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SCOPE OF THIS THESIS

This thesis focuses on understanding the regulation of cardiac ion channel genes,
which form the basis for normal cardiac electrophysiology and provide a substrate 
for cardiac arrhythmias when misregulated. We use a multitude of current state-of-
the-art techniques, such as ChIP-seq, 4C-seq and TALEN genome editing, to identify
and characterize novel regulatory elements necessary for correct spatiotemporal 
expression of various ion channel genes. Insight into the molecular mechanisms 
underlying cardiac electrophysiology increases our understanding of the patho-
physiological processes that cause arrhythmogenesis and might provide new targets
to treat heritable cardiac arrhythmias.

The first chapter introduces the different genes involved in normal cardiac 
electrophysiology and describes the mechanisms by which misregulation of these
genes can result in cardiac arrhythmias. In chapter 2 we describe the use of chromatin 
immunoprecipitation sequencing (ChIP-seq) as a tool for genome-wide identification
of regulatory elements, which we deploy in the following chapters to identify novel
regulators of cardiac electrophysiology. In chapter 3 we report a novel noncoding
RNA that regulates the cardiac expression of the potassium channel encoding gene
Kcnh2. Chapters 4-7 discuss the effect of genetic variation in regulatory elements in
the Scn5a-Scn10a locus. In chapter 4 we show that a QRS-duration associated variant,
located in an Scn10a intron, attenuates a Tbx3/5 binding site, thereby reducing the 
activity of a local regulatory element. In chapter 5 we discuss these findings, as we
review recent insights into the regulation of localized expression of ion channel genes.
In chapter 6, we show that the regulatory elements we introduced in chapter 4 are
necessary for correct expression of Scn5a and that the genetic variant located 
in SCN10A is associated with reduced SCN5A expression in humans. In chapter 7 we
investigate the effects of targeted deletion of several of these regulatory elements
from the mouse genome and show that this region is crucial for correct SCN5A
expression. 



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).

SA node

Atrial Muscle

AV node

His bundle

BB

Purkinje

Ventr. Muscle

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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SUMMARY
ChIP-seq is rapidly becoming a routine technique for the determination of the
genome wide association of DNA binding proteins and histone modifications. Here
we provide a protocol for the isolation, purification and immunoprecipitation of DNA
fragments associated with a target transcription factor of interest. Although the
method makes use of adult mouse hearts, it can, with relative ease, be adapted for the
in vivo ChIP isolation of DNA from other cell and tissue sources with the intention of
massive parallel sequencing.

INTRODUCTION
Chromatin Immunoprecipitation (ChIP) is a method commonly used to determine 
the location of DNA binding sites on the genome for a particular protein of interest.1-2

This technique provides a temporal view of the protein-DNA interactions that occur
inside the nucleus of living cells or tissues. Insights at this level of protein-DNA 
interaction can provide crucial information about the position of regulatory 
elements, such as enhancers, and their occupation and function during development
and disease progression.

ChIP-Sequencing, also known as ChIP-seq, combines chromatin immuno-
precipitation (ChIP) with massive parallel DNA sequencing to identify the cistrome
of DNA-associated proteins.3 In this way, protein-DNA interactions can be studied
on a genome-wide level. ChIP-qPCR provides a confirmation of the presence of a
given protein at a known, fixed position within the genome. Prior knowledge of a
confirmed or suspected binding site is required to assess the quality of the ChIP. This
binding site can either be compared to a site known not to be bound by the protein or
to a reference ChIP carried out using a control antibody.

Since it is an acceptable hypothesis that two spatiotemporally co-expressed
interacting transcription factors may share a set of gene targets and that the function
of such an interaction may be the coordinated regulation of shared targets 4-6, we recently
made use of chromatin immunoprecipitation (ChIP) coupled to genome wide 
sequencing technology to assist in the identification of regulatory elements across 
the genome bound by the transcription factor Tbx37 (Figure 1). Although our initial
study made use of an over expression system in mouse hearts, we have since applied
the same approach to endogenous transcription factors of interest in the heart, 
with similar success. With the increasing application of this technology (ChIP-seq, 8)
to different transcription factors, available data resources can be mined and compared
to help shed light on not only gene regulation in general, but provide new insights
into transcription factor complexes and their in vivo function. The protocol we present
here was designed to perform ChIP on adult mouse hearts. However, with minimal
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adjustments it can be applied to most tissues and cells, delivering DNA fragments
which can either be submitted for sequencing on a suitable platform or used in 
focussed single/multi target quantitative PCR (qPCR) experiments. The latter is 
particularly applicable if the tissue resources are limited. Following this approach we
were able to verify our results with qPCR during early development using relatively
small numbers of embryos.
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Figure 1 
ChIP-seq of 3 transcription factors in the adult mouse heart. The figure shows the ChIP-seq
genome peak alignement to chromosome 1 of the mouse. The 3 transcription factors are key
proteins with key roles in heart development; Tbx3, Nkx2-5 and Gata4. The control sample was
carried using the Tbx3 antibody in hearts lacking induced Tbx3 expression. Nkx2-5 and Gata4
represent normal endogenous expression experiments.

Ig Origin                                    Protein-A binding                 Protein-G binding
Goat IgG1                                                 Weak                                           Strong
Goat IgG2                                               Strong                                          Strong
Human IgG1, 2 and 4                         Strong                                          Strong
Human IgG3                                     No Binding                                     Strong
Mouse IgG1                                            Weak                                           Strong
Mouse IgG2a, 2b and 3                     Strong                                          Strong
Rat IgG1                                                    Weak                                           Weak
Rat IgG2a                                           No Binding                                     Strong
Rat IgG2b                                           No Binding                                     Weak
Rabbit IgG                                              Strong                                          Strong
Sheep IgG1                                              Weak                                           Strong
Sheep IgG2                                            Strong                                          Strong

Table 1 
IgG Affinity table
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MATERIALS
Ultrapure water is defined as purified de-ionized water with a resistivity of approxi-
mately 18 M Ω at 25oC. Sterilization, unless otherwise stated, is by autoclaving at 
15 psi (121oC) for 15 minutes.

2.1. Materials and chemicals
1.        Protein G plus agarose beads (Pierce)
2.       Specific antibody to target protein of interest (see Note 1)
3.       Complete Protease Inhibitor Cocktail (Roche)
4.       37% Formaldehyde (P.A. grade) (Merck). Bottle should be as fresh as possible
           (unopened <6 months)
5.       PBS (Phosphate buffered saline) tablets (Invitrogen). Solubilise and sterilize by 
           autoclaving
6.       RNase A (Sigma)
7.       Proteinase K (Invitrogen). Stock 10 mg/mL in ultra-pure sterile water
8.       Glycine
9.       NaCl
10.     HEPES
11.      Tris-HCl
12.     EDTA
13.     EGTA
14.     LiCl
15.     NaHCO3
16.     Sodium dodecyl sulphate (SDS)
17.     Triton X100
18.     NP-40
19.     Deoxycholic acid
20.    Phenol (Tris-buffered biophenol pH 8.0(Biosolve))
21.     Chloroform
22.     Glycogen (Roche)
23.     Absolute Ethanol (100% and 70% solution made with sterile ultra pure water)
24.    Sterile ultra pure water

General equipment
5.0mL Stopper Tubes (Sterile)
2.0mL Eppendorf tubes (Sterile)
1.5mL LoBind Eppendorf tubes (Sterile)
Lab-bench Rotator
Centrifuge with cooling
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Dounce homogenizer (2 mL)
IKA Ultra Turrax T5 FU (Or equivalent macerator)
Sonics VCX-130 (Or equivalent ultra-sonication device)

2.2.2 Working solutions
Working from stock solutions (see Note 2).
1.        X-link buffer (freshly prepared): 100 mM NaCl, 50 mM HEPES (pH 7.9), 
           0.5 mM EGTA, 1 mM EDTA (see Note 3). Add glycine to a final concentration
          of 125 mM. 

