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CHAPTER1



REGULATION OF THE RHYTHMONOME
UNDERSTANDING THE FUNCTIONAL GENOMIC
BASIS OF CARDIAC ELECTROPHYSIOLOGY

1



INTRODUCTION 
The normal electrophysiological activity of the heart is essential for appropriate timing
of cardiac contraction and results from a delicately balanced interplay of various ion
channels and related membrane transport proteins. Ion channels are transmembrane
proteins that, through opening and closing of the channel, allow ions to be transported
in and out of the cell. The flow of charged ions over the cell membrane creates a shift
in electrical charge that alters the membrane potential of the cardiomyocyte. The sum
of these electrical currents generated by different ion channels makes up the cardiac
action potential (AP). During the early stage of embryonic cardiac development, all
cardiomyocytes express a primary gene program. Throughout further development,
this primary phenotype is retained in the nodal regions of the heart, such as the 
sinoatrial node and atrioventricular node. Further functional specification of the heart,
however, requires that there is a gradual change in gene expression profile in the
chamber myocardium of atria and ventricles. 1 Due to the heterogeneity of ion 
channels in these subtypes of myocardium, different APs can be distinguished in 
different compartments of the heart (Figure 1). Together, these currents make up the
electrical pattern of the heart that can be visualized with an electrocardiogram (Figure 1).
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Figure 1
The electrical signal of the heart is the result of the combinatorial effect of multiple ionic 
currents. Different parts of the heart generated slightly different action potentials, based on
the heterogeneous expression of ion channels and other related proteins. This figure shows
how the electrical signals in various parts of the heart contribute to what is measured by the
electrocardiogram.
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Variability in the expression or function of individual ion channel genes is an
important source of altered electrical activity of the heart. This importance is 
highlighted by the lethal arrhythmias that can arise from mutations in cardiac ion 
channel genes. It has only been 2 decades since the first evidence for a molecular basis
for cardiac arrhythmias was reported. 2–4 At that time, a single gene – single disease
paradigm was assumed to underlie these diseases. However, as our knowledge of the
molecular mechanisms that regulate cardiac ion channels expands, we have learned
that channel biology is vastly more complex. Mutations in the same gene can cause 
different arrhythmogenic disorders, yet, on the other hand, mutations in different
genes can cause similar diseases. Furthermore, family members carrying the same
mutation can show varying degrees of disease severity, whereas for some patients
with well-defined arrhythmias a causal mutation cannot be identified. Therefore, 
understanding the molecular mechanisms that regulate channel biology provides the
key to understanding the pathophysiology of heritable arrhythmias. 

THE CARDIAC ACTION POTENTIAL
The AP of a cardiomyocyte can be separated into 5 different phases (Figure 2). At
baseline, the membrane potential of a ventricular myocyte is approximately -90 mV.
This resting state before depolarization is known as phase 4 of the cardiac AP. Unlike
cells in the specialized conduction system, cardiac muscle cells are unable to depolar-
ize spontaneously. Upon external stimulation, phase 0 of the AP is set in motion. Due
to a depolarizing wave front from surrounding cells, the membrane potential of the
cardiomyocytes becomes less negative. As a result, voltage-gated sodium channels
start to open, allowing a rapid influx of sodium ions (INa) and resulting in the initial
upstroke of the cardiac action potential. At the end of phase 0 the membrane potential
is slightly positive and the sodium channels start to become inactivated. 

Following depolarization, a transient outward current of potassium ions (Ito)
returns the membrane potential to approximately 0 mV. Due to the inactivation of the
majority of the sodium channels (>99%), the influx of sodium rapidly decays. There
is no consensus on the name of this sodium current, but it has been referred to as the
persistent or early sodium current (INa-E). This combination of events creates a notch
in the action potential. After phase 1, an equilibrium of persistent potassium efflux
(IKur, IKs and IKr) and calcium (ICa-L) influx maintains the membrane potential at 
~0 mV for a prolonged period of time. The remaining open sodium channels support
this delicate balance with a steady influx of sodium, thereby generating the late
sodium current (INa-L). This is known as the plateau phase, or phase 2. During this
phase, the influx of calcium ions triggers internal calcium release from the sarcoplas-
matic reticulum (SR) through the ryanodine receptor 2 (RyR2) calcium channel 
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– a process called the calcium-induced calcium release. The intracellular Ca2+ binds
troponin C, which induces changes in myosin filaments necessary for contraction.
Thus, this process, known as excitation-contraction coupling, functions as the bridge
between electrical and mechanical activation of the cardiomyocyte. 5 After mechanical
activation is accomplished, the RyR2 channels close and excess Ca2+ is pumped back
into the SR by the SR Ca2+ ATPase (SERCA) pump. Additionally, the Na+/Ca2+

