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Genetics of congenital heart disease: the contribution
of the noncoding regulatory genome
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Congenital heart disease (CHD) is the most common type of birth defect. The advent of corrective cardiac surgery and the

increase in knowledge concerning the longitudinal care of patients with CHD has led to a spectacular increase in life

expectancy. Therefore, 490% of children with CHD, who survive the first year of life, will live into adulthood. The etiology of

CHD is complex and is associated with both environmental and genetic causes. CHD is a genetically heterogeneous disease that

is associated with long-recognized chromosomal abnormalities, as well as with mutation in numerous (developmental) genes.

Nevertheless, the genetic factors underlying CHD have remained largely elusive, and it is important to realize that in the far

majority of CHD patients no causal mutation or chromosomal abnormality is identified. However, new insights (alternative

inheritance paradigms) and technology (next-generation sequencing) have become available that can greatly advance our

understanding of the genetic factors that contribute to CHD; these will be discussed in this review. Moreover, we will focus on

the discovery of regulatory regions of key (heart) developmental genes and the occurrence of variations and mutations within, in

the setting of CHD.
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INTRODUCTION

Congenital heart disease (CHD) is the most common type of birth
defect, accounting for one-third of all major congenital anomalies.
Worldwide, 1.35 million infants are born with CHD each year, with a
worldwide occurrence of 7 per 1000 live births.1 CHD comprises a
group of structural abnormalities of the heart, including septal defects,
valve defects and lesions affecting the outflow tract. The etiology of
CHD is complex and is associated with both environmental and
genetic causes (see below). The morphogenetic events that are
disrupted during cardiogenesis and that lead to CHD have started to
be unraveled, as are several of the molecular networks that guide
normal heart development.2,3 Before the advent of cardiac surgery,
CHD was, together with infectious diseases, the most prominent cause
of death in the neonatal and infant age group. Of all patients with a
substantial CHD, a small minority—estimated o15%—reached
adulthood. The advent of corrective cardiac surgery, introduced in
the late 1950s, and the increase in knowledge concerning the long-
itudinal care of patients with CHD, has led to a spectacular increase in
life expectancy. Nowadays, 490% of children with CHD that survive
the first year of life will live into adulthood;4 this has brought with it
new challenges in their clinical management, as many patients develop
late complications. It has become clear that the type and severity of
long-term clinical outcome (for example, heart failure,5 arrhythmia6

and aneurysm7) that occur throughout life in CHD patients varies not
only between patients with different types of CHD but also among

patients with the same type of CHD.8 Some may have an uncompli-
cated clinical course, while others are disabled by many late
complications. It has been proven difficult to predict—on clinical
grounds alone—which patients will develop the more severe spectrum
of late complications. As many CHD patients now live to reproductive
age, offspring of CHD patients are also at risk of CHD.9 Our current
lack of knowledge about the genetic underpinnings of CHD consti-
tutes a major obstacle in reproductive counseling of patients
with CHD.

GENETICS OF CHD

CHD is a genetically heterogeneous disease. Some forms of CHD are
associated with long-recognized chromosomal abnormalities such as
chromosome 22q11 deletion and trisomy of chromosome 21. More-
over, over 50 human disease genes have been implicated in CHD so
far,10 although, the bulk of CHD-associated mutations fall in a small
set of developmental genes (for example, NKX2–5,11 GATA412 and
NOTCH113). Studies in mice, with targeted gene deletion, have
indicated that over 500 genes can induce heart defects when
mutated.10,14 It is likely that at least the same number of human
CHD disease genes exist. However, it is important to realize that in the
far majority of CHD patients no causal mutation or chromosomal
abnormality is identified. Thus, despite uncovering causal CHD genes,
the genetic factors underlying CHD remain largely elusive.15,16 This is
because classical genetic methodologies used in uncovering causal
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genes (for example, linkage analysis) have, until recently, restricted
gene discovery efforts to familial forms of CHD with highly penetrant
autosomal-dominant inheritance (or autosomal-recessive inheritance
in consanguineous families). These efforts have, with exceptions,13,17,18

been largely unsuccessful due to the lack of large families with multiple
affected individuals (rare in CHD). Therefore, until recently, the
availability of only small families, or the absence of familial aggrega-
tion of the disease (sporadic presentation), has led investigators to
identify CHD genes by a candidate gene approach. Functional
validation studies of identified genes in model systems have only been
carried out in few instances. Similarly, identified gene/s have not been
implicated in multiple independent cases. Thus the causality of many
genes identified in this way has remained unclear.