2.       Lysis Buffer: 50 mM Tris-HCl (pH 8.1), 10 mM EDTA (pH 8.0), 1% SDS. 
           Add 1x Complete Protease Inhibitor Cocktail tablet just before use.
3.       Dilution Buffer: 20 mM Tris-HCl (pH 8.1), 150 mM NaCl, 2 mM EDTA (pH 8.0),
          1% Triton X-100. 

4.       TSE I (Low Salt Washing Buffer): 20 mM Tris-HCl (pH 8.1), 150 mM NaCl, 
           2 mM EDTA (pH 8.0), 0.1% SDS, 1% Triton X-100
5.       TSE II (High Salt Washing Buffer): 20 mM Tris-HCl (pH 8.1), 500 mM NaCl, 
           2 mM EDTA (pH 8.0), 0.1% SDS, 1% Triton X-100 
6.       LiCl/detergent: 10 mM Tris-HCl (pH 8.1), 1 mM EDTA (pH 8.0), 250 mM LiCl,
          0.5% NP-40, 0.5% [w/v] Deoxycholic acid

7.       TE buffer: 10 mM Tris-HCl (pH 8.1), 1 mM EDTA (pH 8.0)
8.       Elution Buffer: 100 mM NaHCO3, 1% SDS (This solution should be made 
           fresh just before use and kept at room
           temperature)
9.       Proteinase K. Make a stock solution of 
           20 mg/mL in ultra-pure sterile water.
          Store at -20 °C

~0.5 kb

M
ar

ke
r

~0.1 kb

0 p
ul

se
s

5 p
ul

se
s

15
 p

ul
se

s

25
 pu

ls
es

Figure 2
Chromatin shearing using sonication.
Optimization of the number of rounds of soni-
cation may be required. A typical average frag-
ment bp length for efficient ChIP sequencing is
around 200-300 bp.
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METHODS
The following protocol is based on a single adult mouse heart sample. A single adult
mouse heart contains approximately 1x107 cells. Although sufficient chromatin can be
obtained from smaller sample sizes, we recommend starting with an equivalent of this
number before optimizing for smaller numbers of cells.

3.1 Tissue fixation
1.        Isolate the tissue/cells in sterile 1xPBS. Good fixation will require that the 
           fixative can enter the material (e.g. for adult mouse heart, cut it into s
           mall pieces). Once the sample has been sliced in to small pieces, transfer to a 
           5 mL stoppered tube.
2.       Fix the material with 1% formaldehyde in X-link buffer (see Note 4) for 30 
           minutes (this has been optimized for adult mouse heart (see Note 5)) at 
           room temperature (RT) with constant steep rocking/tilting. 
3.       Remove formaldehyde by pipetting off the supernatant
4.       Add fresh X-link buffer containing 125 mM glycine
5.       Remove the X-link buffer and rinse 2x with sterile, ice cold PBS. 
6.       Transfer tissue to a 2mL Eppendorf Tube. 
Note: At this stage the sample may be snap frozen and stored at -80 oC.

3.2 Lysis and sample shearing 
1.        Add 1 mL of sterile PBS to the material. The ratio of PBS to sample is 
           approximately 10:1.
2.       Make an even suspension of the material. If the sample is a tissue this can 
           best be done by physically chopping via maceration (see Note 6). 
3.       Centrifuge at 5000rpm for 5 minutes at 4°C and discard the supernatant
4.       Resuspend in 1mL of Lysis Buffer containing 1x Protease Inhibitor Cocktail 
           and incubate for 1h at 4 °C with rotation (see Note 7).
5.       Physically grind the cells with a pre-cooled Dounce homogenizer 20x (see 
           Note 8). 
At this stage the sample may be snap frozen and stored at -80 oC. 

3.3 Chromatin isolation and shearing
The use of LoBind (Eppendorf) or similar reaction tubes with a low attractive surface
is strongly recommended in all subsequent steps.
1.        Transfer material to a 1.5 mL tube (see comment above) prior to sonication 
           (see Note 9)
2.       Adjust the settings of the sonicator to medium power. For the sonicator used
          here we use an amplitude of 40%, though for other instruments this stage
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          may need optimization. 
           Pulse using successive rounds of 30s ON / 45s OFF
           Depending on the type of tissue being used, the number of rounds may need
          optimization (see Note 10) 

3.       Centrifuge at full speed for 15 minutes at 4 oC and collect the supernatant 
           (see Note 11).
4.       Save 2.5% (=25 �l) supernatant sample to determine shearing efficiency, 
           continuing with the protocol for this test sample listed under section 3.5 
           (see Note 12)
5.       Add 1mL PBS and 1mL Dilution Buffer, both containing 1x Protease Inhibitor
          Cocktail and mix well. (see Note 7)

6.       Aliquot in 1.5mL tubes. We recommend using 1mL of sample per experiment;
          this can be adjusted depending on the estimated expression of the protein of 
           interest. 
           At this stage the sample may be snap frozen in liquid nitrogen and stored at 
           -80 oC before continuing.

3.4 Immunoprecipitation
1.        Gently resuspend Protein A or G beads (see Note 13) and then wash 30ul 
           of beads in an eppendorf tube 3x with TSE I (without protease inhibitor cocktail).
            Washing definition: add 500ul of TSE I to beads, gently resuspend (see 
           Note 14), and centrifuge at low speed (2800 rpm), 2 min, 4°C. Carefully 
           pipette supernatant away (see Note 15), but avoid disturbing the beads. Repeat.
2.       Add 1 mL of isolated chromatin to washed beads for pre-clearing.
3.       Incubate for 1 hour with rotation at 4°C.
4.       Centrifuge at low speed (2800 rpm) for 2 minutes at 4 °C.
5.       Remove a 2.5% (=25 �l) supernatant sample. This sample will function as a
          future input reference (see Note 16).

6.       Transfer the remaining supernatant to new tube and add 2ug of antibody against
          the protein of interest.

7.       Incubate from a minimum of 2h to overnight with rotation at 4 °C. (See 
           Note 17).
8.       Wash 30 �l protein A or G beads and wash them 3x with TSE I (without protease
          inhibitor cocktail) as in step 1 above.

9.       Add antibody/chromatin mix from step 6-7 to washed beads.
10.     Incubate for 1 hour with rotation at 4 °C.
11.      Centrifuge at low speed (2800 rpm) for 2 minutes at 4 °C. Carefully pipette
           away the supernatant.
12.     Wash the beads 2x with 1mL TSE I (containing protease inhibitor cocktail). 
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           Centrifuge at low speed (2800 rpm) for 2 minutes at 4 °C. Carefully 
           pipette away the supernatant.
13.     Wash the beads 1x with 1mL TSE II (containing protease inhibitor cocktail). 
           Centrifuge at low speed (2800 rpm) for 2 minutes at 4 °C. Carefully 
           pipette away the supernatant.
14.     Wash the beads 1x with 1mL LiCl/detergent. Centrifuge at low speed 
           (2800 rpm) for 2 minutes at 4 °C. Carefully pipette away the supernatant.
15.     Wash the beads 1x with 1mL TE buffer. This is the last wash. Remove as much
          buffer as possible (see Note 18) without disturbing the beads. 