exchanger (NCX) removes Ca2+ from the cell by exchanging it for Na+ ions, resulting
in a transient inward depolarizing current (Iti). 

Phase 3 begins as the calcium channels start to inactivate and the potassium
efflux (IKr and IKs) gradually exceeds the influx of calcium (ICa-L) and sodium 
(INa-L), which causes the calcium and sodium channels to close completely. This final
stage of rapid repolarization is facilitated by the delayed rectifier potassium channels
(IK1) and a low membrane permeability for other cations. When the cardiomyocytes
reach their resting membrane potential of -90 mV (phase 4), an exchange of sodium,
calcium and potassium is necessary to regain normal transmembrane ionic concen-
tration gradients (Figure 2). After these have been obtained, the cycle starts over
again, thus creating the normal cycle of a healthy heart rhythm.
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Figure 2
(A) Different ion currents that contribute to the cardiac action potential and (B) the most 
important ion channels through which these currents are generated. Mutations in the genes 
depicted in the schematic drawing are known to cause inherited arrhythmia syndromes. 
(Figure adapted from Wilde and Bezzina, Heart, 2005).
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CARDIAC ION CHANNELS AND RELATED ARRHYTHMIAS
The coordinated and correct stoichiometric influx and efflux of ions is critical to
smooth contraction and relaxation of the heart. Even minor perturbations in this cycle
can have drastic consequences. In this respect, malfunctioning ion channels are a major
player in conduction dysfunction and often underlie arrhythmogenic disorders, many
of which can have fatal consequences. A specific subset of these diseases are the 
inherited genetic disorders that result from pathogenic variants in genes coding for
specific ion channels components. While heritable arrhythmias can be roughly 
categorized into 8 large groups, the genetic basis of these disorders is far more more
complex. For example, the pathophysiology underlying the long QT syndrome
(LQTS) is an increased AP duration through reduction of repolarizing current, result-
ing in a prolonged QT interval. A seemingly straightforward mechanism, if it weren’t
for the diversity of ion channels contributing to the repolarization of the AP. So far,
19 different types of LQTS have been identified, which together explain a large 
portion of LQTS cases by either a decrease in potassium current (IKs, IKr, IK1 and IK-Ach) 
or an increase in INa-L or ICa-L.6,7 For ~20% of families with a clinically defined LQTS
phenotype a pathogenic variant has not yet been identified 8, but it is likely that these
arise through a similar mechanism. Surprisingly, pathogenic variants in known 
LQT-genes were present in 28% of patients with acquired LQTS (e.g. triggered 
by hypokalaemia, bradycardia, or medication).9 This suggests that the incidence 
of arrhythmogenic disorders of genetic origin might be substantially larger than 
estimated. Therefore, expanding the knowledge of ion channel gene regulation can
greatly benefit our understanding of these disorders. In addition, it can help to develop
new therapeutic strategies based on the individual’s needs. 

