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Abstract The transcriptional regulation orchestrating the development of the heart is increasingly recognized to play an essen-
tial role in the regulation of ion channel and gap junction gene expression and consequently the proper generation
and conduction of the cardiac electrical impulse. This has led to the realization that in some instances, abnormal
cardiac electrical function and arrhythmias in the postnatal heart may stem from a developmental abnormality
causing maintained (epigenetic) changes in gene regulation. The role of developmental genes in the regulation of
cardiac electrical function is further underscored by recent genome-wide association studies that provide strong
evidence that common genetic variation, at loci harbouring these genes, modulates electrocardiographic indices of
conduction and repolarization and susceptibility to arrhythmia. Here we discuss recent findings and provide back-
ground insight into these complex mechanisms.
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1. Introduction
Rhythmic and synchronized contraction of the atria and ventricles is
essential for efficient pumping of blood throughout the body. This
process crucially relies on the proper generation and conduction of
the cardiac electrical impulse, which leads to a coordinated mechan-
ical response in cardiomyocytes through excitation–contraction
coupling. The cardiac electrical impulse generated in the sinus node
activates the atria, which propagate it to the atrioventricular node
(AVN). Conduction of the electrical impulse through the AVN
occurs slowly, allowing the atria to pump blood into the ventricles
while the latter are diastolic. Subsequently, the impulse is propagated
through the fast-conducting atrioventricular bundle (AVB), the bundle
branches, and, ultimately, the Purkinje fibre network, from where it
reaches the ventricular working myocardium, allowing for contraction
from apex to base. This coordinated process necessitates that cardi-
omyocytes from the different regions of the heart are specialized and
exhibit specific electrophysiological characteristics. Accordingly, con-
siderable heterogeneity exists in action potential characteristics of
cardiomyocytes from different cardiac regions (reviewed extensively
in Boukens et al.1). These intrinsic heterogeneities in electrophysio-
logical properties and conductivity between the cardiac

compartments are rooted, at least in part, in the regional differences
in expression of ion channel genes and gap junction genes mediating
intercellular propagation of the action potential.

It is becoming increasingly clear that transcriptional regulation
orchestrating the development of the heart and the specification of
the different cardiac regions from cardiac precursor cells during
embryonic development also plays an essential role in regulation of
expression of ion channel and gap junction genes.2– 5 Indeed,
several studies have now established a causal relation between
these transcription factors and regionalized expression of these
genes.6– 10 A hallmark example of this is Irx5, a homeobox containing
transcription factor, that establishes a transmural gradient of
potassium-channel-gene expression across the myocardial wall, ensur-
ing coordinated cardiac repolarization, while also preventing arrhyth-
mias (see below).8 This has led to the realization that in some
instances, abnormal cardiac electrical function and arrhythmias in
the postnatal heart may stem from a developmental abnormality
causing maintained (epigenetic) changes in gene regulation. The
latter may involve structural abnormalities including altered tissue
composition. The role of developmental genes in regulation of
cardiac electrical function has recently been brought further into
focus as genome-wide association studies have provided strong
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evidence that common genetic variation, at loci harbouring these
genes, modulates electrocardiographic indices of conduction and
repolarization and susceptibility to arrhythmia.11–15

2. Development of the cardiac
chambers and conduction system
The heart of mammals contains four chambers and it develops from a
single tube that initially only contains the precursors for the left ven-
tricle. During development, the precursors needed for the rest of the
heart are added at both the arterial and venous poles.16,17 The heart
tube continues to elongate as a result of the recruitment of myocytes
and bends ventrally and rightwards in a process called looping, which
occurs around mouse embryonic day 8.5–9 (E8.5–9 Figure 1), similar
to 23 days of human development. At this time, the heart tube has
started to form a distinct ventricular chamber at the original ventral
side, while the future atrial appendages differentiate slightly later at
the dorsal and caudal end.3,18,19

The myocardium of this heart tube and the myocardium that is sub-
sequently added to its poles display slow conduction and contraction,
together with the ability to spontaneously depolarize (automaticity),
which is mainly Cx45 dependent,20 resulting in peristaltic like, rhyth-
mic contractions. Dominant pacemaker activity is always located in
the newly formed myocardium at the venous pole.21,22 This generates
a unidirectional blood flow from the venous to the arterial pole.
While the ventricular and atrial chamber myocardium differentiates
and rapidly proliferates at specific sites within the heart tube, the
remainder of the myocardium maintains the primary phenotype.
Once chambers develop, this primary myocardium can be recognized
as the sinus venosus, the atrioventricular canal (AVC), and outflow
tract (OFT). The sinus node develops from a small component of
the sinus venosus22,23 and the AVN and AV junction myocardium
develop from the AVC.24,25 Both nodal components still display phe-
notypic features of the primary myocardium they develop from, such
as automaticity, slow conduction, and poorly developed sarcomeres
and SR.5 The maintenance of the primary phenotype of the myocar-
dium is fundamental and regulated by the transcriptional repressor
genes Tbx2 and Tbx3,9,26 which are selectively expressed in the
primary myocardium and developing and mature conduction system.
A deficiency of Tbx3 in the myocardium results in expansion of the
expression of working myocardial gens Cx40, Cx43, Nppa, and
Scn5a into the sinus node domain. In contrast, forced expression of
Tbx3 leads to development of ectopic functional pacemaker tissue.9