16.     Add 200 �l freshly prepared Elution Buffer to the beads.
17.     Incubate for 15 minutes with rotation at room temperature (see Note 19).
18.     Centrifuge, at room temperature, at low speed (2800 rpm) for 2 minutes.
19.     Collect the supernatant in a new tube.
20.    Perform elution again, repeat steps 16-18. Pool eluates in one tube (total 
           volume will be approximately 400 �l).

3.5 Cross-link reversal and proteinaseK treatment
The input reference sample should also be processed in the following manner.
1.        Add 16 �l 5 M NaCl (end concentration will be 200 mM) to the 400 �l sample.
           For input: add 75 �l sterile ultrapure water to the 25 �l input sample and then add
          4 �l  of 5 M NaCl.

2.        Incubate from a minimum of 4 hours to overnight at 65°C.
3.       Add 2 �l RNase A to ChIP sample (add 1 �l to input sample) and incubate for 
           30 minutes at 42 °C.
4.       Add 8 �l 0.5 M EDTA, 8 �l 1 M Tris-HCl (pH 6.5) and 8 �l Proteinase K solution
          (20 �g/�l).
           For input use 2 �l 0.5 M EDTA, 2 �l 1 M Tris-HCl (pH 6.5) and 2 �l Proteinase K 
           solution (20 �g/�l). (See Note 20).
5.       Incubate for 2h at 42 °C.

3.6 DNA purification
(See Note 19)
1.        Add 1 volume of biophenol, mix by vortexing and centrifuge at 4°C for 10 
           minutes at full speed in a microfuge.
2.       Collect top aqueous phase in a sterile microfuge tube.
3.       Add 1 volume of freshly prepared, settled, 50:50 phenol:chloroform, mix by 
           vortexing and centrifuge at 4°C for 10 minutes at full speed in a microfuge.
4.       Collect top aqueous phase in a sterile microfuge tube.
5.       Add 1 volume of chloroform, mix by vortexing and centrifuge at 4°C for 10 
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           minutes at full speed in a microfuge.
6.       Collect top aqueous phase in a sterile microfuge tube and add 0.5ul Glycogen,
          0.1x volumes of 3M NaAc pH 5.2, mix and then add 3 volumes of ice cold 
           absolute ethanol.
7.       Leave in -20°C freezer for 30 minutes (see Note 20).
8.       Centrifuge at 4°C for 30 minutes at full speed.
9.       Wash with 500ul of cold 70% ethanol.
10.     Centrifuge at 4°C for 5 minutes at full speed.
11.      Remove all traces of ethanol from the pelleted DNA and air dry until all 
           moisture droplets have gone.
12.      Resuspend pellet in 30-50 ul sterile utlra-pure water. A typical ChIP-experiment
          yields about 5-10 ng DNA. This is sufficient for quantitative PCR and sequencing. 

3.7 Sample concentration determination and further applications
The sample concentration can be accurately measured by fluorometric quantitation
(e.g. Qubit Quant-iT). This is especially important for downstream applications such
as ChIP-sequencing, where it is vital to know that the protocol is entered with 
sufficient DNA for ligation of adapters and amplification of the material. 
Another application for which the material can be used is quantitative PCR. The 
enrichment of a DNA-fragment can be measured compared to the input sample,
a sample treated with a control antibody or a control DNA-fragment that is not bound
by the protein of interest. ChIP-qPCR can be used as a final result or to determine the
quality of a ChIP experiment for other downstream applications. The quality can best
be assessed by checking DNA fragments that are known to bind the protein of interest
over DNA fragments that are not binding. We find an enrichment of at least 10-fold
over a control region to be a reasonable standard for ChIP-sequencing quality. 

NOTES
1.        Our experience with choosing an antibody for ChIP-seq is that polyclonal 
           antibodies raised against goat work very well with this protocol. However, 
           antibodies raised against rabbit and other species have been commonly used 
           for ChIP-seq throughout literature as well. When using an IgG control antibody,
          consider matching this to your antibody against the protein of interest (i.e. both
           raised against the same species). 
2.       We usually make 5-10x stock solutions of all components for the working 
           solutions. These are then autoclaved for longer term storage (typically for up 
           to one month). We typically then make solutions in either sterile glassware 
           or pre-sterilized tube (eg. Greiner). Adequate sterile ultrapure water must 
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           be available for diluting the components to make up the final working concen-
           trations. Additionally, all working solutions used after the immunoprecipitation
          should be filter-sterilized.

3.       The amount of X-link buffer required will depend on the number samples. 
           We recommend making at least 5 mL per sample. We also recommend using 
           a stock solution of 0.5 M EDTA pH 8.0 for the addition of EDTA to the X-link
          buffer.

4.       We typically use 5 mL of X-link buffer per extraction when using adult mouse
          heart.   

5.        The time required for fixation will vary between samples and will probably 
           require optimization. As a general rule, the younger or softer the tissue, the 
           less time required. For example, early embryonic samples (ED10.5) use a 
           reduced fixing time (15 minutes at RT). Optimization of this step can be done 
           in two ways; fixation can be varied by changing the percentage of the fixative
          or by changing the time of fixation. We recommend choosing one of the two, 

           make a range around the standard protocol and compare the shearing efficiency
          and qRT-PCR outcome to the standard protocol (for adult or embryo) in 
           one experiment.
6.       We make use of an IKA Ultra Turrax T5 FU with the power set to 40000/min,
          keeping the sample on ice during the maceration process.

7.       For some tissue types cell lysis can be a problem. It is recommended to check 
           the lysis of the cells under a microscope when optimizing the protocol for a 
           new tissue type. When lysis is insufficient, the volume of lysis buffer can be 
           increased. The volume of other buffers throughout the protocol should then 
           also be equally adjusted. When doing this, it should be noted that the immuno-
           precipitation in this protocol is performed in 1/3 of the total sample, based 
           on the amount of chromatin that can be isolated from one sample. 
8.       The dounce tube should have a well fitted pestle.
9.       Shearing is more efficient in a conical shaped tube compared to a round-
           bottomed tube.
10.     An adult mouse heart requires 25 rounds of sonication. For embryonic tissue 
            15 rounds are sufficient. The objective is to shear the chromatin (DNA) into pieces
           of approximately 150-500 bp in length. During optimization, samples may be 
            withdrawn, reverse cross-linked (see section 3.5) and the DNA purified for gel 
            analysis see Figure 2. During sonication it is advisable to keep the sample on ice to
           prevent over-heating. However, SDS will precipitate if left on ice reducing the 
            efficiency of DNA shearing. During sonication, the heat generated keeps the 
            SDS in solution. Therefore care should be taken to ensure that just prior to sonica-
            tion the sample is warmed between finger and thumb to ensure SDS is in solution.
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11.     At this stage only a small pellet should be visible, possessing a white/grey colour.
          A black pellet may be a sign of ‘burnt’ cellular debris and as a rule we do not 

           continue with these samples. A large pellet may mean incomplete lysis 
           which can result in reduced shearing efficiency. A small sample can be checked
          on gel (see note 7, 10 and 12). In this case the sample may be resuspended in fresh
          lysis buffer and sheared again before proceeding.

12.     We recommend checking the shearing efficiency before continuing with the i
           mmunoprecipitation. The remaining sample can be frozen at -80 °C. 
           When shearing is insufficient, the sample can be subjected to an additional 
           round of sonication. After this, the step needs to be repeated after which 
           the chromatin sample may be refrozen at -80 °C. 
13.      Choice of antigen bead (A or G) may depend on the primary antibody. See Table 1.
14.     Resuspend Protein A or G beads by gently flicking the tube until there is no 
           visible pellet anymore.
15.     Pipet using a tip with a large opening or cut the end of a 200ul tip off.
16.     This sample may be snap frozen and stored at -80 °C.
17.     A 2h incubation period works well for most proteins.
18.     Use of a needle and syringe is an option.
19.     The buffer will precipitate at 4°C.
20.    Making a mastermix is an option when treating a large number of samples.
21.     DNA purification may also be carried out using a commercial DNA purification
          kit and following the manufacturer’s instructions.