NOVEL WAYS TO IDENTIFY CAUSAL CHD GENES

In the last decade, technological developments, which allow us to look
for genetic alterations in a genome-wide fashion in large series of
patients, have given the search for causal (CHD) genes a remarkable
boost. An early development was the availability of array-comparative
genomic hybridization, later followed by genome-wide single-nucleo-
tide polymorphism arrays. These led to the delineation of various
microdeletion and duplication syndromes, which include CHD as a
part of their clinical spectrum.10 One such an example is the 1q21.1
deletion syndrome (which is associated with CHD in a subset of
patients19), which has a minimal deleted region that contains GJA5.
This gene encodes a cardiac gap junctional channel (connexin 40) that
is present in atrial myocardium, bundle of histone and the ventricular
conduction system.20,21 Interestingly, several recent screens of tetralogy
of fallot cohorts demonstrated that small duplications (together with
deletions also termed copy number variations or CNVs) encompassing
GJA5 were highly overrepresented.22,23 Moreover, Gja5 knockout mice
have various cardiac defects including tetralogy of fallot,24 suggesting
that haploinsufficiency of GJA5 may underlie the cardiac defects in
some 1q21.1 deletion carriers. Thus far, more than a dozen whole-
genome CNV screening studies have been published, comprising more
than 5000 patients (overview in Andersen et al.10). The overall
conclusion is that a significant portion of CHD patients have
pathogenic CNVs. Not surprising, the highest incidence of pathogenic
CNVs are found in patients who have both CHD and extra-cardiac
anomalies (±15–20%).25–29 In contrast, the incidence of pathogenic
CNVs is significantly lower among patients with an isolated CHD,
(between 4 and 14%).25,30–32 However, these estimations should be
interpreted with caution, as the various studies differ in their designs,
and experimental and analytical setups. Importantly, many of these
CHD loci do not contain known (cardiac) developmental genes, or, in
some cases, no genes at all (intragenic regions). Moreover, most CNV
loci harbor multiple genes, where it is likely that only one gene is
responsible for CHD in those patients. Overall, this can make it
difficult to pinpoint the exact cause of the disease and uncover its
pathophysiological mechanism.
CHD gene discovery was further boosted by the advent of exome

and whole-genome sequencing using the so-called next-generation
sequencing (NGS). These technologies bypass steps that define CHD
chromosomal loci, and instead identify CHD mutations by direct
sequencing of the whole genome or exome, with the exome defined as
the genomic sequence that codes for proteins (~50Mb). Such an
approach identifies tens of thousands of single-nucleotide variants
(SNVs) per exome that differ from the reference sequence33 and
multiple-fold more SNVs per genome. Given that most of these SNVs
will be unrelated to CHD, extensive post-sequencing filters are used to
focus on novel or rare SNVs that are predicted to have deleterious

functional consequences.15 Still in a typical experiment, this can yield
hundreds of candidate variants. One way around this is to establish the
mode of inheritance of the disease. In general there are three options:
(1) mutations can be inherited (autosomal recessive, X-linked
recessive or autosomal dominant), (2) mutations are de novo
dominant or (3) mutations occur in a mosaic form.34 When there is
familial recurrence or parental consanguinity, the likelihood that a
disease is monogenic is high. The mode of inheritance influences the
selection and number of individuals to sequence, as well as the
analytical approach used.34 In general, exome sequencing has been
most successful in the identification of de novo and homozygous
mutations, both inheritance models that allow for a substantial
reduction of candidate variants.35 In such inheritance models, the
(healthy) parents and the affected offspring are sequenced, and only
the variants that are de novo or homozygous in the child are then
taken into consideration. By contrast, genes responsible for autosomal-
dominant disorders are more difficult to identify by exome
sequencing,34 as the number of heterozygous gene variants shared
among affected relatives typically yields a considerable number of
variants, particularly in small families in whom co-segregation analysis
cannot be effectively performed.
As the assumption is that CHD is under strong selective pressure, de

