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Abstract

Although congenital heart disease (CHD) is the most common survivable birth defect, the etiology

of most CHD remains unclear. Several lines of evidence from humans and vertebrate models have

supported a genetic component for CHD, yet the extreme locus heterogeneity and lack of a distinct

genotype-phenotype correlation has limited causative gene discovery. However, recent advances

in genomic technologies are permitting detailed evaluation of the genetic abnormalities in large

cohorts of CHD patients. This has lead to the identification of copy-number variation and de-novo

mutations together accounting for up to 15% of CHD. Further, new strategies coupling human

genetics with model organisms have provided mechanistic insights into the molecular and

developmental pathways underlying CHD pathogenesis, notably chromatin remodeling and ciliary

signaling.

1. Epidemiology

Congenital heart disease (CHD) is the most common survivable human birth defect,

affecting approximately .5–.8% of live births. Several studies report an increasing incidence

of CHD over time; for example a review of studies reported worldwide since 1930 revealed

an increase in overall prevalence from 5.3/1,000 live births in 1960 to 9.1/1,000 live births

in 1995. Most of the increase was reported in less severe lesions such as atrial septal defects

(ASD), ventricular septal defects (VSD) and patent ductus arteriosus (PDA), and largely

coincided with improved imaging leading to early diagnosis of CHD that was not life

threatening in the immediate newborn period [1]. Notably however, one study did report a

small increase in incidence of some forms of severe CHD including Tetralogy of Fallot

(TOF) and atrioventricular canals (AVC) between 1995 and 1997 [2]. In contrast to the

relatively stable incidence of CHD since 1995, the dramatic improvements in medical and

surgical management of CHD has increased the prevalence of CHD in the entire population

significantly, and it is estimated that the population of adults with CHD is growing ~5%/
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year [3]. Until recently, severe CHD including TOF and AVC almost always resulted in

dramatically lower reproductive fitness, so it is interesting to speculate that the recent subtle

increases in the incidence of some CHD are due to vertical transmission. Indeed, parents

with CHD, especially mothers with CHD, have a higher rate of having a child with CHD [3].

2. Developmental Biology: genetic control of cardiac morphogenesis

CHD is a disorder resulting from abnormal heart development, so it is likely that defects in

the genetic control of cardiac development underlie a majority of CHD. Compared to

humans, the heart in many easily manipulated model organisms is accessible and the

molecular and genetic mechanisms regulating cardiac morphogenesis are highly conserved.

Studies have predominantly utilized four model systems: zebrafish, Xenopus, chick and

mouse. Zebrafish and Xenopus are inexpensive, high throughput and accessible, but do not

have a four-chambered heart. Avian hearts are accessible, easily manipulated and have four

chambers, but avian genetics are still extremely limited. Finally, the most high-fidelity

model for human heart disease is offered by the mouse, combining a four chambered heart

and well-established genetics. From studies utilizing these model systems, a picture of heart

development and its highly complex genetic control has emerged [4]. It is difficult to

estimate the number of genes required for cardiac development, especially since some

essential cardiac genes, such as those involved in Hedgehog signaling, are also essential in

very early, essential developmental processes that can obscure the cardiac phenotype.

Defects in these general developmental genes may result in very early lethality [5], or

instead, manifest as complex syndromes that have CHD as an important component.

Cells destined to become the heart originate from the mesoderm and to a smaller extent the

neural crest. The genetic network regulating cardiac and regional cardiac identity is

complex, and any of the genes involved are candidates for CHD-causing genes [4]. Several

of the genes that are specifically involved in cardiac cell specification, such as NKX2.5 [6],

TBX1 [7]and TBX5 [8] have been linked to human CHD. The first major morphogenetic

event in heart development is heart looping. The left-right (LR) asymmetry of the heart

depends on global LR positional information generated by cilia during gastrulation. Defects

in genes encoding ciliary function underlie many mouse models of heterotaxy [9], and

ciliary defects have been identified in some humans with heterotaxy. The LR axis is initiated

at a transient, evolutionary conserved ciliated structure called the Left-Right Organizer

(LRO). LRO function depends on the extensive set of genes required for ciliogenesis,

motility and signaling. The size of this gene set has been reported to range from 200 [10] to

over 1,200 [11], and it is not yet known how many of the core set of cilia genes are required

for LR development and cardiac morphogenesis. Subsequent to heart looping, the T-Box

transcription factors TBX 2,3,18, and 20 play a prominent role in specifying ventricular

identity. Patterning the AV canal specifies the valve-forming regions by identifying domains

of endocardium that are fated to undergo epithelial-mesenchymal transformation (EMT)

leading to formation of the atrioventricular valves. Genes involved in valve development

include the extensive repertoire of genes that are globally required for EMT, such as the

TGFp family, and others not required in EMT such as NFATC1 along with several other

genes that lie within the “Down Syndrome critical region”. It is interesting to note that

patients with Down Syndrome have a high frequency of atrioventricular canal defects that
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are phenotypically more uniform than AVCs seen in patients that do not have Down

Syndrome, and that the Down Syndrome-associated AVCs usually respond remarkably well

to surgical repair.