22.     Incubations at -20°C will increase DNA yield. The period of incubation may 
           be extended to overnight.
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ABSTRACT
The human ether-a-go-go-related gene KCNH2 encodes the voltage-gated potassium
channel underlying IKr, a current that is critical for the repolarization phase of the 
cardiac action potential. Mutations in KCNH2 that cause a reduction of the repolariz-
ing current can result in cardiac arrhythmias associated with long QT syndrome. Two
separate KCNH2 isoforms, KCNH2A and KCNH2B, are expressed in cardiac tissue
from individual promoters in the same gene, and work together as heteromeric hERG
channels. KCNH2B additionally functions as a regulator of KCNH2A expression 
and channel trafficking. Inappropriate regulation of these genes can have serious 
consequences for cardiac repolarization, yet, little is known about the transcriptional
regulation of KCNH2. In this study, we investigated the regulatory landscape around
Kcnh2 and found multiple active regulatory elements that are in contact with the 
promoters of both Kcnh2 isoforms. Knockdown of a lncRNA produced at the location
of one of these elements results in reduced expression of Kcnh2b and two neighboring
mRNAs, Nos3 and Abcb8, in cardiac cells. These findings establish that Kcnh2a
and Kcnh2b are differentially regulated, which may help in the development of future
therapeutic strategies. 

INTRODUCTION
The human ether-a-go-go-related gene (hERG, or KCNH2) encodes the 

voltage gated potassium channel that underlies the rapidly activating delayed rectifier
current IKr.1 IKr is a major contributor to the repolarization phase of the cardiac action
potential in the heart of most mammalian species.2 Loss of function of this current
therefore results in slowing of ventricular repolarization and QT prolongation. When
these events occur because of mutations in KCNH2, the condition is diagnosed as long
QT syndrome type 2 (LQTS type 2 or LQT2), a life-threatening heritable arrhythmia
that often leads to polymorphic ventricular tachycardia and, ultimately, sudden cardiac
death (SCD) in young patients.3 Despite the characterization of KCNH2 and several
other genes as molecular substrate for LQTS, there is a high degree of unexplained
phenotypic variability in the disease, even between family members carrying the same
mutation.4

The cause for this heterogeneity is largely unknown and is thought to be the
result of a complex interplay between multiple direct and indirect factors. One of
these factors is the regulation of gene expression by regulatory elements (REs) and
noncoding RNAs (ncRNAs). REs physically contact gene promoters through DNA
looping and act together to stimulate or repress mRNA transcription by influencing
promoter activity. As such, they play an important role in the spatio-temporal 
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regulation of gene expression. With the advent of next-generation sequencing
technologies a myriad of REs have been identified within the genome. So far, only 
a small subset of these have been functionally characterized. Additionally, there is 
increasing evidence that ncRNAs arise from genomic locations where REs are found
(e.g. intragenic regions, UTRs, enhancers).5–7 Depending on their specific subtype,
ncRNA can play a role in gene regulation, DNA replication, alternative splicing,
mRNA translation and stability, protein trafficking and many other biophysical
processes.8–10 As such, aberrant expression of ncRNAs can have functional conse-
quences for specific disease states, which makes ncRNAs interesting targets for novel
therapies. 

Genetic screening of LQTS patients revealed that a significant proportion of
the KCNH2 mutations carriers were frameshift or premature termination codon (PTC)
mutations leading to haploinsufficiency through non-sense mediated decay.11,12

This suggests that a tightly controlled level of hERG channels (encoded by KCNH2)
is necessary to maintain the delicate balance between a normal heart rhythm and a
prolonged QT interval. Yet, in contrast to other loci involved in LQTS,13–16 little 
is known about the transcriptional regulation of KCNH2. In the human genome, 
5 different KCNH2 transcripts have been reported to be transcribed from the KCNH2
locus, which considerably vary in distribution and expression level.17–22 At least three
of these – KCNH2A, KCNH2B and KCNH2uso – play a functional role in the human
heart. KCNH2A and KCNH2B are highly conserved between species. Tissue-specific
RNA expression of the different Kcnh2 isoforms in mice revealed that Kcnh2a is abun-
dantly expressed in murine heart, brain, lung and testis, whereas Kcnh2b expression
is more cardiac specific.20,21 Both are equipped with a unique promoter region and
transcription start site (TSS) and as such, they represent different KCNH2 isoforms23

that together can form variable heteromeric hERG channels.24,25 In contrast,
KCNH2uso does not form functional hERG channels and is not conserved between
species. Interestingly, hERG1b (KCNH2B) is involved in hERG1a (KCNH2A) channel
trafficking, functional expression and channel kinetics. Co-assembly of hERG1a and
hERG1b results in increased channel availability and a larger IKr current.22,24,25 Further-
more, studies in mice showed that selective knockdown of Merg1b, the murine 
equivalent of hERG1b, eliminates IKr from adult ventricular cardiomyocytes and elicits
episodes of sinus bradycardia.26

If these two Kcnh2 isoforms are differentially regulated, this could have 
important implications for future therapeutic strategies. Therefore, we aimed to 
investigate the regulatory landscape near Kcnh2. We identified and characterized 
several candidate REs and provide evidence that a subset of these elements have 
regulatory potential in vitro and in vivo. Using high resolution 4C-sequencing, we
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showed that many active REs are in close contact with the Kcnh2 promoters. We go
on to show that a ncRNA produced at the location of a far downstream RE is necessary
for the expression of Kcnh2b and two neighbouring mRNAs, Nos3 and Abcb8, in 
cardiac cells. With these data, we present a comprehensive map of the regulatory
landscape surrounding Kcnh2 and provide evidence that two important Kcnh2 iso-
forms that co-assemble to regulate cardiac repolarization are differentially regulated. 

RESULTS
Identification of regulatory elements in the Kcnh2 locus

Using the overlap analysis program EMERGE, which utilizes a logistic regression
model based on validated functional elements to identify tissue-specific REs27, we 
integrated publicly available ChIP-seq data sets of cardiac transcription factors (TFs),
proteins associated with active regulatory elements and active transcription (see
Methods for details of data sets). Since Kcnh2 is expressed at high levels in both 
cardiac and neuronal tissues21, we used a similar analysis for a neuronal tissue dataset,
thereby increasing the chance of selecting tissue-specific regulators. However, 
the predicted cardiac and neuronal REs showed a fair amount of overlap (Figure 1A),
suggesting that the locus contains multiple REs that can regulate gene expression in
various tissues. Based on this prediction, we selected 11 putative REs and tested them
for their regulatory capabilities by use of luciferase reporter assays. In an attempt 
to distinguish ‘cardiac-specific’ from more broadly active REs, we tested each putative
RE in 3 different cell lines: HepG2, a hepatocellular carcinoma derived cell line; Cos7,
a fibroblast-like cell line derived from kidney cells; H10, a neonatal rat cardiomyocyte-
derived cell line. Five of 11 putative REs displayed strong constitutive activity in vitro
(Figure 1B). Of these, RE1 was only active in HepG2 cells, whereas 4 others 
(RE3 – RE7 – RE9 – RE11) showed activity in all 3 cell lines. Especially RE11 acted as a
clear activator, increasing the activity of the reporter vector over 70-fold in H10 cells
and 240-fold in HepG2 cells. 

