerous genetic murine
models of left–right patterning defects have also
been reported that recapitulate human disease
(Pierpont et al. 2018).

Another major subtype of left-sided hu-
man CHD is hypoplastic left heart syndrome
(HLHS). HLHS is a severe form of CHD that
accounts for 4%–8% of all CHD, and is charac-
terized by hypoplasia of the left ventricle, aorta,
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and other left-sided cardiac structures including
atresia or stenosis of both the aortic and mitral
valves (Fig. 4). In spite of significant advances in
the management of HLHS, mortality and mor-
bidity remain significant, and its etiology is not
well understood. Although genetic syndromes
such as Turner and Jacobsen syndrome are as-
sociated with HLHS, the role of individual genes
are unknown. Mouse knockouts of Hand1 and
Hand2—transcription factors expressed in de-
veloping ventricles—have provided critical in-
sights in ventricular morphogenesis but they
were unable to replicate the HLHS phenotype
(McFadden et al. 2005). As no major genetic
driver for HLHS has yet been identified, no
monogenetic animal model for HLHS exists to
study its molecular basis and an oligogenic eti-
ology has been proposed (McBride et al. 2005).

A recent study described HLHS in mutant
mice and the identification of genes causing
HLHS (Liu et al. 2017). Mutations in Sap130,
which encodes Sin3A-associated protein in the
histone deacetylase complex, and Pcdha9, which
encodes the cell-adhesion protein protocadher-
inA9, were validated by CRISPR-Cas9 genome
editing in mice, revealing digenic etiology for

HLHS. They also identified one individual
with HLHS who harbored SAP130 and
PCDHA13 mutations. Twenty-six percent of
Sap130m/m; Pcdha9m/m mutant mice show phe-
notypes associated with HLHS in which Sap130
mediates left ventricular hypoplasia, andPcdha9
increases penetrance of aortic valve abnormali-
ties, suggesting synergistic interactions between
Sap130 and Pcdha9 mutations resulting in
HLHS (Fig. 4). Of note, a subset of the embryos
displayed DORV with hypoplastic left ventricle
as opposed to the strict morphologic definition
of HLHS. These studies raise the question of
whether digenic or oligogenic murine models
will need to be developed to accurately recapitu-
late some of these more complex forms of CHD.

OTHER APPROACHES FOR GENETIC
MODELING OF CONGENITAL HEART
DISEASE

Rapid advancements in next-generation se-
quencing approaches have aided in the discov-
ery of novel etiologies for CHD. The NHLBI-
funded Pediatric Cardiac Genomics Consor-
tium (PCGC) and an international study led
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by the Welcome Trust have performed whole-
exome sequencing of nearly 5000 individuals
with CHD (Sifrim et al. 2016; Jin et al. 2017).
These studies have uncovered numerous poten-
tial CHD-causing genes, estimated to be ∼400,
which does not incorporate the potential differ-
ent variants within each gene that may have dif-
ferential effects. Accordingly, the sheer number
of variants requires geneticmodels that allow for
a higher throughput analysis. Along these lines,
the zebrafish and the fruit fly have emerged as in
vivo models and iPSCs as in vitro models, and
the details of each are discussed below.

Zebrafish and Fruit Fly

The zebrafish (D. rerio) is an important verte-
brate model to study cardiovascular disease. In
the two-chambered zebrafish heart, deoxygen-
ated blood flows through single atrium and
ventricle, which pumps blood through the gills
for oxygenation. Despite the anatomic differ-
ences between the two-chambered zebrafish
and four-chambered mammalian heart, several
studies have indicated similar gene regulatory
networks driving cardiogenesis (Asnani and
Peterson 2014). Eighty-two percent of human
disease-related genes (listed in OMIM) have at
least one ortholog in zebrafish and these are well
suited for genetic manipulation as well as mor-
pholino-induced gene knockdown to simulate
human cardiac disease (Howe et al. 2013). In
addition, zebrafish larvae are transparent, which
allows easy visualization of the heart and vascu-
lature during development (Brown et al. 2016).
The zebrafish model has already been used to
model cardiac phenotypes associated with genes
implicated in nonsyndromic (e.g., GATA4,
GATA6,MYH6, NKX2-5, and TBX20) and syn-
dromic CHD (e.g., PTPN11, NIPBL, CHD7,
TBX1, and TBX5) (reviewed in Grant et al.
2017). Although the exact cardiac morphologic
phenotypes are not often recapitulated, these
high-throughput studies highlight the ability
for this model to screen for potential disease
genes and genetic variants.