THE ROLE OF GENETIC MODIFIERS IN ARRHYTHMOGENESIS
The discovery of specific genes involved in various arrhythmogenic disorders has led
to important new insights into the pathophysiology of these diseases. In turn, this has
resulted in better use of existing therapies for certain subgroups of patients. For 
example, in LQT3 patients, where gain-of-function mutations in the sodium channel
encoding gene SCN5A cause a prolonged QT interval, the sodium channel blocker
mexiletine significantly shortens the QT interval. This effect is not observed in LQT2
patients, where loss-of-function mutations in a potassium channel gene cause 
prolongation of the QT interval. 10 Unfortunately, understanding the pathophysiology
of these disorders is complicated by substantial inter- and intra-familial variability in
phenotypic expression of the same disorder. Interfamilial differences can partly be
explained by the effects of different mutations and environmental differences. Large
scale population-based exome and genome sequencing projects, on the other hand,
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reported that ‘pathogenic’ variants associated with cardiac disorders are present 
in healthy individuals. 11–13 Although inheritable arrhythmias were originally classified 
as diseases with a monogenic inheritance, these observations suggest that the 
mechanism is likely multifactorial. Recent studies showed that additional genetic 
modifiers play an important role in the disease mechanism. For example, variants in
the promoter region of SCN5A exacerbate conduction slowing in Brugada Syndrome
patients 14 and the phenotype is more severe in SCN5A mutation-positive Brugada
Syndrome patients. 15 Similarly, variants in the 3’ untranslated region (3’UTR) of
KCNQ1, a potassium channel encoding gene, suppress the allele on which they reside
and thereby exacerbate the LQTS phenotype in KCNQ1 mutation carriers when on
opposite alleles. Yet when the variants and the LQTS-associated mutation are present
on the same allele, the mutated allele is suppressed and the phenotype is less severe.16

Both examples suggest a monogenic, yet multifactorial, inheritance is in play. 
Alternatively, the presence of independent variants at different loci can also cause 
disease, as was shown for variants in the SCN5A/SCN10A and HEY2 loci. 17 This 
suggests that genetic modifiers at different locations in the genome influence the 
regulatory network of cardiac conduction, thereby creating a multifactorial and 
oligogenic disease. 

It is beyond dispute that identification of genetic modifiers could greatly 
benefit individual risk stratification and, possibly, provide novel targets for therapeutic
strategies. One strategy to identify genetic modifiers is the use of genome-wide 
association studies (GWAS). Although the variants identified by GWAS do not 
necessarily pinpoint the actual functional modifier, they do mark haploblocks of 
co-segregated variants among which the genetic modifier resides. By evaluating ECG
indices in the general population, GWAS identified several regions containing variants
that associate with altered cardiac conduction parameters. 18–28 As expected, several
conduction modulating variants were identified at loci that harbor genes encoding
ion channels involved in arrhythmogenic disorders. Additionally, putative genetic
modifiers were identified near genes encoding cardiac transcription factors involved
in the development and function of the cardiac conduction system.29 Together, these
observations suggest that a delicately balanced transcriptional network of cardiac
transcription factors and ion channel genes controls cardiac conduction. 

The effects of genetic modifiers in regulatory elements
An interesting observation is that many putative genetic modifiers reside within the
noncoding portion of the genome.30,31 Next-generation sequencing technologies 
revealed that the noncoding part of the human genome contains many regulatory
DNA elements the function of which is largely unknown. 32 Increasing evidence 
suggests that these regulatory DNA elements play an important role in the 
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pathophysiology of disease. It is therefore likely that conduction trait-associated 
variants, identified in the noncoding portion of the genome, affect regulatory DNA
elements that control the spatiotemporal expression of conduction-modulating genes
within a megabase of their position. Characterization of the effect these variants have
on relatively unexplored regions of the genome is a challenging endeavor. A recent
example shows that a variant associated with QT interval duration in the general pop-
ulation is located in a regulatory element that controls NOS1AP expression. 33 Common
variants within NOS1AP had already been associated with more severe clinical 
phenotypes in LQTS patients, especially among KCNQ1 mutation carriers.34 The exact
mechanism by which NOS1AP regulates QT interval is unknown, but overexpression
of NOS1AP in guinea pig cardiomyocytes and neonatal rat cardiomyocytes results in
shortening of the AP duration by attenuation of ICa-L and a slight increase in IKr.33,35

However, another study that used morpholine-based knock-down of zebrafish nos1ap
reported a shortened AP duration in the hearts of these embryos.36 Contradictory to
what one would expect from these observations, the regulatory element containing
the risk allele for prolonged QT interval is also associated with increased NOS1AP
transcript levels. 33 Given the earlier observations, this suggests that the ‘risk allele’ for
rs7539120 is in fact protective of QT interval prolongation. This example demonstrates
the importance of thorough follow-up studies that are dedicated to unravel the 
functional mechanisms behind trait-associated variants. 