Both Tbx2 and Tbx3 are required to pattern and form the AVC in
a redundant fashion (our unpublished observations). Thus, Tbx2
and Tbx3 inhibit differentiation into working myocardium, which
allows for the development of components of the cardiac conduction
system. In conclusion, the primary myocardium lies at the basis of the
pacemaker tissues of the cardiac conduction system.

In contrast, formation of the chambers is marked by the differen-
tiation of localized regions of primary myocardium of the embryonic
heart tube into the fast-conducting working myocardium of the
chambers. A hallmark feature of this working myocardium is the
expression of a chamber-specific gene program (Figure 1).4 This
includes genes for rapid propagation of the action potential such as
Cx40 and Cx43 and the secreted factor Nppa (Natriuretic precursor
peptide type A, also known as Anf). Moreover, working myocardium
expresses the a-subunit of the sodium channel Nav1.5, encoded by

SCN5a, and develops a functional sarcoplasmatic reticulum.27 At the
cellular level, a local increase in cell size followed by local re-initiation
of proliferation marks this area.28 At the morphological level, initiation
of chamber formation is marked by the appearance of trabecules, a
sponge-like myocardial structure developed on the luminal side of
the outer curvatures of the developing heart. This series of events
has been dubbed the ballooning model of chamber formation.4

Both the chamber-specific gene program and gene expression in
the maintained primary myocardium are regulated among others by
cardiac transcription factors such as Nkx2–5, Gata4, and a number
of T-box transcription factors (Tbx), such as Tbx5 and Tbx20. Dis-
ruption in any of these crucial processes leads to misspecification of
working myocardium or primary myocardium which eventually can
result in local heterogeneity and arrhythmia.

3. Nkx2–5, AV conduction and
atrial fibrillation
One of the most intensely studied transcription factors involved in
cardiac development is Nkx2–5. This homeobox transcription
factor is expressed in the heart and other tissues and is part of the
core cardiac transcriptional network essential for cardiac develop-
ment. Targeted disruption of Nkx2–5 in mice causes early embryonic
lethality, with cardiac development arrested at the linear heart tube
stage, prior to looping.29 Cardiac expression of Nkx2–5 continues
throughout development and into adult life (Figure 2). In humans,
dominant mutations in NKX2–5 cause a variety of cardiac anomalies
as well as atrioventricular abnormalities. Atrioventricular conduction
abnormalities and atrial septal defects (ASD) are, in fact, the most
common clinical presentations. However, other abnormalities such
as ventricular septal defects, double-outlet right ventricle, tetralogy
of Fallot, and tricuspid valve abnormalities have also been noted.7,30