A relatively simple organism, the fruit fly
(D. melanogaster), is also being used in genetic
studies. Although it is difficult to directly com-

pare fly developmental defects with specific
CHD subtypes, this can serve as a testing plat-
form for disease-associated genes identified
from patient genomic sequencing. Functional
homologs of 75% of human disease–associated
genes are also represented in the fly genome
(Reiter et al. 2001). In a recent study, a cardi-
ac-specific 4XHand-Gal4 driver was combined
with fly lines carrying UAS-Gene-IR RNAi-
based silencing constructs to examine cardiac
structure and function for fly homologs. Among
134 candidate disease genes published by the
PCGC, 52% of these homologs showed their
involvement in cardiac development and func-
tion in flies (Zhu et al. 2017a). In addition, the
Drosophila model system may be useful to test
for gene–gene interactions that are important
for heart formation, which may be useful in at-
tempts to define the oligogenic nature of com-
plex CHD (as discussed above) (Vogler and
Bodmer 2015).

Induced Pluripotent Stem Cells

Various studies based on transgenic mouse
models have verified genes involved in cardiac
development. However, complete deletion of a
gene is often required to generate cardiac phe-
notypes in the mouse model, which does not
reflect the pathogenic point mutation and hap-
loinsufficiency commonly observed in human
CHD (Musunuru et al. 2018). Human iPSCs
(hiPSCs) provide a unique in vitro platform to
study human cells as they can be differentiated
and expanded into multiple somatic cell types.
When hiPSCs are derived from a patient, they
not only carry the exact pathogenic mutation in
the human genome but also the genetic back-
ground, which may serve as a modifier of the
CHD phenotype. These properties have unique-
ly qualified the hiPSCs model to study human
disease in a dish (Mital 2016). Additionally, in-
troduction and/or correction of genetic variants
is possible with the genome editing tools, which
allows researchers to generate new disease mod-
els and determine therapeutic strategies for in-
dividuals. Initial progress has been made using
hiPSCs for comprehensive understanding of
cardiomyopathies, arrhythmias, vascular disor-
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ders, along with metabolic risk factors for ische-
mic heart disease (Musunuru et al. 2018).

As discussed above, mutations in GATA4
andNOTCH1 have been linked to cardiac septal
defects and aortic valve disease, respectively. In
both cases, patient-derived iPSCs have been
used to define the underlying molecular mech-
anism for these diseases. Generation and
analysis of iPSC-derived cardiomyocytes from
patients with heterozygous GATA4 G296S mis-
sense mutation showed that the mutant cells
displayed decreased contractility and abnormal
calcium handling along with dysregulation of
Shh signaling, a pathway implicated in cardiac
septation that was recently shown to be down-
stream of Gata4 in mice (Hoffmann et al. 2009;
Ang et al. 2016b; Zhou et al. 2017). They also
usedmultiple genomic approaches to investigate
the underlying mechanisms. As anticipated,
they found a disruption of the cooperative reg-
ulation of a cardiac gene program mediated by
Gata4 and Tbx5 but surprisingly also noted an
up-regulation of an endocardial/endothelial
gene program, showing the multitude of cellular
effects from a single point mutation. A similar
approach was used to investigate NOTCH1mu-
tations, in which iPSC-derived endothelial cells
from patients withNOTCH1mutations were ex-
amined. Using an in vitro model of vascular
shear stress, these mutant cells failed to activate
antiosteogenic, anti-inflammatory, and anti-
oxidant pathways that were induced in control
cells (Theodoris et al. 2015). This observation
was consistent with observed susceptibility to-
ward calcification of the BAV. Supravalvular
aortic and pulmonary artery stenosis can occur
because of mutations in ELN (elastin) or as
part of Williams–Beuren syndrome, a contigu-
ous gene deletion syndrome at chromosome
7q11.23 where ELN resides. Disease-causing
mutations in ELN were modeled using hiPSC-
derived smooth muscle cells (SMCs) and
showed less differentiated SMCs, with impaired
formation of actin filaments and vascular tubes,
along with increased proliferation rates (Ge et al.
2012; Kinnear et al. 2013). The generation of
these cellularmodels forNOTCH1 andELNmu-
tation-mediated disease have resulted in a novel
tool to screen for novel pharmacologic therapies.