3. Clinical CHD: the intersection of genes and heart development

a. “Syndromic” CHD

The genetic complexity underlying heart development also predicts extensive genetic

heterogeneity in the cause of CHD. It is likely that the spectrum of “isolated” CHD and

“syndromic” CHD is much more continuous than previously appreciated (Figure 1). At one

extreme of the spectrum lies CHD due to aneuploidy and large chromosomal rearrangements

altering gene dosage of many cardiac genes simultaneously. At the next level of the

spectrum, isolated mutations in genes with a broad range of developmental roles, such as

TBX5, can affect multiple organ systems and result in definable syndromes. Further along

the spectrum lies CHD due to a genetic defect also affecting organs outside of the heart, but

where the defects in other organ systems are obscured to the clinician because they are

masked by the severity of the CHD and the invasive therapy required to manage it. One

example of such a condition is complex CHD associated with primary ciliary dyskinesia

(PCD): the primary manifestation of PCD is chronic respiratory disease, which is frequently

not diagnosed in patients requiring extensive cardiac surgery [12]. Other CHD is associated

with subtle extracardiac manifestations such as growth and developmental delays. Finally,

some defects are truly cardiac-specific; the best examples to date are mutations in NKX2.5

resulting in ASDs and conduction delay.

b. Genotype-phenotype correlation (or the lack thereof)

The relationship between genetic defect and CHD is further complicated by tremendous

genotype-phenotype variability observed in both humans and model organisms. A single

point mutation in TBX5 can produce a range of cardiac defects associated with Holt-Oram

syndrome ranging from a small ASD to a complete atrio-ventricular canal. Even more

extreme phenotypic variability results from a point mutation in the Dnah11 gene in mouse:

pups in a single litter are born with dextrotransposition of the great arteries (D-TGA), levo-

transposition of the greater arteries (L-TGA), complete atrioventricular canal defects

(CAVC), TOF and double outlet right ventricles (DORV) [13]. What is even more striking

here is that the phenotypic variability occurs despite an absolutely inbred background and

controlled environment, ruling out modifier genes and external environmental influences as

the cause for the broad range of CHD. The mouse Df1/+ model of DiGeorge syndrome with

heterozygous deletion of Tbx1 is another example: early in development, all Df1/+ embryos

have a specific defect in the development of the 4th aortic arch. Remarkably, as development

proceeds, a number of pups remodel their aorta to approximate normal, while others

progress to severe aortic abnormalities [14,15]. Together, these observations suggest that the

genetic defect(s) underlying any given case of CHD may be modified by a range of factors

including genetic modifiers, external environmental factors, maternal uterine environment,

epigenetic effects, and finally stochastic events.
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4. DNA structural changes underlying CHD

CHD results from the full range of structural DNA abnormalities, ranging from duplication

of entire chromosomes, copy-number variation of a wide range of sizes, small insertion/

deletions and single-nucleotide mutations.

a. Copy number variation

It has long been established that large copy number variants (CNVs) contribute to CHD

(reviewed in [16]). The first of these to be extensively studied is the deletion of 22q11.2 in

DiGeorge/ velocardiofacial syndrome, which encompasses TBX1. Other examples of CNVs

associated with syndromic CHD include 7q11.23, encompassing ELN (Williams-Beuren

syndrome), 20p.12 (Alagille syndrome), 12q.25 (Holt-Oram syndrome). Large rare CNVs

are also associated with non-syndromic isolated CHD, such as deletion of 8p23.1 [17],

encompassing GATA4, and 1q21.1 [18]. The cardiac phenotypes associated with these

CNVs are highly variable, underscoring the lack of strong genotype-phenotype correlation

observed in other CHD mutations.

In addition to identification of rare recurrent CNVs, overall incidence of rare CNVs has

demonstrated significant burden in CHD cases [19,20]. Multiple rare CNVs contribute to

heterotaxy [21], congenital left-sided heart disease [22], TOF [23], and AVCs [24]. Studies

have shown that rare genic CNVs account for 5–10% of different CHD phenotypes. Of note,

these CNVs can either been inherited or de novo. De novo CNVs have been found in excess

in sporadic CHD probands, including approximately 10% of sporadic TOF cases [23].