novo mutations might account for the sporadic pattern of occurrence
among many CHD cases (see also below). The study by Zaidi et al.36

on the incidence of de novo mutations in 362 severe CHD cases and
264 controls, highlights the successes of this approach. These
investigators identified a marked excess of de novo mutations in genes
involved in the production, removal or reading of histone 3 lysine 4
methylation.36 Likewise, Al Turki et al.37 performed whole-exome
sequencing (WES) on 13 parent–offspring trios and 112 unrelated
individuals with nonsyndromic atrio ventricular septum defects
(AVSDs). They identified rare de novo missense variants in the highly
conserved gene NR2F2 that encodes a pleiotropic developmental
transcription factor. Functional mouse studies revealed that NR2F2
determines atrial identity during heart development38 providing
support for the relevance of this finding. They went on to screen
NR2F2 in familial CHD and identified three CHD-affected families
with other variants in NR2F2, including a de novo-balanced chromo-
somal translocation, a de novo substitution disrupting a splice donor
site and a 3 bp duplication that co-segregated in a multiplex family.
Similarly, WES has also been used successfully in cases of recessive

inheritance. For instance, Chetaille et al.39 identified 17 subjects in
whom sick sinus syndrome and chronic intestinal pseudo-obstruction
co-occurred during the first four decades of life. Distinctive cardiac
clinical features included atrial dysrhythmias, sick sinus syndrome and
valve anomalies. Family evaluation suggested the inheritance in an
autosomal recessive manner. WES of three unrelated probands
identified one homozygous pathogenic variant shared by all probands,
in Shugoshin-like 1 (SGOL1), predicted to encode a damaging change
at a highly conserved residue. Morpholino-induced knockdown of
sgol1 in zebrafish recapitulated the abnormalities seen in humans.
Although challenging, successful identification by WES of genetic

defects with an autosomal-dominant transmission has also been
reported. For instance, Bainbridge et al.40 identified causative muta-
tions that segregated with left ventricular noncompaction in five small
families using WES. They identified mutations in known left
ventricular noncompaction genes such as MYH7 and TPM1, but also
identified a frameshift mutation in nicotinamide nucleotide transhy-
drogenase (NNT), a nuclear encoded mitochondrial protein, not
implicated previously in human cardiomyopathies. Resequencing of
NNT in additional left ventricular noncompaction families identified a
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second likely pathogenic missense allele. They went on to show using
in vivo complementation studies in zebrafish that mutant human NNT
failed to rescue NNT morpholino-induced heart dysfunction, indicat-
ing a probable haploinsufficiency mechanism. Taken together, the
above examples show that WES can be a good way to identify
causative CHD mutations, and that its success depends partly on the
mode of inheritance of the phenotype.

TESTING ALTERNATIVE INHERITANCE PARADIGMS

Notwithstanding the above successful examples, data from NGS
studies in other complex disease traits indicates that WES alone will
not fully determine the causes of CHD; at least not with the prevailing
analysis paradigm that WES will always detect causal coding variants.41