Apart from monogenic diseases, hiPSC
studies are also important to delineate complex
CHD caused by multiple genetic and environ-
mental factors, such as HLHS. Accordingly,
investigators have generated iPSC-derived car-
diomyocytes from patients with HLHS and
found that these cells display a diminished yield
of cardiomyocytes, a reduced beating rate, dis-
organized sarcomeres, and sarcoplasmic reticu-
lum along with down-regulation of NOTCH
signaling components, which were interestingly
rescued by nitric oxide stimulation (Jiang et al.
2014; Hrstka et al. 2017; Yang et al. 2017). To-
gether, these observations show the advantages
of iPSCs as an in vitro model to understand
cellular events leading to morphogenetic defects
along with generating an important tool to in-
vestigate new therapies. In addition, iPSC cells
may serve as a promising strategy for the func-
tional examination of the predicted disease-
causing variants in the noncoding genome that
are identified from whole-genome sequencing
approaches in the CHD population.

CONCLUDING REMARKS

With the sequencing of human genome and
technological advances in genome analysis,
there has been the discovery of numerousmono-
genic causes of nonsyndromic and syndromic
CHD. While cardiac defects span a spectrum
of malformations involving the four-chambered
heart, genetic manipulation of mice has been
successful in recapitulating these phenotypes
from septation defects and valve abnormalities
to conotruncal heart defects. These models have
served to define disease mechanisms and have
also allowed for a better understanding of geno-
type–phenotype correlations and the impor-
tance of modifiers that result in phenotypic var-
iability. In addition, novel gene–environment
effects have been discovered in which maternal
exercise is able to rescue the ASD phenotype in
Nkx2-5 haploinsufficient mice, andNotch1 hap-
loinsufficient embryos exposed to maternal dia-
betes display a highly penetrant VSD phenotype
(Schulkey et al. 2015; Basu et al. 2017). Also, for
mice that survive to adulthood, they allow for
investigation into the role of cardiac develop-
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mental genes in adult-onset cardiovascular
complications.

The recent large-scale sequencing efforts in
human CHD have also shown its complex ge-
netic architecture. These studies have frequently
identified likely pathogenic CNV and rare and
predicted pathogenic sequence variants in chil-
dren with CHD. For the majority of cases, the
functional significance of the proposed candi-
date genes and genetic variants in causing
CHD is unknown. Accordingly, analysis of this
large number of genetic abnormalities is not
amenable using the murine model system,
which has been the gold standard. Therefore, it
will be important to use additional in vivo (fruit
fly and zebrafish) and in vitro (iPSC) model sys-
tems to functionally characterize these poten-
tially pathologic variants. Ultimately as the field
moves forward, it may be necessary to generate
larger animal models of CHD (i.e., pig) using
gene-editing techniques (Ryu et al. 2018), as
this will allow for surgical correction of these
defects and long-term studies to better under-
stand the mechanisms of disease found in adult
CHD survivors.
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