To test whether these regions can regulate expression in the heart in vivo, all 
11 candidates were cloned into the ZED vector, a reporter vector that allows for 
simultaneous screening of transgenesis and enhancer-driven activity using two 
fluorescent markers.28 Three of 4 REs that were active in vitro, RE7 – RE9 and RE11,
showed regulatory activity in the zebrafish heart (Figure 1C). RE3, on the other hand,
did not display any cardiac regulatory activity in vivo. Interestingly, fragments RE5 
and RE8 seemed to repress cardiac activity of the ZED vector, suggesting that these
fragments acted as transcriptional repressors rather than activators. 

Several of our putative REs were marked by H3K4me3 (Supplemental Figure 1),
a histone modification mark predominantly associated with active transcription.29–31
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RE1, RE3 and RE8 are located within promoter domains of Nos3 and Kcnh2, thereby
providing an explanation for their overlap with this histone mark. RE11, however, 
is located in the middle of a ~135kb region devoid of protein coding genes, ~85kb
downstream of the Kcnh2 transcription start site (TSS). Recent studies reported a gain
of H3K4me3 on a subset of H3K4me1-marked active REs.32,33 Increased H3K4me3 
is associated with increased levels of transcription of both the RE, as well as nearby
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Figure 1
Identification and functional characterization of regulatory elements in the Kcnh2 locus. (A)
UCSC genome browser view of chr5:23,761,176-23,879,968 (mm9) displaying
EMERGE tracks for heart (red) and brain (blue). Numbers 1 – 11 indicate the location
of putative regulatory elements chosen for further investigation. (B) Constitutive 
activity of putative regulatory elements in vitro. Candidate regions were cloned 
upstream of pGL2 with a minimal promoter and tested for their constitutive activity
in Cos7, HepG2 and H10 cells. *p < 0.05 (C) Percentage GFP expression in hearts of
zebrafish for each putative regulatory element. Putative regulatory elements RE7,
RE9 and RE11 activate cardiac GFP expression, whereas RE5 and RE8 seem to repress
basal activity of the ZED vector. Neg1 (reference) and Neg2 represent the empty ZED
vector and a validated neuronal regulator element Cadps, respectively. Pos1 and Pos2
represent validated cardiac regulatory elements for Scn5a15 and cTnT. *p < 0.05.
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protein-coding genes.34 Considering the ‘looping’ model for transcriptional activation,
the presence of H3K4me3 on RE11 could reflect the physical interaction between RE11
and an active gene promoter, such as that of nearby Kcnh2.

Cardiac-enriched contact frequency between the downstream regulatory element and
the promoters of Kcnh2 and Nos3 

To investigate the physical interactions between the Kcnh2 gene promoters
and putative REs in the region, we deployed high-resolution chromosome confor-
mation capture sequencing (4C-seq).35 Because we detected constitutive activity 
of several REs in HepG2 hepatocyte-like cells, we used murine hepatic tissue as 
a control next to cardiac tissue to find specific cardiac interactions. Bait was set 
for the Kcnh2 promoter isoform A (Kcnh2a) and the most promising candidate, 
RE11. We observed a strikingly similar interaction profile from both viewpoints 
(Figure 2A, Supplemental Figure 2) and clear interactions between the viewpoints
in both heart and liver samples (Supplemental Figure 2). Because Kcnh2 is only 
expressed at low levels in developing hepatocytes36 and not expressed in adult
liver21, this suggests that RE11 is not recruited to the promoter upon transcription,
but is present in a pre-established complex.37 However, quantitative analysis of the
interactions revealed an increased interaction frequency between RE11 and Kcnh2a
in cardiac tissue compared to liver (Figure 2B and 2C). Closer inspection of this 
contact region shows that it is broad (+/- 8kb) and extends from RE11 towards RE10.
The regions we marked as RE10 and RE11 are highly conserved between mouse and
human (RE10: 96.4% identical bases, 100.0% of span; RE11: 96.2% identical bases,
100% of span), while the region in-between the two regulatory elements is not 
conserved between species and contains no cardiac TFs, enhancer-associated 
proteins or histone marks. 

Other interactions with the Kcnh2a viewpoint included the region around
RE9, albeit with an equal distribution of interactions in heart and liver samples. 
In the processed datasets (Figure 2A, Supplemental Figure 2) interactions between
Kcnh2a and the region containing E5-8 were visible, but this region is too close 
to the viewpoint to extract any tissue-specific interactions. However, from the RE11
viewpoint we found that the region of RE6 to RE8, which contains the alternate
Kcnh2 promoter isoform B (Kcnh2b), is more frequently contacted in cardiac tissue.
Close inspection of the contact profile from the RE11 viewpoint suggested that there
were multiple sites of interaction upstream of the Kcnh2 TSS, including particularly
strong and cardiac-enriched interactions with the Kcnh2a and Nos3 promoter. Other
interactions were found near Atg9b, Abcb8, Cdk5 and Agap3 upstream of the view-
point, and near Klhl7 and Nupl2 downstream of the viewpoint (Supplemental Figure 2).
None of these interactions, however, were enriched in either heart or liver. 
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These data demonstrated that RE11, an active RE located ~85kb downstream
of Kcnh2, is in close contact with the Kcnh2 and Nos3 promoters. The observation that
these interactions occurred with an increased frequency in cardiac tissue implies that
this is an important regulatory area of Kcnh2 and Nos3 in the heart. Furthermore, these
data show that RE11 could play a role in the regulation of several other genes in the
regulatory landscape around Kcnh2. 
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Figure 3
Expression analysis of Kcnh2 isoforms and regulatory elements RE10 and RE11 in mouse and
human tissue panels. (A) Expression analysis of combined Kcnh2 isoforms shows that Kcnh2
is predominantly expressed in brain and heart. (B) Separated expression analysis of Kcnh2a and
Kcnh2b reveals that Kcnh2b is mainly expressed in cardiac tissue and cerebellum, whereas
Kcnh2a is present at lower levels in multiple tissues. (C) The expression profile of regulatory
element RE10 mimics the endogenous Kcnh2b expression profile (D) RE11 is expressed in many
different tissue types and its expression level correlates with that of Kcnh2. (E-F) 
Expression of RE11 and KCNH2 in human tissue panel. (E) RE11 is broadly expressed in human
tissue, albeit at lower levels compared to expression levels in mice. (F) Expression of combined
KCNH2 isoforms correlates with previously reported expression pattern in human and murine
tissue. Percentages represent relative transcript levels compared to housekeeping gene 
eEF-2.84
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A bidirectionally-transcribed ncRNA overlapping RE11 is abundantly expressed in several
tissues in mouse and human

Active REs are frequently accompanied by transcriptional activity at their 
location, often in a bidirectional manner.5,38 Most of these transcripts are dynamic and
unstable39, but a small subset of REs produce stable long ncRNAs (lncRNAs) that play
an important role in the regulation of gene expression.5,40,41 This prompted us to 
investigate whether such transcripts are present at the location of RE10 and RE11. 
Because the expression level of these transcripts is reportedly much lower than that
of most protein coding genes41, we determined the level of transcription at RE10 
and RE11 in relation to Nos3 and Kcnh2 mRNA in an adult mouse tissue panel. In con-
cordance with previous studies, we found that Kcnh2 (combined product of isoform 
A and B) expression is highest in brain, specifically cerebellum, and heart (Figure 3A).21

As previously reported, we observed higher Kcnh2b expression in the heart20,21,
whereas Kcnh2a is predominantly expressed in the brain (Figure 3B). For both 
separate isoforms and the combined transcript, expression was higher in atria 
compared to ventricles42, with an overall higher expression on the right side of the
heart compared to the left (Figure 3B).23 The expression of Kcnh2b transcripts was
~1000-fold lower in liver compared to heart, whereas for Kcnh2a the difference was
~100-fold. We measured Kcnh2 expression in fetal tissues (E14.5) and found that 
ventricular Kcnh2 expression increases ~30% over time. Low levels of Kcnh2 could be
detected in fetal liver and brain, but not in fetal limb (Figure 3A-B). 