Cardiac dysfunction and sudden death have also been reported in
mutation carriers. Atrioventricular conduction disease can occur in
the absence of associated congenital heart defects.7,30 It is progressive
in nature, and electrophysiological studies have indicated that the con-
duction abnormality affects specifically the AVN. The fact that con-
duction defects can occur in the absence of cardiac structural
malformations suggests that NKX2–5 has a function in conduction
system development that is independent of its role in cardiac morpho-
genesis, and the fact that conduction disease is progressive with
increasing age underscores the importance of normal NKX2–5 func-
tion in maintenance of AV conduction in adult life. Recent findings that
genetic variation in the region of the NKX2.5 gene modulates the PR
interval in the general population seem to support such a role. The
association signal detected at this locus, however, is located at
some distance from the NKX2–5 gene and further research will be
required to establish an unequivocal link between the genetic vari-
ation underlying this signal, NKX2–5 expression levels, and the link
to the PR interval.13 This is further underlined by studies using trans-
genic mice that carry a loss of function allele (DNA-non binding
mutant) for Nkx2–5. These transgenic mice were born with structu-
rally normal hearts but displayed progressive atrioventricular conduc-
tion defects and heart failure. PR prolongation was observed at 2
weeks of age, rapidly progressing into complete AV block by 4
weeks of age. A dramatic decrease in expression of gap junctional
channels, Cx50 and 43, probably contributed to the conduction phe-
notype.31 Geno-phenotype correlations on the various Nkx2–5
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mutants in vitro suggested that the principle determinant of the two
most common phenotypes (AV block, ASD) was the total dose of
Nkx2–5 capable of binding to DNA.32 It turned out that Nkx2–5
haploinsufficiency in the conduction system results in a significantly
reduced number of normal cells, and that the specific functional
defects observed in the knockout mice could be attributed to hypo-
plastic development of the conduction system. Thus, the postnatal
conduction defects arising from Nkx2–5 mutations may results
from a defect in the development of the embryonic conduction
system. This conclusion was in line with experiments on heterozygous
Nkx2–5 knockout mice with eGFP expression, knocked in the Cx40
locus, permitting the visualization of the conduction system. Indeed,
hypoplasia and disorganization of the Purkinje fibres were observed
in the heterozygous Nkx2–5 mice and these were associated with
abnormal ventricular electrical activation.33 Analysis showed that
maximal Nkx2–5 levels are required cell-autonomously and that a
reduction in Nkx2–5 levels is associated with a delay in cell cycle
withdrawal from surrounding Cx40-negative myocytes. This suggests
that the formation of the peripheral conduction system is time- and
dose-dependent on the transcription factor Nkx2–5, which is
cell-autonomously required for the postnatal differentiation of Pur-
kinje fibres. Experiments on Id2, a member of the Id gene family of
transcriptional repressors, showing AVB-specific expression, proved
that a critical transcriptional network, including Tbx5, Nkx2–5, and
Id2, is required for the differentiation of ventricular myocytes into
specialized cells of the conduction system.34 Taken together,
Nkx2–5 is required for development and homeostasis of atrio-
ventricular conduction system and Purkinje fibres. In the case of the
AVB, some details of the molecular mechanism have been elucidated
(Id2, Tbx5). It is noteworthy that Tbx3 also cooperates with Nkx2–
59 providing a link between this factor and Tbx3 in the AVB and AVN.

Not all mutations in Nkx2–5 are linked to AV block, but to atrial
fibrillation,35 an arrhythmia long thought to have a possible origin in
development.36 In the majority of cases of paroxysmal atrial fibrilla-
tion, the myocardial sleeves surrounding the pulmonary veins at the
orifice to the left atrium carry the triggers and possibly the substrate
for the arrhythmia. Indeed, cells with presumed pacemaker activity
have been found in the pulmonary veins of rat hearts37 and in the pul-
monary veins of patients with atrial fibrillation.38 However, these
observations are controversial, as data show that the pulmonary myo-
cardium is created from a distinct lineage of precursor cells, distinct
from the lineage that forms the muscle encompassing the sinus
venosus (myocardium around caval veins, including the sinus node
and around coronary sinus).23,39 –41 In contrast to the sinus muscle,
the transcription factor Nkx2–5 and its target gap-junction gene
Cx40 are expressed in the pulmonary myocardium from the outset,
suggesting it has an atrial working phenotype from the outset. Intrigu-
ingly, when Nkx2–5 protein levels are lowered experimentally, a
Cx40-negative, Hcn4-positive phenotype can be observed in the
pulmonary myocardium, similar to sinus nodal-like cells. Thus, a
decrease in the expression level of a single transcription factor,
Nkx2–5, activates a gene program sufficient to generate automaticity
in the pulmonary myocardium. This observation suggests that
the inter-individual variation in Nkx2–5 dosage could be an
important contributing trigger to the development of atrial fibrillation.
Intriguingly, as mentioned above, genetic variation in the region of
NKX2.5 has been associated with the PR interval in the general
population, which when prolonged, is in turn associated with risk of
AF.42 Taken together, variations in the (regulatory) sequence of
the Nkx2–5 gene (and/or its interacting partners) are prime candi-
dates for further research into the AV conduction and atrial
fibrillation.