Global rates are estimated at 5% of de novo CNVs in the constellation of CHD phenotypes.

This corresponds to a 2-fold increase when compared to published data for unaffected

siblings of autism cases (approximately de novo CNV rate =2%) [25]. Exploration of genes

disrupted in large CNVs may reveal further insights in the role of specific CNVs in the

pathogenesis of CHD.

b. Point mutations and specific genotype-phenotype correlation in CHD

An extensive and ever growing list of point mutations in over 40 genes has been implicated

in CHD [16]. The question arises whether the specific mutation correlates with the specific

cardiac or extracardiac phenotype for some of these genes? Although over 40 mutations

affecting DNA binding, transactivation activity, protein-protein interaction or nuclear

localization in the cardiac-specific transcription factor NKX2.5 have been linked to CHD,

most commonly ASDs with or without conduction abnormalities, no correlation between

mutation or functional effect and CHD phenotype has been identified [26]. Another example

of lack of genotype-phenotype correlation is provided by the observation that both gain-of-

function and loss-of-function mutations in the T-box transcription factor TBX20 result in

ASDs and valvar abnormalities [27]. Similar to CHD resulting from aneuploidy and CNV,

the CHD resulting from different point mutations affecting genes in cardiac development

point to exquisite dosage sensitivity in heart morphogenesis.
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5. Genetic mechanisms causing CHD

a. Mendelian CHID

Evidence exists for both inherited and de-novo mutations leading to CHD. Large

multigenerational pedigrees demonstrating Mendelian inheritance of CHD are rare.

Autosomal recessive inheritance of CHD has been documented most extensively in

populations with a high degree of consanguinity. Most of the reported multigenerational

pedigrees of X-linked and dominantly inherited CHD include either non-lethal CHD such as

ASDs, or CHD with variable phenotypes that include survivable CHD and more severe

manifestations of the same spectrum. Examples include dominantly inherited left-sided

obstructive disease ranging from bicuspid aortic valve to hypoplastic left heart due to

defective Notch signaling [28], and X-linked heterotaxy due to mutations in the ZIC3

transcription factor [29]. Although Mendelian recessive inheritance appears to contribute

only a small fraction of the overall population burden of CHD, it becomes a more prominent

contribution to specific types of CHD, including heterotaxy and AVC [30].

b. De novo mutations

CHD often occurs sporadically and impairs reproductive fitness, suggesting a role for de

novo mutations in its pathogenesis. Whole exome sequencing has allowed the identification

of de novo point/insertion-deletion mutations previously unmappable by linkage analysis.

Recently, the Pediatric Cardiac Genomics Consortium [31] performed whole-exome

sequencing of 362 parent-offspring trios with an affected CHD proband. It was found that de

novo point/insertion-deletion mutations in several hundred genes collectively contribute to

at least 10% of severe CHD (Zaidi et al, Nature, in press 2013). Notably, similar odds ratios

were seen across major classes of severe CHD: left ventricular obstructive lesions,

conotruncal lesions and heterotaxy-associated CHD.

6. Pathways implicated in CHD

Building a heart is an extremely complex developmental process, and utilizes a large

repertoire of genes that must be precisely regulated with regard to dosage, timing and spatial

expression. It is not surprising that even the incomplete genetic analysis of CHD to date

points to extreme genetic heterogeneity. With this in mind, it may not be possible to make

the essential connections between each very rare mutation and the resulting clinical

phenotype. Instead, genetic discoveries are pointing to several biological pathways that have

significant roles in CHD. In addition to the transcription factors such as NKX2.5 and the

TBX family, growth factors including Nodal and TGFβ and Notch signaling that have long

been thought to have a role in CHD, recent data has highlighted roles for cilia and chromatin

remodeling in heart development and disease.

a. Cilia

Cilia are found on the surface of most vertebrate cell types and serve a multitude of

functions, including signaling and extracellular fluid propulsion. Defects affecting cilia

structure and/or function have been intimately linked to a group of diverse human disorders
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coined ‘ciliopathies’. Recent studies have implicated cilia in the etiology of CHD and

suggest that some CHD is part of the ciliopathy spectrum of disease (Figure 2)

Nephronophthisis-associated ciliopathies—Nephronophthisis (NPHP) and several

associated ciliopathies, Meckel-Gruber syndrome (MGS), Joubert syndrome (JS), and

Senior-Loken syndrome (SLS), are characterized by a spectrum of phenotypes attributed to

ciliary defects, including renal cyst disease, retinal degeneration, and brain malformations.