For all the successes, there are examples in which a single causative
variant cannot be identified in familial forms of CHD, especially
autosomal-dominant ones. For instance, Arrington et al.42 performed
WES in a large family with an autosomal-dominant inheritance
pattern with 11 affected family members (diverse CHD including
septal defects and co-arctation of the aorta). The WES data were
filtered to eliminate common variants and sequencing artifacts and
were prioritized based on the predicted effect of the variant and on
gene function. After filtering and prioritization, they reduced the
number of variants potentially involved in CHD to 18. However, none
of the variants completely segregated with CHD in the family. The best
candidate was a variant in MYH6 previously identified in a patient
with tricuspid atresia and large secundum atrial septal defect.
However, this variant was identified in all but one affected family
member. Likewise, Martin et al.43 failed to identify the causal variant
in a multiplex family with bicuspid aortic valve and other cardiovas-
cular malformations using WES. They could not find a single likely-
causal coding variant shared by all affected. These examples demon-
strate that we should keep in mind that only a minority of CHD
follows clear Mendelian transmission patterns. The low recurrence risk
(probability of occurrence within a given family when one family
member is affected) for CHD,8,44 is compatible with the often-
sporadic presentation of the disease. Although sporadic disease
presentation may be at least in part accounted for by the contribution
of non-genetic (environmental) factors, some of which are
recognized,15 sporadic presentation of CHD may very well be the
manifestation of a number of different inheritance patterns. Alongside
the inheritance patterns discussed above (autosomal-dominant de
novo, autosomal or X-linked recessive or compound heterozygous
inheritance), these may entail digenic or polygenic inheritance.
Ultimately, it is likely that all these genetic models contribute to
(various forms of) CHD.16 Evidence that polygenic inheritance has a
role in CHD is the string of recent publications that suggest that
common variations in (regulatory) DNA can attribute to CHD
(Table 1). The first genome-wide association study (GWAS) on
CHD by Cordell et al.45 in 2013 focused on cases of Western descent
with tetralogy of fallot and identified two loci, respectively, on 12q24
and 13q32, strongly associated with the disease. This provided
evidence that common genetic variation influences the risk of tetralogy
of fallot.45 Although some CHD candidate genes were present in these
loci, the association signals indicated that variants in noncoding
regions were likely the cause. Likewise, a similar approach by the
same group identified one locus on 4p16 highly associated with
secundum atrial septal defect that likely involves noncoding variants
that lower the expression of an unknown gene (LOC100507266).46 An
interesting conclusion from that study was that lumping all CHDs
together provided less power than focusing on specific lesions. This
suggests that future investigations may be more powerful if performed T

a
b
le

1
C
o
n
g
e
n
it
a
l
h
e
a
rt
d
is
e
a
se

g
e
n
o
m
e
-w
id
e
a
ss
o
c
ia
ti
o
n
st
u
d
ie
s

Ph
en

ot
yp
e

Et
hn

ic
ity

Ac
ce
ss
io
n

Lo
ca
tio

n
Cl
os
es
t
ge
ne

−
lo
gp

Ef
fe
ct

si
ze

R
is
k
al
le
le

R
ef
er
en

ce

A
tr
ia
l
S
ep

ta
l
D
ef
ec
t
Ty
pe

2
W
es
te
rn

de
sc
en

t
rs
8
7
0
1
4
2

4
p1

6
.2

ST
X1

8-
AS

1
9.
5
2
3

O
R
:1
.4
6
(9
5
%

C
I:
1
.1
9
–
1
.6
5
)

A
(f
re
q:
0
.2
2
8
)

C
or
de

ll
et

al
.4
6

C
on

ge
ni
ta
l
he

ar
t
m
al
fo
rm

at
io
n

H
an

C
hi
ne

se
rs
1
5
3
1
0
7
0

4
q3

1
.1

M
AM

L3
1
1.
3
0
1

O
R
:1
.4

(9
5
%

C
I:
1
.2
7
–
1
.5
4
)

A
(f
re
q:
0
.1
1
)

H
u
et

al
.4
7

C
on

ge
ni
ta
l
he

ar
t
m
al
fo
rm

at
io
n

H
an

C
hi
ne

se
rs
2
4
7
4
9
3
7

1
p1

2
SP

AG
17

9.
0
9
7

O
R
:1
.4

(9
5
%

C
I:
1
.2
6
–
1
.5
6
)

C
(f
re
q:
0
.0
8
)

H
u
et

al
.4
7

Te
tr
al
og
y
of

Fa
llo

t
W
es
te
rn

de
sc
en

t
rs
1
1
0
6
5
9
8
7

1
2
q2

4
.1
2

B
R
AP

1
0.
0
9
7

O
R
:1
.3
4
(9
5
%

C
I:
1
.2
0
8
–
1
.4
9
6
)

G
(f
re
q:
0
.4
1
8
)