Figure 1 Overview of the formation of the four-chamber heart (ballooning model). (A) Lateral view of the linear heart tube, composed entirely of
primary myocardium (expressing connexin 30.2 and 45). (B) Lateral view of the looping chamber-forming heart. The heart tube expands ventrally and
gives rise to the ventricles and laterally to give rise to the atria. (C) Side view of embryonic day 10–12.5, the outflow tract has been moved to the side
for easier viewing. (D) Adult heart, four chamber view, all the components of the conduction system arose from the primary myocardium. Adapted
from Ref. 36; used with permission from Elsevier.
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4. TBX5, atrial fibrillation and left–
right chamber differences
Another crucial factor in cardiac development is TBX5, which belongs
to the evolutionarily conserved T-box family of transcription factors
that bind DNA through a highly conserved DNA-binding domain
called the T-box. The consensus DNA sequences of the target
genes where T-box factors bind are called T-box-binding elements.43

Tbx5 expression displays a posterior–anterior gradient along the
heart tube with the most intense expression at the inflow tract of
the heart. After chamber development has been initiated, Tbx5
expression is found in the sinus venosus, atria, AVC, left ventricle,
including the left aspect of the ventricular septum, and to a lesser
extent in the right ventricular trabecules (Figure 2).44,45 In humans,
TBX5 haploinsufficiency has been shown to cause Holt–Oram syn-
drome (HOS), which includes congenital heart defects, conduction
system abnormalities, and upper limb deformities.6,46 Heterozygous
Tbx5 knockout mice recapitulate many of the phenotypic abnormal-
ities observed in HOS patients.47 Expression of both Nppa and
Cx40, targets of Tbx5, was also reduced in these mice during develop-
ment. Complete deletion of Tbx5 in mice leads to embryonic death
(around E9.5) with failure of heart tube looping and an under-
developed caudal part.47 Furthermore, Tbx5 overexpression in an
embryonic cell line results in significant upregulation of Nppa and
Cx40, and, counter intuitively, in cells displaying a spontaneous
beating phenotype.48,49 Moreover, as mentioned earlier, Tbx5 is
required for the differentiation of the AVB in the crest of the ventri-
cular septum.50

Recent work further links TBX5 to arrhythmogenic mechanisms
and atrial fibrillation in particular. Atrial fibrillation is sometimes
observed in sporadic patients with Holt–Oram,51 though mostly in
the setting of congenital heart disease and the resultant hemodynamic
effects, i.e. atrial enlargement. We recently reported on a family in
which affected patients have mild skeletal deformations (a hallmark
feature of HOS) and almost none has congenital heart disease.
However, the great majority exhibited paroxysmal atrial fibrillation
at an unusually young age.52 Sequencing of TBX5 revealed a novel
mutation, p.G125R, co-segregating with the disease. This mutant
protein results in significantly enhanced DNA-binding properties,
which augment expression of Nppa, Cx40, Kcnj2, and Tbx3 genes in
comparison to wild-type TBX5, i.e. functioned as a gain-of-function

factor. These findings are in contrast to all-known Holt–Oram
mutations, as these result in a loss-of-function phenotype. This
TBX5 gain-of-function mechanism probably underlies the paroxysmal
atrial fibrillation and mild HOS phenotype. The mechanism underlying
atrial fibrillation in TBX5 gain-of-function mutants may involve direct
stimulation of TBX5 target genes involved in familial atrial fibrillation
(NPPA, KCNJ2, CX40). Alternatively, it may involve TBX5-stimulated
TBX3, as it was recently shown that TBX3 is highly sensitive to
TBX5 dosage,53 and TBX3 controls the sinus node gene program
and induces pacemaker activity in atrial muscle.9 There is thus evidence
in support of a role of TBX5 in the development of (paroxysmal) atrial
fibrillation, a proposition that was recently further substantiated by
the fact that genetic variation within the TBX5 gene was found to
be associated with AF.15

The left ventricle and right ventricle are distinct as they have a
different morphology, tissue architecture, geometry, and function.
Moreover, myocytes of the left and right ventricles differentiate to
similar, but not identical phenotypes.1 It is likely that differences in
the regulatory programs of progenitors of the left and right ventricles
underlie the differences in these phenotypes. Tbx5 likely contributes
to this, as it is expressed in an antero-posterior gradient in the heart
tube, which is regulated by retinoic acid.54 Both the left and right ven-
tricles are specified along the antero-posterior axis, and, as a conse-
quence, the developing left ventricle robustly expresses Tbx5, in
contrast to the right ventricle.44 Taken together, this suggests that
Tbx5 is necessary for the left ventricular identity, and that it provides
the boundary between the left and right ventricles.55 Consequently, it
is likely that target genes of Tbx5 are differentially regulated between
the two ventricles. In fact, target gene Cx40 mimics the pattern of
Tbx547 and is differentially expressed between both ventricles in
the developing and adult heart. As the right ventricle is especially sen-
sitive to the development of various arrhythmias, such as those seen
in Brugada syndrome56 and arrhythmogenic right ventricular dyspla-
sia,57 and given the fact that Tbx5 is actively involved in segregating
between both ventricles,55 it is possible that Tbx5 target genes
might oppose or contribute to arrhythmias. Indeed, recent work
shows numerous genes that are influenced by differences in Tbx5
dosage, such as those expressed during heart development like tran-
scriptions factors (Tbx3, Irx2), cell–cell signalling molecules, and ion
channels (Cx40, KCNA5).53 This, together with the link between
TBX5 and atrial fibrillation, warrants further investigation into TBX5

Figure 2 Four-chamber view, adult heart. Schematic drawing of the action potential of the various parts of the conduction system. Adapted from
Nerbonne et al.100 Transcription factors that are involved in the development of regions of the heart and influence the electrical properties have been
marked.
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and its downstream genes in relation to arrhythmias and ion channel
genes.