Mutations in 18 genes encoding proteins that localize to the cilium or basal body form a

proteomic network, and have been linked to these four ciliopathies [32]. Among these genes,

NPHP2/INVS, NPHP3, NPHP4 and NPHP9/NEK8 can also lead to heterotaxy, situs

inversus and congenital heart malformations. A partial deletion of Nphp2/Invs in mouse

results in situs inversus [33], while an interstitial deletion in humans has been linked to

transposition of the great vessels [34]. A complete loss of Nphp3 in mouse results in situs

inversus and CHD, while NPHP3 mutations in humans have been linked to numerous

embryonic defects including situs inversus, structural heart disease and polydactyly [35].

Knockdown of nphp4 in zebrafish results in cardiac laterality defects, while NPHP4

mutations in humans are associated with heterotaxy [36]. Loss of Nphp9/Nek8 in mouse and

zebrafish results in renal cyst formation and cardiac laterality defects [37], while a

homozygous nonsense mutation in humans results in cystic kidneys and CHD [38].

Ellis-van Creveld syndrome—Ellis-van Creveld syndrome (EVCS) is a recessive

skeletal dysplasia disorder that has been classified as a ciliopathy. EVCS is characterized by

numerous defects, notably dwarfism, polydactyly and CHD. Among EVCS patients with

CHD, 88% of affected individuals display an endocardial cushion defect and approximately

50% have an ASD producing a common atrium [39]. The causative genes, EVC1 and . [40],

encode proteins that localize to the cilium and transduce cilia-dependent Hedgehog signaling

by complexing with Smoothened in the cilium [41].

Heterotaxy—Various abnormalities in the lateral positioning and morphology of the heart

and other major visceral organs result in heterotaxy syndrome, which is tightly correlated

with CHD. Due to the role of motile cilia in determining lateral patterning, defects affecting

ciliary motility machinery result in heterotaxy and CHD. In mice, mutations in components

of the dynein motor complex, such as left-right dynein (Dnah11/Lrd) and dynein heavy

chain 5 (Dnah5), result cardiac and visceral LR abnormalities. Not surprisingly, 6.5% of

patients with PCD, a disorder defined by abnormal ciliary motility in the airway epithelia,

also display heterotaxy, which emphasizes the role of motile cilia in both disorders [42].

Similarly, next-generation sequencing of 13 heterotaxy patients with ciliary dysfunction

identified mutations in known dynein components: DNAI1, DNAH5 and DNAH11 [12].

Recent human genomics efforts have identified novel heterotaxy-causing genes, some of

which have unanticipated roles in cilia structure and function. Rare genic CNVs in

heterotaxy patients identified 5 genes (NEK2, GALNT11, ROCK2, NUP188, TGFBR2) that

were verified by knockdown in Xenopus to produce laterality defects [43]. These genes

were not previously described as “cilia” genes. Notably, however, further studies found that

both NEK2 [44]and some nucleoporins [45] localize at the base of the cilium, while a study
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in zebrafish has demonstrated the function of Rock2 in ciliogenesis and LR development

[46].

b. Chromatin remodeling

The analysis of de novo mutations in CHD demonstrated a significant increase in genes

involved in production, removal or reading of H3K4 methylation (H3K4me), or

ubiquitination of H2BK120, which is required for H3K4 methylation (Figure 3). In ES cells,

H3K4me and H3K27me constitute ‘bivalent’ marks, which are found on the promoters and

enhancers of key developmental genes poised for activation. These findings implicate

marked dosage sensitivity of the histone methylation pathway in heart development [47,48].

Indeed, many chromatin modification genes have been previously found to be associated

with CHD (Table 1). These include MLL2 and KDM6A (Kabuki syndrome) [49,50], CHD7

(CHARGE syndrome) [51], SETBP1 (Schinzel-Giedion) [52], and EHMT1 (Kleefstra

syndrome) [53]. H3K4 methylation was initially identified through its role regulating HOX

gene clusters, and it plays a central role in gene regulation in an extremely broad range of

developmental processes extending greatly beyond HOX genes. Mutations in genes involved

in H3K4 methylation have been implicated in human neurodevelopmental disorders

including autism and Rett syndrome, and cognitive impairment is a prominent feature of the

majority of human syndromes associated with mutations in histone modification genes.

These observations suggest that some of the cognitive impairment, developmental delay and

growth retardation that are frequently associated with CHD are caused by the broad

developmental effects of underlying genetic mutation, instead of being preventable sequelae

of caring for a child with CHD.