C
or
de

ll
et

al
.4
5

Te
tr
al
og
y
of

Fa
llo

t
W
es
te
rn

de
sc
en

t
rs
7
9
8
2
6
7
7

1
3
q3

1
.3

G
PC

5
8.
5
2
3

O
R
:1
.2
9
(9
5
%

C
I:
1
.1
5
2
–
1
.4
4
1
)

A
(f
re
q:
0
.2
8
1
)

C
or
de

ll
et

al
.4
5

Te
tr
al
og
y
of

Fa
llo

t
W
es
te
rn

de
sc
en

t
rs
2
3
8
8
8
9
6

1
0
p1

4
LO

C1
05

75
59

53
7.
0
4
6

O
R
:1
.2
8
(9
5
%

C
I:
1
.1
5
–
1
.4
3
)

G
(f
re
q:
0
.5
9
9
)

C
or
de

ll
et

al
.4
5

Te
tr
al
og
y
of

Fa
llo

t
W
es
te
rn

de
sc
en

t
rs
2
2
2
8
6
3
8

1
0
p1

1
.2
2

N
R
P1

6.
6
9
9

O
R
:1
.4
5
(9
5
%

C
I:
1
.2
3
9
–
1
.6
9
)

A
(f
re
q:
0
.0
9
6
)

C
or
de

ll
et

al
.4
5

Te
tr
al
og
y
of

Fa
llo

t
W
es
te
rn

de
sc
en

t
rs
6
4
9
9
1
0
0

1
6
q1

2
.2

CA
SC

16
6

O
R
:1
.2
6
(9
5
%

C
I:
1
.1
4
–
1
.4
)

A
(f
re
q:
0
.5
1
9
)

C
or
de

ll
et

al
.4
5

Te
tr
al
og
y
of

Fa
llo

t
W
es
te
rn

de
sc
en

t
rs
7
6
4
6
8
8
1

3
q2

5
.3
2

M
FS

D
1

5.
6
9
9

O
R
:1
.3
9
(9
5
%

C
I:
1
.2
2
4
–
1
.5
8
1
)

A
(f
re
q:
0
.1
6
8
)

C
or
de

ll
et

al
.4
5

A
bb

re
vi
at
io
ns
:
C
I,
co
nfi

de
nc

e
in
te
rv
al
;
O
R
,
od

ds
ra
tio

.

Genetics of congenital heart disease
AV Postma et al

15

Journal of Human Genetics



on homogeneous CHD populations. The third CHD GWAS study
identified two additional risk loci (1p12 and 4q31.1) for congenital
heart malformations in the Han Chinese population, again either in
intronic or intragenic regions.47 The fact that most of these CHD risk-
associated loci map to regions outside coding genes indicates that
noncoding variation can contribute to CHD and that variation in gene
expression/dosage is involved in CHD pathogenesis.

BEYOND THE EXOME, IDENTIFYING THE REGULOME

Historically, the search for mutations contributing to human disease
was mainly limited to exons and their immediate surrounding areas.
The functional genomic elements that are not transcribed and
translated remained uninvestigated. This has also changed dramatically
due to the new NGS techniques and protocols. Indeed, one of the key
discoveries of genome sequencing has been the unexpectedly high
proportion of noncoding functional DNA. Data from the ENCODE
project suggest that 37% of the human genome might have a function
and probably affects regulatory and tissue-specific expression
patterns.48 Given the above, a key component in the modern CHD
cause-discovery pipeline would therefore be the identification of
regulatory elements controlling a cell’s transcription and translation
process. This is known as the cellular regulome. These are the
enhancing and repressing elements in the genome that bind key
regulatory transcription factor complexes that can be anywhere within
or around gene sequences, and which are themselves subject to
regulation via histone modifications and structural conformation of
the direct and surrounding chromatin (for reviews see De Laat and
Duboule,49 Shlyueva et al.50). Importantly, as discussed above, these
elements are just as susceptible to variability as the rest of the genome
and can cause disease.
A major breakthrough in uncovering the regulome was the