Identification of regulatory elements based on the tissue-specific epigenetic landscape
The general mechanism by which genetic variants influence individual traits lies in 
the alteration of transcription factor binding sites. Proper functioning of a regulatory
element is dependent on the recruitment of several tissue-specific and/or signaling
responsive transcription factors to their location. Many transcription factors act in 
synergy and when a genetic variant alters the binding site for one transcription factor,
this potentially affects the whole transcriptional complex. The subsequent effect on
transcription of a target gene is responsible for the phenotypic effect the variant was
associated with in the first place. In order to relate genetic variants to phenotypic traits,
it is necessary to functionally characterize regulatory elements. Therefore, it is 
important to identify regulatory elements and specify which genes they regulate. 
The difficulty herein is that many regulatory elements have alternative functions 
dependent on the time and tissue in which they are activate. Fortunately, recent 
technological advances have made it easier to identify regulatory elements at a large
scale. High-throughput analysis of transcription factor and histone modification 
occupancy in different cell and tissue types has led to the identification of hundreds
of thousands of regulatory elements throughout the genome of mouse, humans 
and other species. 32,37–42 Distal-acting cis-regulatory elements, often referred to as 
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enhancers, are marked by histone marks H3K4me1 and H3K27ac. 38,40,43 H3K4me1
marks both active and poised regulatory elements, whereas the presence of H3K27ac
at a regulatory element is associated with active transcription of nearby genes. 
The modification of regulatory elements by H3K27ac is catalyzed by p300, a histone
acetyltransferase protein. Thus, transcriptional activation is mediated by p300, which
has therefore been used in several studies for enhancer identification in several tissues,
including the heart. 39,44,45 However, certain subclasses of regulatory elements are 
associated with the presence of other epigenetic marks, such as H3K4me2/3, H3K9ac
and H3K27ac. 38,40,46 The fact that there is no unique chromatin signature for regulatory
elements likely reflects their functional diversity. Finding a combination of certain
post-translational histone marks in the noncoding portion of the genome, however,
quite often predicts the presence of a regulatory element associated with transcrip-
tional activity. This, combined with the presence of tissue-specific transcription 
factors, provides a map of spatial and temporal activity of regulatory elements. 

The architectural landscape of transcriptional regulation
The complexity of transcriptional regulation does not end with the proper identifica-
tion of regulatory elements. Besides the nifty use of tissue-specific transcription 
factors in the identification of regulatory elements, their presence obviously has 
an important biological role. Regulatory elements serve as a docking station for 
transcription factors so that they, in turn, can activate transcription by physically 
contacting the target gene promoter. In order for this activation to work, regulatory
elements form multicomponent complexes that can facilitate long-range interactions
and modulate transcription. Through the formation of chromatin loops, it is possible
that a regulatory element activates a target gene located at a great distance from its
genomic position. Unless located in a gene dessert, the region in which the regulatory
element resides often contains more than one gene. Recent estimates show that only
in ~27% of cases, the linearly closest gene is the target gene of the regulatory element. 47,48

On average, the interactions occur within a megabase-sized topologically 
associating domain (TAD), where the largest distance observed between a functional
cis-regulatory element and its target gene was 1.3Mb. 49 TADs are believed to function
as micro-environments in which regulatory elements and genes can move around 
to form the necessary interactions for proper transcriptional activation. 50 Using 
chromatin conformation capture (3C) sequencing (4C/5C/HiC-seq) techniques it is
now possible to investigate the architectural genomic landscape of a region of interest,
thereby identifying chromatin loops throughout the genome. However, while 
formation of a chromatin loop is necessary for transcription to occur48, it does not 
necessarily mean that the presence of a chromatin loop is associated with active 
transcription. Most loci display a fixed spatial configuration in which regulatory 
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elements are present in a pre-established (permissive) complex, regardless of their
activity in the investigated cell or tissue. 51–55 In some cases, however, new chromatin
loops are formed upon initiation of transcription (instructive). 56 This was shown for
the �α- and β -globin loci, where chromatin loops disappear after tissue specific 
transcription factors have been depleted. 57 As of yet, it is unclear why two different
forms of chromatin looping – permissive and instructive – exist. The transcriptional
advantage of the permissive domain may lie in the fact that interactions are easier to
establish when regulatory units are already in close spatial proximity of each other,
but this is purely speculative. Regardless of the cause for these two different 
possibilities, knowing the chromatin conformation in a specific cell type can provide
vital information. As genetic variants in regulatory elements can alter transcription
factor binding sites, this could potentially interfere with the communication between
different parts of the TAD.