5. Pitx2 prevents atrial fibrillation
Another gene linked to both cardiac development and atrial fibrilla-
tion is Pitx2. The pituitary homeobox (Pitx) family contains multiple
genes. The Pitx2 gene encodes three isoforms (Pitx2a,b,c), but
Pitx2c is the major isoform expressed in the heart and drives asymme-
trical cardiac morphogenesis.58 Mutations in PITX2 are associated with
Rieger syndrome I, a disorder that includes ocular, tooth, and anterior
body wall defects as primary characteristics.59 Pitx2c-isoform specific
knockout mice die before birth and display right atrial isomerism,
septal defects, persistent truncus arteriosus and abnormal aortic
arch remodelling.60 Normally, Pitx2c is expressed in the embryonic
and postnatal left atrium and pulmonary vein (Figure 2). Pitx2c-null
embryos develop bilateral functional sinus nodes. Moreover, pulmon-
ary vein myocardium does not develop in mutants.40 Interestingly,
adult mice that are haploinsufficient for Pitx2 are susceptible to
atrial arrythmias and atrial tachycardia.60,61 In situ and expression
studies demonstrated that Pitx2 suppresses sinus node-specific gene
expression in the left atrium of both embryos and young adults. Fur-
thermore, in vivo chromatin immuno-precipitation and transfection
experiments demonstrated that Pitx2 inhibits the SAN-specific
genetic program in left atrium directly. These findings implicate that
Pitx2 and Pitx2-mediated left–right asymmetry signalling pathways
are involved in prevention of atrial arrhythmias by suppressing abnor-
mal pacemaking.60 Furthermore, previous work indicated that a
gain-of-function mutation in Kcnq1 results in familial atrial fibrillation62

and Kcnq1 is also under control of Pitx2c. Taken together, these find-
ings suggest that the cardiac transcription factor Pitx2c is actively
involved in the prevention of atrial arrhythmias and supports Pitx2c
as a genuine atrial arrhythmia susceptibility gene. This is supported
by recent genome-wide association studies that identified sequence
variants on chromosome 4q25, located in a region 150 kb distal to
the Pitx2 homeobox gene. These variants were associated with an
increased risk for atrial fibrillation in various human populations.11,12

These variants were all strongly associated with atrial fibrillation
cases diagnosed before the age of 60, suggesting that modulation of
the expression (through genomic variants) of Pitx2 might underlie
the susceptibility to atrial fibrillation.

6. Irx5 establishes the cardiac
repolarization gradient
The Iroquois homeobox (Irx) genes were first identified as pattern
genes that control the expression of neural genes in Drosophila.63 In
mammals, six Irx genes exist organized in two clusters, the IrxA
cluster containing Irx1, Irx2, and Irx4, and IrxB cluster containing
Irx3, Irx5, and Irx6.63 They encode proteins with a conserved homeo-
domain of the three-amino acid length extension superclass and a
conserved 13 amino acid-residue motif, the Iro box, which is unique
to the family.64 Mammalian Irx genes show overlapping expression
patterns, suggesting that they possess functionally redundant roles
during development. Moreover, all six Irx genes display specific
expression patterns in the developing heart.65,66 In 2005, two publi-
cations shed light on the role of Irx5 in mice by use of knockouts.8,67

Heterozygous Irx5 mutants were indistinguishable from wild-type

littermates, but homozygous mutants were on average 25% smaller
and had a defect in the differentiation of retinal cone bipolar cells.
Intercrosses of heterozygous mutant mice demonstrated skewed
mendelian ratios, suggesting that Irx5-deficient mice have a reduced
viability. It was established that mice lacking Irx5 have a flattened
cardiac repolarization gradient due to an increase in Kv4.2 potassium-
channel expression in endocardial myocardium. This leads to a selec-
tive increase in the major cardiac repolarization current, I(to,f), and
consequently an increased susceptibility to arrhythmias. Normally,
Irx5 is expressed in an endocardial-to-epicardial gradient, while the
Kv4.2 expression gradient is the exact opposite (Figure 2). It was
shown that Irx5 actually represses expression of Kcnd2 encoding
Kv4.2 via recruitment of the cardiac transcriptional repressor mBop
(SMYD1). In conclusion, an Irx5 repressor gradient negatively regu-
lates potassium-channel-gene expression in the heart, forming an
inverse I(to,f) gradient that ensures coordinated cardiac repolariza-
tion, while also preventing arrhythmias. Thus far no mutations in
either Irx5 or Kv4.268 have been identified in patients with
arrhythmias.