upscaling of sequencing efforts to the genomic level. Transcription
factor-binding studies, typically carried out in vitro, can now be
performed genome wide, permitting one to identify all elements
bound by a transcription factor in a single experiment using a
technique called ChIP-seq (chromatin immunoprecipitation-sequen-
cing).51 Similarly, this technique can be applied to histone modifica-
tions, allowing the identification of activating or repressive histone
complexes highlighting active or inactive regulatory elements during a
tissue’s or even a cell’s development. Performing multiple ChIP-seq
experiments with different factors and examining the overlap of the
thus-obtained data have become a powerful tool for locating
regulatory elements over the entire genome. However, information
from such experiments gives an overview of all possible regulatory
elements, not necessarily the ones that are active. One way around this
is to also incorporate data from directly measuring chromatin
accessibility by techniques that isolate and sequence the accessible
locations of a genome.52 Historically, open chromatin has been
identified by the hypersensitivity of genomic sites to the non-specific
double-strand endonuclease DNase I.53 DNase I can liberate accessible
chromatin by preferentially cutting within nucleosome-free genomic
regions, characterized as DNase I hypersensitive sites. Subsequently,
with the advent of NGS, this gave rise to DNase sequencing. DNase
sequencing allows the genome-wide identification of DNase I hyper-
sensitive sites with specificity and sensitivity in a single reaction. This
technique was extensively used by the ENCODE consortium48 to
unveil cell-specific chromatin accessibility and its relation to differ-
ential gene expression in various cell lines.54–57 One drawback of
DNase sequencing is that it requires large amounts of cells and the
involvement of numerous sample preparation and enzyme titration
steps. Very recently, a new technique was developed that circumvented

some of these limitations. This technique is termed assay for
transposase-accessible chromatin sequencing. It is based on the ability
of a hyperactive Tn5 transposase58,59 to fragment DNA and integrate
into active regulatory regions in vivo.60 In a typical experiment,
500–50000 unfixed nuclei are tagged by Tn5 transposase with specific
sequencing adapters. However, due to steric hindrance, the majority of
these adapters can only integrate into regions of accessible chromatin,
which is subsequently sequenced using paired-end NGS. Assay for
transposase-accessible chromatin sequencing has been used to uncover
open chromatin, nucleosome positioning and transcription factor
footprints on genome-wide scale.60 The sensitivity and specificity of
assay for transposase-accessible chromatin sequencing is similar to
DNase sequencing. However, it requires three to five orders of
magnitude-fewer cells.
However, once potential enhancers are identified, they should be

tested for their ability to regulate transcription. The most straightfor-
ward way to do this is by testing whether the DNA element can
enhance transcription from a minimal core promoter. Several different
forms of functional testing of enhancers have been developed, for a
review see Shlyueva et al.50 Two main classes of tests are currently
available based on in vivo or in vitro models. The in vivo tests are
performed in developing embryos (for example, in flies, zebrafish or
mice61,62). These tests have readouts based on images and use staining
patterns and intensity as a measure. However, the functionality of
enhancers can also be tested in vitro using cell culture. Such tests either
use luciferase or directly measure the abundance of reporter tran-
scripts (by deep sequencing63). The advantage of the in vitro methods
is a much higher throughput, at the cost of losing developmental
information. Moreover, the model cell does not fully represent the
tissue of interest in vivo. In general, these functional enhancer tests are
extremely useful, however, their results should always be interpreted
with caution, as currently these tests can only investigate the ability of
elements to enhance transcription, and cannot yet validate other
important regulatory elements such as repressors, organizers and
boundaries. Furthermore, the elements are tested outside their
genomic context, whereas their function is highly dependent on the
topology of the chromatin, modifications of histones and the presence
of other elements providing combinatorial activity.
An important limitation of the above methods is that the structural

context of the genome is ignored. For transcription factors to function
they must be juxtaposed to the gene promoter on which they act.
Those positioned on regulatory elements, thousands or even hundreds
of thousands of base pairs away, must therefore be physically folded to
within the promoter’s vicinity. This architectural design can now be
explored using variants of the chromatin conformation capture
technique (4C, 5C and HiC64). These techniques demonstrated that
regulatory elements act at finite distances from their promoters
(typically up to 1Mb) and can form transcriptionally active domains
constituting one or several genes.65