Transcriptional activity at noncoding regions
Insight into the binding of transcription factors to regulatory elements and their 
subsequent delivery to the promoter of the target gene already provides valuable 
information on the transcriptional mechanism for correct gene expression. 
However, an additional layer of complexity was added to the process when yet 
another mechanism of regulation was identified at the location of regulatory 
elements. A subset of regulatory elements are occupied by RNA polymerase II
(Pol2), which correlates with transcription at these locations. 58 At first, it was
thought that this only reflected the active transcription of the target gene, but 
further analysis revealed that noncoding RNAs are transcribed from the location of
regulatory elements. 59,60 Still, since regulatory elements physically contact the 
target gene promoter, these so called enhancer RNAs (eRNAs) were discarded as
a byproduct of mRNA transcription. While it is still unclear whether eRNAs play a
central role in regulation of transcription, it has been established that some eRNAs
may help to stabilize chromatin loops 61 and enhance transcription. 62 It is important
to note, however, that other studies have shown that knockdown of eRNAs has 
no effect on enhancer function or target gene transcription. Interestingly, eRNA
transcription is enhanced at locations were so-called super enhancers are found.
These represent clusters of regulatory elements that are thought to be in control 
of cell identity and disease. 63 A study in human left ventricular tissue showed that
the cardiac transcription factors GATA4, NKX2-5, TBX5, TBX20 and MEF2 are often
associated with super enhancers. 63 Since these represent some of the most crucial
cardiac transcription factors for development of both primary and chamber 
myocardium, this suggests a central role for super enhancers in the regulation of
cardiac development and pathophysiology.
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Interestingly, super enhancers are associated with the transcription of long noncoding
RNAs (lncRNAs). 64 In contrast to eRNAs, these are stable spliced and polyadenylated
transcripts that are expressed at similar levels as mRNA transcripts, which makes 
it easier to detect them using techniques like RNA-sequencing. Loss- and gain-of-
function studies on lncRNAs showed that they are necessary for enhancer function
and target gene transcription. 61,65–68 The fact that these are stably expressed in the cell
for longer periods of time makes them interesting therapeutic targets. 

CONCLUSION AND FUTURE DIRECTIONS
This brief overview highlights that regulation of cardiac electrophysiology is an 
intricate process. The insight that regulatory elements in the noncoding part of the
genome play a primal role in correct expression of cardiac ion channels adds a new
paradigm to an already complex network of regulatory processes. Population-based
GWAS and the mapping of regulatory DNA elements by large-scale studies like 
ENCODE have helped to speed up the identification of regions of interest. The next
step is to combine these findings in order to unravel the mechanisms by which 
disease-associated variants within regulatory elements increase the risk of complex
diseases, such as heritable arrhythmias. An exciting recent observation is that the vast
majority of human genome is transcribed into RNA. 69 These transcripts represent 
different categories of regulatory RNAs, such as micro RNAs (miRNA), circular RNAs
(circRNA), enhancer RNAs (eRNA) and long noncoding RNAs (lncRNA). Several
pioneering studies have already shown that variants in noncoding regions can have
functional consequences for the biology of these RNAs. Additionally, they have 
suggested a potential application for these RNAs as biomarkers for cardiovascular 
disease, or even as targets for novel therapeutic strategies. Therefore, the efforts 
of basic scientists, with respect to unraveling the relations between noncoding 
regulators, pathogenic variants and their effects on coding genes, may bring person-
alized medicine closer to clinical applications, and perhaps even sooner than we think. 
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