7. Right ventricular outflow tract
(RVOT) and arrhythmia
Both the Brugada syndrome and ARVC/D are diseases in which the
right ventricular free wall and the right ventricular outflow tract
(RVOT) are affected. It is suggested that activation of the RVOT is
delayed in both diseases and that the cause of this may be either con-
duction slowing or structural block.69 In both these diseases, the ven-
tricular arrhythmias are mostly initiated in the RVOT.70 It is possible
that the right ventricular embryonic origin partly underlies the right
ventricular susceptibility to arrhythmias. As described earlier, the car-
diomyocytes of the embryonic OFT retain much longer the original
slowly conducting and poorly contracting properties.71 This causes
long-lasting contractions that are possibly involved in preventing the
regurgitation of blood before the formation of the semilunar valves.
In vivo labelling studies demonstrate that the proximal as well as the
distal embryonic OFT give rise to both the trabeculated free wall,
and the smooth-walled conus of the RVOT. Some molecular path-
ways controlling the OFT development have been identified,72 for
instance the OFT is devoid of Tbx5 and consequently of Cx40
expression.47 Moreover, the OFT expresses Tbx2, a repressor that
competes with Tbx5. Like Tbx3, Tbx2 suppresses working myocardial
differentiation of the AVC,73 –75 suggesting it may do so for the OFT
as well. Interestingly, Cx43 expression is not found in the foetal OFT,
but it is detectable in the RVOT of adults, though to a lesser extent
than the free wall of the right ventricle.76 This could indicate that
inadequate upregulation of Cx43 and other genes in the RVOT
results in heterogeneous expression in the right ventricular wall.
One clue might be the gradual downregulation of Tbx2 towards the
end of development, which in turn probably contributes to the
gradual upregulation of Cx43 in the RVOT myocardium. In
summary, remnants of the embryonic OFT phenotype and expression
profile in the adult RVOT could determine the structural and electro-
physiological characteristics that underlie the increased vulnerability
for arrhythmias in the right ventricle. Moreover, perturbations by gen-
etics variations in transcription networks and signalling pathways that
interfere with this process might actually further aggravate the pro-
pensity for arrhythmias.
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8. Accessory conduction pathways
are associated with defective
patterning and gene regulation
within the atrioventricular canal
myocardium
Wolff–Parkinson–White (WPW) syndrome is an arrhythmogenic
defect characterized by a normal conduction system and one or
more accessory AV connections, bypassing the AV node and His
bundle, which cause ventricular pre-excitation and predispose to
re-entrant supraventricular tachycardia.77 These abnormal accessory
pathways may conduct faster than the AV node and this leads to ven-
tricular pre-excitation, evidenced by a short PR interval and a slurred
upstroke of the QRS complex on the ECG. The majority of WPW
occurs isolated and sporadic, affecting 1–3 persons per 1000,77

most patients with WPW syndrome have structurally normal
hearts, though in a small portion of WPW patients, accessory path-
ways occur in association with congenital heart defects, such as
Ebstein anomaly.78 Nonetheless, autosomal dominant WPW families
have been described.79,80 PRKAG2 and LAMP2 gene mutations were
found in familial left ventricular hypertrophy and pre-excitation,
while a PRKAG2 mutation was detected in a single family with isolated
WPW.81,82 Patients with mutations on the PRKAG2 gene have a vari-
able combination of glycogen storage cardiomyopathy, progressive
conduction system disease including sinus bradycardia and atrioventri-
cular block, ventricular pre-excitation, arrhythmias, and sudden
death.81 Ventricular pre-excitation is presumably caused by a disrup-
tion in the annulus fibrosis, which electrically insulates the atrial and
ventricular muscle masses, distinct from the muscular-appearing
bypass tracts observed in typical WPW syndrome.83 However,
using a cardiomyocyte-specific overexpression model, accessory path-
ways developed only when the mutant PRKAG was overexpressed
during development. If the overexpression was started in adulthood,
the glycogen storage disease and conduction system degeneration
still occurred, but no accessory pathways developed, suggesting that
a developmental defect may underlie pre-excitation in PRKAG
mutants.84 In addition, various NKX2–5 gene mutations in patients
with CHDs are also associated with WPW, and point to a role of
this critical cardiac transcription factor gene in WPW
pathogenesis.30,34