Taken together, these recent advances make it now possible to
identify active regulatory regions of the genome and re-sequence them
to determine whether they cause disease. However, as mentioned
earlier, this will likely the result in a large amount of variants per
regulome/genome, some of which can be filtered out based on
conservation, frequency or co-segregation. Still, to investigate which
promoter/enhancer variants cause disease (or alter transcription), one
would need to generate a large number of targeted promoter/enhancer
sequences and quantify the effects of each variation on function.
Recently, new techniques were published that alleviate this problem
using massively parallel, high-throughput in vivo investigations of
variation on regulatory elements (reviewed in Haberle and Lenhard66).
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These techniques produce high-volume, complex outputs that rely on
computation and statistical modeling to determine the effects of
individual changes on transcriptional output. Such high-throughput,
empirical measurements of the functional impact of SNVs in
enhancers will substantially facilitate the analysis of noncoding variants
from GWASs, regulome and genome-wide sequencing.

ENHANCER VARIATION, MUTATION AND DISEASE TRAITS

Given that regulatory regions can now be identified, and the fact that
many transcription factors have a crucial role in (ab)normal heart
development, it is perhaps not surprising that investigators started to
be interested in the regulatory regions that are bound by specific
transcription factors in the search for causal disease mechanisms. The
hypothesis is that variations/mutations in regulatory regions can
predispose/cause disease by altering transcription factor binding, either
directly or indirectly. As mentioned earlier, a group of core cardiac
transcription factors controls heart development. These include,
amongst others, the homeodomain protein NKX2–5 and T-box
factors such as TBX3 and TBX5.2 Cardiac expression of most of these
factors continues throughout the development and into adult life. Not
surprisingly, mutations in these crucial transcription factors have been
identified in patients with CHD.10,14,67 In humans, dominant muta-
tions in NKX2–5 cause a variety of cardiac anomalies, as well as
atrioventricular conduction disease, even in the absence of cardiac
structural malformations.11 This suggests that NKX2–5 has a function
in conduction system development that is independent of its role in
cardiac morphogenesis. TBX3 and TBX5 belong to the TBX2
subfamily of T-box transcription factors and are involved in the
development and maintenance of the cardiac conduction system.68

Heterozygous mutations in TBX3 cause ulnar-mammary syndrome in
humans, which sometimes includes CHD.69,70 Likewise, loss-of-
function mutation of TBX5 causes the Holt–Oram syndrome, a
heart–hand defect, which can be associated with conduction
abnormalities.71 Interestingly, a reduction in the amount of TBX3 in
the developing mouse heart causes QRS prolongation and a spectrum
of conduction defects72 and loss of TBX5 in the mature murine
ventricular conduction system results in the loss of fast conduction,

cardiac arrhythmias and sudden cardiac death.73 Given their impor-
tant roles in heart development and especially the development and
maintenance of the cardiac conduction system, it is, therefore, perhaps
not surprising that these core transcription factors have been
implicated by GWAS to associate with electrocardiogram parameters
such as PR and QRS interval.74–76 Furthermore, genome-wide
mapping of the binding profile for NKX2–5, TBX3 and TBX5 in
murine hearts uncovered that many cardiac enhancers co-localize with
ion channel genes.77 Case in point, a meta-analysis of a dozen GWASs
implicated an intronic region of SCN10A to associate with prolonga-
tion of the QRS duration.76 Recent work by van den Boogaard et al.78

using high-resolution 4C-seq analysis, demonstrated that this region in
Scn10a actually interacts with the promoter of Scn5a (Figure 1a).
Analysis of BAC transgenic mouse strains harboring an engineered
deletion of this region revealed that it was essential for Scn5a
expression in cardiac tissue and functions as an enhancer. Moreover,
introduction of the main GWAS single-nucleotide polymorphism
associated with QRS prolongation (rs6801957) into the BAC reporter
construct resulted in severe depression of Scn5a reporter expression in
the compact myocardium and the cardiac conduction system
(Figure 1b). They went on to show that in humans this common
SCN10A single-nucleotide polymorphism actually associates with a
reduced SCN5A expression (Figure 1c). Interestingly, earlier work by
the same group demonstrated that this single-nucleotide polymorph-
ism is located in a TBX-binding element within the intronic SCN10A
enhancer, and actually affects TBX3 and TBX5 binding, by which it
can diminish the enhancer function.77 Taken together, these observa-
tions establish a genomic mechanism for how common genetic
variation can influence cardiac physiology and predisposes to disease
(Figure 1).
Similarly, it is perhaps not surprising that mutations in enhancers