7. Conclusions & Future Directions

The explosion of genomic studies focusing on human CHD has given us a glimpse into the

genetic complexity underlying a common birth defect. Significant hurdles to a complete

understanding of the genetics of CHD remain, one of the most challenging being the

extremely large number of genes being implicated in CHD coupled with extensive

phenotypic variability. This will require extremely large patient cohorts in order to assign

causality on the base of purely genetic statistical analysis. However, the coupling of gene

discovery in humans with functional analysis in high-throughput model organisms such as

mouse, zebrafish and Xenopus have begun to facilitate proving causality, as well as

providing deep mechanistic insight into the function of CHD genes in cardiac development.

Such hybrid studies represent a new paradigm for human birth defects research and provide

hope for the development of improved diagnostics and therapeutics.
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Figure 1.
The clinical spectrum of congenital heart disease (CHD). CHD is associated with a

continuous range of extracardiac phenotypes, extending from the chromosomal aneuploidies

manifesting with multiple organ system involvement (left side of figure) through

combinations of CHD and one other involved organ system such as Holt-Oram Syndrome

and Primary Ciliary Dyskinesia to apparently isolated CHD (right side of figure).

Yuan et al. Page 12

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 September 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2.
Cilia structure and ciliary components associated with CHD. (A, B) The ciliary

compartment is defined by the axoneme (Ax), transition (TZ) and basal body (BB). The

axoneme consists of 9 microtubule doublets arranged in a circle, which provide a

cytoskeletal scaffold for the cilium, and surrounded by the ciliary membrane. The basal

body serves to anchor, stabilize and regulate the formation of the cilium. The transition zone

is positioned between the axoneme and basal body and serves as a docking site for ciliary

trafficking. PM: plasma membrane. (B) Numerous ciliary components from the Ax, TZ and
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BB have been linked to CHD in both humans and model organisms. (C) Transmission

electron microscopy (TEM) image of a transverse cross-section through the axoneme of a

motile cilium from the skin epithelia of a Xenopus embryo. Orange arrowhead indicates the

microtubule doublet ring structure. Scalebar, 100 nm. (D) Scanning electron microscopy

(SEM) image of a motile cilium on the left-right organizer (LRO) of a Xenopus embryo.

Scalebar, 2 µm (E) SEM image of multi-ciliated cells on the skin epithelia of a Xenopus

embryo. Scalebar, 10 µm
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Figure 3.
Chromatin remodeling genes in CHD. Nucleosome with histone octamer, H3K4 methylation

and H2BK120 ubiquitination is shown. Genes associated with identified syndromes with

CHD are shown in red, genes associated with identified syndromes without known CHD are

shown in blue, genes with de-novo mutation in CHD patients are underlined.

Yuan et al. Page 15

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 September 04.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Yuan et al. Page 16

T
ab

le
 1

D
ef

in
ed

 s
yn

dr
om

es
 c

au
se

d 
by

 m
ut

at
io

n 
in

 c
hr

om
at

in
 r

em
od

el
in

g 
ge

ne
s

Sy
nd

ro
m

e
G

en
e

F
ac

e
C

ar
di

ac
R

en
al

G
ro

w
th

re
ta

rd
at

io
n

(p
os

tn
at

al
)

In
te

lle
ct

ua
l

O
th

er
H

ea
ri

ng
/e

ar

K
le

ef
st

ra
E

H
M

T
1

+
50

%
+

+
A

ut
is

m
(3

0%
)

Sc
hi

nz
el

-
G

ie
di

on
SE

T
B

P
1

+
43

%
+

+
+

+

In
cr

ea
se

d
ne

op
la

si
a,

hi
gh

ly
le

th
al

+

C
la

es
-

Je
ns

en
JA

R
ID

1C
/K

D
M

5C
-

+
+

Se
iz

ur
es

,
be

ha
vi

or
al

Si
de

ri
us

P
H

F
8

+
-

+
C

le
ft

lip
/p

al
at

e
+

C
H

A
R

G
E

C
H

D
7

+
(c

ho
an

al
at

re
si

a)
50

–8
5%

20
%

+
+

(2
5%

 w
ith

no
 c

og
ni

tiv
e

im
pa

ir
m

en
t)

G
en

ita
l

hy
po

pl
as

ia

H
yp

op
la

st
ic

se
m

ic
ir

cu
la

r
ca

na
ls

,
de

af
ne

ss
(1

00
%

)
ab

no
rm

al
m

id
dl

e 
an

d
ex

te
rn

al
 e

ar

K
ab

uk
i

M
L

L
2

K
D

M
6A

+
50

%
47

%
10

0%
+

C
le

ft
pa

la
te

/li
p

(4
0%

)

Curr Opin Genet Dev. Author manuscript; available in PMC 2014 September 04.