Subsequently, we determined the transcript levels of RE10 and RE11. Using
several strand-specific oligonucleotide sets on both sides of the REs (Supplemental
Figure 3A), we found that RE10 and RE11 are transcribed in a bidirectional manner 
directed away from the element core (Supplemental Figure 3B, 3C). However, both
elements exhibited a unidirectional preference in opposite directions (Supplemental
Figure 3B, 3C). Prominent transcription of RE10 is directed towards Kcnh2, whereas
transcription of RE11 is highest in the opposite direction, away from Kcnh2. 

As expected, the relative transcript level of RE10 ncRNA was 100- to 1000-
fold lower compared to Kcnh2 mRNA levels. Similar to Kcnh2, we observed the 
highest expression of RE10 in cerebellum and heart compartments (Figure 3C).
The expression was higher in the ventricles compared to the atria, but there were no
striking left-right differences (Figure 3C). We did not observe any expression of RE10
in the fetal ventricle or brain, and found low expression in fetal liver.

Rather unexpectedly, the transcript levels of RE11 ncRNA were in the same
range as those of Kcnh2 mRNA (Figure 3D). Again, we found high transcript levels
in cerebellum and cardiac compartments, however, expression of RE11 was also found
at high levels in thymus, kidney and small intestine (Figure 3D). Expression in fetal
ventricle was similar to that of adult right ventricle and ~50% of adult left ventricle.
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We detected low transcript levels of RE11 in fetal brain and limb, but none in fetal liver.
Overlay of ChIP-seq datasets on p300, Pol2 and enhancer-associated histone marks
in different tissue-types revealed that RE11 is occupied by these proteins in nearly
every tissue (Supplemental Figure 4), thereby explaining the abundant expression of
its ncRNA. Similar results were obtained for the expression of KCNH2 isoform A+B
and RE11 in a human tissue RNA panel, although the transcript levels of RE11 were gen-
erally lower (Figure 3E and 3F). Together, these data suggest that RE11 is a very potent
and significant regulator. Therefore, we hypothesized that RE11 functions as a stable
lncRNA to regulate expression of nearby genes. 

RE11 forms a polyadenylated transcript that exists independent of RE10
The transcript stability of mRNA and lncRNA is positively affected by

polyadenylation and increased GC content.43 With a GC content of 53%, RE10 and
RE11 score slightly above the 48% average GC content for lncRNA and mRNA.43 Using
random priming versus oligo-dT derived cDNA, we found similar transcript levels for
RE11 in both sets, whereas RE10 could not be detected in oligo-dT-derived cDNA. As
expected from these observations, we were unable to obtain a multi-exonic cDNA
product from RE10 and RE11. Therefore, we concluded that RE11 is a polyadenylated
transcript that exists independent of RE10. 

These results imply that RE11 is a stable lncRNA, and although it does not form
a combined product with RE10, it could still be connected with other regions in its do-
main. To investigate this possibility, we searched the expressed sequence tags (ESTs)
database of GenBank. In this database, no transcripts were annotated at the location
of RE10. However, the database indeed contains a spliced EST at the position of RE11.
The transcript, termed CF581083 in GenBank, starts in the middle of RE11 and is 
extended to a second EST sequence ~6.5 kb further downstream of RE11 (Figure 4).
Furthermore, the database shows a predicted pseudogene, GM9836, that is located
~9kb downstream of RE11. Except for the part of CF581083 that overlaps with RE11,
both sequences are not conserved between species and evaluation of available cardiac
ChIP-seq datasets revealed no binding events at their location. However, we did 
observe multiple binding events in the supposed intron of CF581083, just upstream
of its second EST. This region is also not conserved between species (Figure 4). 
Publicly available RNA-seq and poly-A-seq datasets show some evidence for 
transcription at these locations, including RE11 (Figure 4). Since we have already 
established that RE11 is present in multiple tissues, we evaluated the expression of
GM9836, CF581083 and its supposed intron in cardiac and neuronal RNA panels.
Using multiple primersets, we found no apparent transcription for any of these regions
and all attempts to obtain a combined cDNA product of RE11 with either CF581083,
the intronic region or GM9836 failed. These observations led us to conclude that 



Novel ncRNA regulates cardiac Kcnh2 expression  | 53

RE10 and RE11 are independent transcripts, which do not function as part of a com-
bined multi-exonic lncRNA with these regions. 

RE11 regulates the transcription of Nos3, Abcb8 and the cardiac-specific isoform of Kcnh2
Based on our findings that RE11 is polyadenylated and abundantly transcribed,

we hypothesized that this region is important for transcription of Kcnh2 and other
genes with its topologically associated domain (TAD). Based on our 4C-seq tracks,
we determined that the TAD containing RE11 is approximately 750 kilobases in size
and includes 22 genes. Among these are several genes that are functionally active in
the adult heart, including Kcnh2, Nos3, Abcb8, Asic3, Smarcd3 and Rheb. To test the
hypothesis that RE11 is capable of regulating genes within its TAD, we used antisense
oligonucleotides (LNATM GapmeRs) directed against RE11 to degrade the lncRNA.
We used the atrial-derived HL-1 cell line,44 which expresses both Kcnh2a and -b and
the RE11-derived transcript. Two independent GapmeRs induced a reproducible
~50% knockdown of the RE11 lncRNA at a concentration of 50nM (Figure 5). Increas-
ing concentrations of both GapmeRs resulted in a substantially larger decrease of RE11
expression, but also in increased cell death. 

Although we showed that RE10 and RE11 are independent transcripts, the two
REs could still be working together functionally. We hypothesized that if RE10 and
RE11 are functionally linked, loss of one RE would result in a subsequent down-
regulation of the other RE. Indeed, we found a 1-on-1 relationship between 
knockdown of RE11 and downregulation of RE10 (Figure 5). Next, we assessed the 
effect of knockdown of RE11 on all 22 mRNA transcripts within the TAD. Four of these
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Figure 4
UCSC genome browser overview of region chr5:23,761,176-23,879,968 (mm9) displaying 
the location of CF581083 and GM9836 in relation to RE10, RE11 and Kcnh2. Black bars below
indicate sequence conservation between species. Upper tracks represent the transcription of
heart (red), whole brain and cerebellum (grey), testis (blue), liver (yellow) and kidney (pink)
in the Kcnh2 locus. These show that there is some minor transcriptional activity in the heart 
dataset near the location of RE10/RE11.
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genes, including a transcript that partially overlaps with Nos3 – Atg9b, were not 
expressed in HL-1 cells (Supplementary Figure 5). Considering the myriad of inter-
actions seen from the RE11 viewpoint, we expected that knockdown of RE11 could 
result in downregulation of a majority of the genes within the domain. Instead, the
effect was almost exclusively limited to the genes that displayed a cardiac-enriched
interaction with RE11. We found a significant reduction of Kcnh2b, the cardiac-specific
isoform for Kcnh2 (Figure 5). However, knockdown of RE11 did not affect the more
broadly expressed isoform Kcnh2a (Figure 5). The neighboring genes Nos3, encoding
endothelial nitric oxide synthase – eNOS, and Abcb8, encoding ATP-binding cassette
B8, which are located on the opposite strand just upstream of Kcnh2, were 
significantly downregulated as a result of knocking down RE11-derived transcript 
(Figure 5, Supplementary Figure 5). 
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Figure 5
Functional knockdown of RE11 results in reduced expression of RE10, Kcnh2b, Nos3 and
Abcb8. qPCR analysis of RE11 after knockdown with two independent GapmeRs shows a 
consistent 50% reduction in ncRNA expression. The same effect is observed for the neigh-
boring regulatory element RE10, after knockdown of RE11. Using increasing concentrations of
GapmeRs we did not observe an effect on the expression level of Kcnh2a. A significant 
reduction in expression is observed for Kcnh2b, Nos3 and Abcb8. Data are normalized to the
mock control. Error bars represent SD. * p < 0.05
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DISCUSSION
The potassium channel encoding gene KCNH2 is an important regulator 