A milder form of arrhythmias involving accessory pathways is the
atrioventricular reentrant tachycardia (AVRT). This is the most
common type of supraventricular tachycardia in both the foetus and
the newborn.85 Although AVRT can be potentially life-threatening
and are sometimes difficult to control with antiarrhythmic drug
therapy, in general these tachycardias resolve spontaneously within
the first months of life, and .60% of patients require no anti-
arrhythmic drug therapy and remain free of symptoms after the age
of 1 year.86 This self-resolving character of most perinatal AVRTs
suggests that the majority of the accessory pathways eventually disap-
pear after birth. Studies in animal models have shown that accessory
AV myocardial connections are present until the late stages of cardiac
development.87 Moreover, a recent study on human hearts from neo-
nates without episodes of supraventricular tachycardia found that iso-
lation of the AV junction is a gradual and ongoing process.88 The right
lateral accessory myocardial AV connections in particular are com-
monly found at later stages of normal human cardiac development.

These transitory accessory connections may therefore act as a sub-
strate for AV reentrant tachycardias in foetuses or neonates.

The molecular mechanisms by which these accessory bypasses are
formed are, however, poorly understood. The atrioventricular (AV)
node and AV bundle are the only muscular connections that cross
the annulus fibrosus. However, during heart development, in the
absence of an annulus fibrosus, the AV canal myocardium still main-
tains adequate AV delay, allowing for the coordinated alternating con-
traction of the atria and ventricles.89 Remnant strands of AV
myocardium should disappear when the annulus fibrosus is fully
formed;88 however, sometimes these are observed in normal hearts
around and after birth (see above). These strands are likely to main-
tain the slow conduction properties of the AV myocardium. More-
over, in the adult heart, slow-conducting AV canal-type myocardium
is detected around the orifices of the mitral and tricuspid valve.25,90

Together, this suggests that AV canal myocardium has an essential
role in the AV delay and that defects in AV canal myocardium could
lead to formation of functional accessory pathways. The AV canal
myocardium is actually specified early in cardiac development by
the expression of bone morphogenetic protein 2 (Bmp2) in the AV
canal myocardium progenitors in the early heart tube stimulating
the expression of Tbx2.91 This transcription factor is required for
the development of the AV canal.75 Indeed, in a recent study by Aan-
haanen et al.,10 it was shown that if Tbx2 was specifically inactivated in
the myocardium, this resulted in the formation of fast-conducting
accessory pathways, malformation of the annulus fibrosus, and ventri-
cular pre-excitation in mice. Several other genes and pathways have
been implicated in AV canal development such as the Bmp and
Notch pathways. Interestingly, microdeletions of both BMP2 and
JAGGED1, a Notch ligand, are associated with ventricular pre-
excitation in human.92,93 Moreover, deletion of the Alk3 receptor
(activated by Bmp2) in the AV canal myocardium results in AV
nodal defects and accessory pathways in mice.94 The fact that
Notch signalling is involved in maturation of the AV canal-derived
myocardium was underscored by another recent paper in which it
was shown that activation of Notch signalling in the developing myo-
cardium of mice produces fully penetrant accessory pathways and
ventricular pre-excitation.95 Conversely, inhibition of Notch signalling
in the developing myocardium resulted in a hypoplastic AV node, with
specific loss of slow-conducting cells expressing Cx30.2 and a loss of
physiologic AV conduction delay. In conclusion, these results indicate
that defective gene regulation and patterning within the AV canal
myocardium, via disruption of the AV canal regulatory network,
leads to malformation of the annulus fibrosus, formation of accessory
AV connections, and ventricular pre-excitation.