can also cause disease. This was first established by the work of Lettice
et al.79 who identified an enhancer region 1Mb from its target gene
SHH. They went on to identify point mutations in this enhancer that
segregated with disease (polydactyly) in four unrelated families.79

Another more recent example of enhancer variation causing disease
is the work of Weedon et al.80 who used whole-genome sequencing in

Figure 1 (a) Schematic overview depicting how single-nucleotide variation in an enhancer located far away from its target promoters, can impact binding of
transcription factors (red triangle, blue circle) and consequently the expression. In this example, presence of both transcription factors is needed for target
gene expression of SCN5A, but not for SCN10A. The red triangle illustrates a T-box protein that is not able to bind the DNA when the minor allele is
present. Loss of this T-box binding leads to alteration of SCN5a expression. (b) Transient transgenic embryos at E14.5 harboring a human enhancer with
either the major (top) or minor (bottom) allele of SNP rs6801957. Presence of the major allele is sufficient to drive cardiac conduction system expression,
which the minor allele cannot. (c) SCN5A expression in human hearts differs according to the SNP rs6801957 genotype. Figure adapted from van den
Boogaard et al.78 ivs, inter ventricular septum; la, left atrium; lv, left ventricle; ra, right atrium, r.p.m., reads per million; rv, right ventricle; SNP, single-
nucleotide polymorphism. A full color version of this figure is available at the Journal of Human Genetics journal online.
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families with isolated pancreatic agenesis. They identified six segregat-
ing mutations in a 400-bp noncoding region of DNA that is located
25 kb upstream of the promoter of PTF1A. This 400-bp region acts as
a developmental enhancer of PTF1A, which codes for the pancreas-
specific transcription factor 1a. They went on to prove that the
identified mutations abolish the enhancer’s activity. Thus, point
mutations residing in long-range regulatory elements are capable of
causing congenital abnormalities. This phenomenon also has a role in
CHD; a recent study by Smemo et al.81 identified a homozygous
mutation in an enhancer of TBX5, a key heart developmental gene, in
a patient with a ventricular septal defect. They demonstrated that this
single-basepair mutation in a TBX5 enhancer, 90 kbp downstream of
the gene, abrogates the ability of the enhancer to drive TBX5
expression within the heart in vivo.81 Taken together, the above
examples demonstrate that disease-causing mutations, and disease
predisposing variants (GWAS), need not reside in the exome per se,
and that the search for causal variants should be expanded to include
the whole genome, or at least the regulatory regions of the genome.

FUTURE PERSPECTIVE

As discussed, new insights and technology have become available that
can greatly advance our understanding of the genetic factors that
contribute to CHD. In familial cases of CHD, identification of disease
genes and/or loci will benefit the genetic counseling process for CHD-
afflicted families. However, the overall goal will also be to provide
actual therapeutic opportunities. Work by Tian et al.82 proved that this
need not be science fiction, as they showed that Wnt2 knockout mice,
which have a heart malformation that resembles a complete atrioven-
tricular canal defect in humans, can actually be rescued by the
transient pharmacological activation of the Wnt signaling network
using LiCl. Knowledge of such networks, and how variants in these
networks affect their outcome, is crucial in understanding how to
manipulate them for therapeutic opportunities. Furthermore, varia-
tions in regulatory regions of key (heart) developmental genes can
cause disease, most likely by a change in expression level (and perhaps
pattern) of target genes. This in turn, will affect particular develop-
mental networks with a time and place-specific output. However,
presently, therapeutic opportunities are limited and much more
knowledge about the molecular genetics and the molecular pathology
of CHD is needed before these can become reality.
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