of repolarization in the human heart, yet little is known about its transcriptional 
regulation. In this study, we present evidence that the dominant cardiac isoform of
Kcnh2 – Kcnh2b – is regulated by a noncoding regulatory domain located ~85kb down-
stream of the Kcnh2 transcription start site. Analysis of the 3D chromatin structure
near Kcnh2 showed that two downstream noncoding regulatory elements are in close
contact with the Kcnh2a and Kcnh2b gene promoters. Selective knockdown of the
lncRNA transcript produced at the location of this regulatory domain resulted in a 
significant downregulation of Kcnh2b, but not of the more broadly expressed Kcnh2a.
Kcnh2b encodes Merg1b, the murine equivalent of the human hERG1b. In both human
and mouse, it co-assembles with the 1a-subunit to form heteromeric K+-selective
channels with properties similar to the rapidly activating component of the delayed
rectifier K+ current (IKr).21,24,45,46 For many years, hERG1a has been regarded as the crit-
ical component of cardiac repolarization and used as the cornerstone of safety screens
for new drug development. This had, at least in part, to do with contradictory studies
concerning the presence of hERG1b in the human heart.24,47 However, a recent study
showed that repolarization of the cardiac action potential is mediated by 
heteromeric hERG channels, rather than homomeric channels.48 In that study, knock-
down of the 1b-subunit in iPSC-CMs resulted in ~50% reduction of KCNH2B mRNA,
hERG1b protein expression and peak-tail IKr density.48 Accordingly, clinically 
identified hERG1b-specific missense mutations A8V and R25W result in LQTS type
225,49 and, in case of R25W, a ~35-50% reduction of IKr peak density in vitro.49 When
placed in the perspective of our current study, this entails that a downregulation of
Kcnh2b by loss of RE11 can lead to a reduction of IKr and potentially, LQTS. 

Repolarization abnormalities have also been observed in patients with heart
failure and left ventricular hypertrophy, particularly during lower heart rates.50

Targeted knockdown of Kcnh2b induces sinus bradycardia in mice.26 In various animal
models of cardiomyopathy and HF, delayed rectifier currents – including IKr – are 
significantly reduced.51–53 Together, these studies show that the function of KCNH2B
is conserved between species. Recently, the reduction of IKr in failing hearts was 
attributed to a shift in hERG1a:hERG1b isoform stoichiometry.46 As hERG1b is neces-
sary for hERG1a trafficking, functional expression and channel kinetics, it would be
interesting to assess the expression level and functionality of RE11 in failing hearts.
Furthermore, our results indicated that knockdown of RE11 does not solely affect
Kcnh2b, but results in downregulation of Nos3 and Abcb8 as well. Interestingly, both
NOS3 and ABCB8 play a role in heart failure (HF). Nos3 levels are decreased in 
end-stage HF55 and Nos3-/- mice show more extensive ventricular remodelling, 
hypertrophy, and contractile dysfunction after myocardial infarction.56 Chronic 
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pressure overload leads to uncoupling of eNOS, thereby increasing myocardial 
reactive oxygen species (ROS), which plays a role in the progression from hypertro-
phy to HF.57 The link with ROS production is interesting, as it mediates hERG protein
degradation through activation of calpains.58 ROS production is stimulated by 
mitochondrial iron accumulation59, a process in which Abcb8 plays an important role.
Abcb8 encodes the ATP-binding cassette B8 involved in mitochondrial iron export
that is highly expressed in testis, brain and heart60,61, the same tissues in which Kcnh2
is abundantly expressed. Furthermore, ABCB8 is downregulated in explanted hearts
of patients with end-stage heart failure62 and targeted knockdown of Abcb8 in mice
results in mitochondrial iron accumulation, increased cell death and cardiomyopathy.62

The closely related function of these proteins in heart failure suggests that their 
regulation is coordinated by a common factor and it is tempting to speculate that RE11
is part of this intricate regulatory network. 

In our current study, we limited our investigations to the effects of RE11 on
genes within 1Mb of its location of origin. LncRNAs can have many different functions
and their effects can be extended to locations at great distance from their own location
of origin.63 Therefore, it is necessary to analyse the effects of RE11 on a genome wide
scale, for example by genetic modification of mice followed by deep RNA-sequencing,
to establish its full potential. It is important to note that there is no current proof that
deregulation of RE11 actually occurs in vivo. Several mechanisms have been proposed
by which deregulation of REs can lead to heritable diseases. Naturally occurring 
sequence variants (single nucleotide polymorphisms; SNPs) are identified as the
cause for decreased function of REs. Many of these variants have been identified
through genome wide association studies (GWAS) for specific traits and diseases.
The common mechanism for deregulation of an RE is altered transcription factor 
binding events through variation in DNA binding elements in the RE. Although this
mechanism has been linked to altered regulation of several cardiac genes64–67, includ-
ing LQT genes SCN5A16 and KCNQ114,16, trait-associated variants identified through
GWAS on ECG parameters of healthy subjects do not overlap with putative regulatory
elements in the KCNH2 locus. In theory, rare variants overlapping REs could still 
be identified through disease-specific studies, but these are difficult for relatively 
uncommon diseases like LQTS. The likelihood of rare noncoding variants contributing
to a common cause for LQTS is small, but examples have been published in other
fields of research.68,69

Another potential mechanism by which REs could be deregulated, is through
genomic rearrangements. Based on genetic testing, genomic rearrangements near
KCNQ1 and KCNH2 are the causal explanation for disease in approximately 5% of the
LQTS population.70,71 Interestingly, the HapMap database shows a recombination
hotspot within the ~10kb regulatory domain, positioned exactly in between RE10 and
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RE11.72 Genomic rearrangements are likely to occur near recombination hotspots and
have been implicated in congenital disease and development of cancer.73–75 The effect
of dislocation of a single RE was elegantly shown in acute myeloid leukaemia (AML),
where two AML predisposing genes are dysregulated by aberrant activity of a single
RE in an ectopic environment.75 Although it would be an uncommon mechanism, it is
possible that the regulatory relationship between RE11 and its target genes is modified
in a similar way.

Alternatively, deregulation could occur at the level of the lncRNA. Altered
lncRNA expression levels are now considered a common phenomenon in several
types of cancer and recent studies have also reported deregulation of lncRNAs in heart
failure76 and myocardial infarction.77 It is likely that deregulation of lncRNAs occurs
through epigenetic alterations, such as altered methylation states and histone mark
distribution, but the exact mechanism is still poorly understood. 