9. Ion channels have a possible
non-electrogenic role in heart
development
Recent work has demonstrated that heart development does not only
rely on interactions of transcription factors and target genes, but, sur-
prisingly, that ion channels themselves play a novel and possibly
non-electrogenic role in heart development. The first evidence for
this emerged from a study in which a strain of zebrafish called
island beat was identified, in which the ventricle failed to grow and
did not contract, while the atrium exhibited rapid, isolated, and
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discoordinated contractions. Positional cloning led to the identifi-
cation of mutations in the pore-forming a1C subunit of the L-type
calcium current.96 Thus, abolishment of this current caused the ven-
tricle to fail to grow and remain electrically silent, which demon-
strated that the L-type calcium current is essential for normal
cardiac form and function during embryonic development. This was
followed by the discovery that knockouts for Scn5a, the cardiac
sodium channel, led to early embryonic lethality. Hearts of knockout
mice showed uncoordinated contractions, and developmental defects
were seen such as a common ventricular chamber, with reduced
chamber size, reduced trabeculation of the ventricular wall, and a
reduced number of thin, spindle-like cardiomyocytes.97 This ventricu-
lar defect in Scn5a knockout embryos is unlikely to reflect a general-
ized failure of cardiac development, as the endocardial cushions of the
AVC, the common atrial chamber, and the truncus arteriosus
appeared normal. This suggested the possibility that ion channels
have an important influence on ventricular development. Indeed, anti-
sense knockdown of zebrafish homologue Scn5a results in marked
cardiac chamber dysmorphogenesis and perturbed looping.98 More-
over, these abnormalities were associated with decreased expression
of the myocardial precursor genes Nkx2.5, Gata4, and Hand2 and sig-
nificant deficits in the production of cardiomyocyte progenitors. Inter-
estingly, these early defects did not appear to result from altered
membrane electrophysiology, as prolonged pharmacological blockade
of sodium current failed to phenocopy the ion channel knockdown.
Moreover, embryos grown in calcium channel blocker-containing
medium (similar to the island beat experiments described earlier)
had hearts that did not beat but developed normally. This established

that voltage-gated ion channels have important roles in vertebrate
heart development and supports the hypothesis that such roles
might be mediated by non-electrogenic functions of the channel
complex. Additional evidence for the role of ion channels in heart
development came from studies on mice lacking HCN4 (carrier of
the If pacemaker current), either globally or specifically in the heart.
Such mice die during embryonic development between E9.5 and
E11.5.99 The functional correlation between the early embryonic
death and the inactivation of Hcn4 was not obvious. A possible
cause might have been the deficiency to develop functional or
mature pacemaker cells. In summary, recent results argue that ion
channels are required for heart development in addition to their
canonical role as regulators of heart rhythm. Moreover, the data
suggest that this developmental role is mediated by a non-electrogenic
function of the ion channel.

10. Summary
It has become increasingly clear that transcriptional regulation which
orchestrates both the development of the heart, and the specification
of the different cardiac regions from cardiac precursor cells during
embryonic development, plays an essential role in regulation of
expression of ion channel and gap junction genes. A causal relation
between transcription factors and regionalized expression of genes
involved in cardiac electrical activity has been established (Table 1).
In some instances, abnormal cardiac electrical function and arrhyth-
mias in the postnatal heart may stem from a developmental abnorm-
ality causing maintained (epigenetic) changes in gene regulation.
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Table 1 Genes involved in developmental aspects of cardiac arrhythmogenesis

Gene Main function Developmental role in heart Associated GWAS
phenotype

Associated human disease

TBX2 Transcription
factor

Regulates AV canal development None

TBX3 Transcription
factor

Regulates conduction system
development

QRS13,14,15 Ulnar-mammary syndrome

TBX5 Transcription
factor

Promotes chamber and conduction
development

aQRS13,14,15

PR-interval, atrial
fibrillaton15

Holt–Oram syndrome

IRX5 Transcription
factor

Establishes transmural gradient of
potassium-channel-gene expression

None

NKX2–5 Transcription
factor

Core cardiac transcription factor,
multifunctional co-factor

aPR-interval, atrial
fibrillation13

ASD with AV conduction defect, Tetralogy of Fallot

GATA4 Transcription
factor

Core cardiac transcription factor,
multifunctional co-factor

ASD

PITX2 Transcription
factor

Asymmetrical cardiac morphogenesis,
prevention of atrial arrhythmias

Atrial fibrillation11 Axenfeld–Rieger syndrome

GJC3
(Cx30.2)

Gap junction Establishes slow-conduction None

SCN5A Ion channel,
sodium

Activation, non-electric physiological
function

QRS14 Long QT 3, Brugada syndrome, progressive conduction
disease, sick sinus syndrome, atrial fibrillation, atrial
standstill, dilated cardiomyopathy

CACNA1C Ion channel,
calcium

Activation, non-electric physiological
function

Timothy syndrome, Brugada syndrome, Brugada
syndrome with short QT

HCN4 Ion channel,
potassium

Activation, non-electric physiological
function

Sick sinus syndrome 2

aNot at genome-wide statistical significance.
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Surprisingly, a developmental role of ion channels themselves might
be mediated by a non-electrogenic function of the ion channel. The
role of developmental genes in regulation of cardiac electrical function
was corroborated by recent genome-wide association studies provid-
ing strong evidence that common genetic variation, at loci harbouring
these genes, modulates electrocardiographic indices of conduction
and repolarization and susceptibility to arrhythmia.
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