CONCLUSION 
Over the past years, an increasing number of REs and noncoding RNAs have

been characterized, but the function of most remains unknown. In our present study
we have provided new insights into the regulation of Kcnh2. We have identified a 
regulatory domain containing two regulatory elements downstream of Kcnh2. 
Loss of a lncRNA within this domain results in loss of Nos3, Abcb8 and Kcnh2b mRNA
transcription, indicating that this lncRNA is necessary for the correct expression of
the eNOS, Abcb8 and the Merg1b potassium channel. Provided that a relation 
between loss of ncRNA and alterations of action potential duration or cardiomy-
opathies can be established, a compelling next step would be to determine the 
expression levels of different ncRNAs in patients with LQTS or heart failure. The 
delicate balance between ncRNA production and expression of their mRNA targets
suggests the appeal of these ncRNAs as biomarkers or even therapeutic targets. 
In vitro tests with substitution of ncRNAs have already proven to be successful and
could provide new therapeutic approaches in the near future. 
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METHODS
Identification of putative REs using EMERGE
Publicly available ChIP-seq datasets on cardiac transcription factors (TBX3, TBX5,
TBX20, HEY2, MEF2, SRF), proteins associated with active regulatory elements
(H3K4me1, H3K27ac, p300, DNaseI hypersensitivity marks (DHSs)78–80and active 
transcription (RNA polymerase 2, H3K4me3, H3K9ac, H3K36me3) were processed as
described by the OccuPeak81 and EMERGE27 pipeline. In order to capture the 
maximum number of putative REs, we used a training dataset of validated heart and
brain REs (true positive; TP) against random genomic DNA regions of 1 kb (true 
negative, TN) to automatically assign weights to each dataset. After this, the datasets
were merged and the RE predictions were exported to UCSC genome browser in a 
bedgraph format. A detailed description of the EMERGE pipeline is available in the
original publication.27

Luciferase assays COS7, HepG2 and H10 cells, grown in 12-well plates in DMEM 
supplemented with 10% FCS (GibcoBRL) and glutamine, were transfected using
polyethylenimine 25 kDa (PEI, Brunschwick) at a 1:3 ratio (DNA:PEI). Reporter 
construct was generated by ligating putative REs (Supplemental Table 1) to
pGL2basic+minimal promoter (control reporter). Standard transfections used 1.4 �g
of reporter (or control reporter) vector co-transfected with 3 ng phRG-TK Renilla
vector (Promega) as normalization control. Transfections were carried out at least
three times and measured in duplo. Luciferase measurements were performed using
a Promega Turner Biosystems Modulus Multimode Reader luminometer. All data was
statistically validated using an ANOVA two-way test.

In vivo zebrafish assay All 11 RE sequences were amplified by PhusionTAQ PCR 
(New England Biolabs, Ipswich, MA, USA) and cloned into the ZED vector28 by 
Gateway technology (Life Technologies BV, Bleiswijk, The Netherlands). The 11
ZED-RE constructs were injected in WT zebrafish embryos at 1-cell stage at a final
concentration of 15 ng/µl in presence of 25 ng/µl TOL2 transposase RNA. Embryos
were kept at 28.5ºC in E3 medium and scored for heart-specific RFP and subsequently
heart-specific GFP fluorescence at 48 hpf on a Leica MZFLIII fluorescence stereo-
microscope (Leica Microsystems GmbH, Wetzlar, Germany) set up with appropriate
fluorescence filters. In vivo imaging of the embryos at 48 hpf was carried out on a
Zeiss Axioskop 2 Mot plus fluorescence microscope (Carl Zeiss Micro Imaging
GmbH, Jena, Germany) mounted with a Leica DFC490 CCD camera (Leica Microsys-
tems) using appropriate fluorescence filters.

Preparation of 4C-template 4C templates were prepared as previously described.82



Novel ncRNA regulates cardiac Kcnh2 expression  | 59

In short, adult mouse hearts were isolated in ice cold PBS. Single cell suspensions were
obtained by dissociation of tissue with IKA Ultra Turrax T5 FU, followed by dounce
homogenization. Chromatin was cross-linked with 2% formaldehyde in PBS with 10%
FCS for 10 min at room temperature, nuclei were isolated and cross-linked DNA was
digested with a primary restriction enzyme recognizing a 4 bp restriction site (DpnII),
followed by proximity ligation. Cross-links were removed and a secondary restriction
enzyme digestion (Csp6I), followed again by proximity ligation. For all experiments,
200 ng of the resulting 4C template was used for the subsequent PCR reaction, of
which 16 (total: 3.2 µg of 4C template) were pooled and purified for next-generation
sequencing. The PCR products were purified using two columns per sample of 
the High Pure PCR Product Purification Kit (Roche cat. no. 11732676001). The kit 
separates the PCR products that are larger than 120 bp from the adaptor-containing
primers (which are ~75 nucleotides (nt) and ~40 nt in size, respectively). Similar 
results were obtained with products from a single PCR reaction (200-ng template).

4C-seq primer design PCR primers were designed based on the following criteria.
The size of the viewpoint fragment was at least 500bp to allow efficient cross-linking
to other DNA fragments. The fragment end (the region between the primary and 
secondary restriction enzyme) was more than 350 bp to allow efficient circularization
during the second ligation step. Primers were designed to be maximally 20 nucleotides
in length. The strategy therefore produces sequencing reads (36-mers in this study)
composed of the 4C primer sequence (20 nucleotides, specific to a given viewpoint)
followed by 16 nucleotides that identify a captured sequence. The reading primer 
always hybridizes to, and ends at, the 3� side of the first restriction recognition site.
This design ensures analysis of only primary ligation events and provides sufficient
sequence information to unambiguously identify most captured sequences. The 
nonreading primers, with sizes of 18-20 nucleotides, were designed at a distance of
≤100 bp from the secondary restriction site. All primers had a GC-content between
35-65% and an optimal basic temperature of 55°C, ranging from 45-65°C. Primers
were checked against the mouse genome with MegaBLAST23 (settings -p 88.88 -W
12 -e 1 -F T), which requires primers on the reading side to be matched uniquely in
the genome and primers on the nonreading side to have a maximum of three perfectly
matching BLAST high-scoring segment pairs (HSP). Supplemental Table 1 shows all
the primers used in this study. 

4C data analysis and statistics 4C templates were mixed and sequenced simultane-
ously in one Illumina HiSeq 2000 lane. The sequence tags generated by the procedure
are prefixed by the 4C reading primer that includes the DpnII restriction site sequence
(described in 4C primer design section). The 4C reading primer sequences are 



60 | Chapter 3

separated from multiplexed 4C-seq libraries and the suffixes are extracted for further
processing. Mapping and filtering of the sequence reads was done as previously
described.35The algorithm constructs a background model for remote intra- and 
interchromosomal contacts to correct for systematic biases that can occur during 
the 4C-seq experimental protocol. The algorithm is designed to use controls for 
sequencing errors and non-unique sequences while considering the high coverage
(100x-100,000x) of fragment ends that are proximal to the viewpoint fragment. 
To normalize the interactions in close proximity to the viewpoint the algorithm was
used to calculate the median of normalized coverage for running windows of size 
4 kb (depicted as black line) and sliding windows of 2-50 kb of linearly increasing 
size (depicted as color-coded multiscale diagrams). All median values represent 
enrichment relative to the maximum attainable 4 kb median value, whereas sliding
windows represent enrichment relative to the maximum attainable 12 kb median
value. The 20th and 80th percentiles are also computed and depicted as the grey area
around the 4 kb running windows.

Quantitative expression analysis To obtain a murine RNA panel, total RNA was 
isolated from various tissues of wildtype adult mice (FVB/NHan™Hsd, Envigo 
(Harlan)) using the TRIzol kit according to manufacturer’s protocol (Invitrogen). The
human RNA panel was obtained from commercially available pooled total RNA
(Clonetech, catalognumber 636643). All total RNA samples were treated with
RNase-free DNAse I according to manufacturer’s protocol (Invitrogen). Subse-
quently, 300ng DNase-treated total RNA was used for cDNA synthesis by reverse
transcription using the Superscript II system (Invitrogen). All experiments involving
cDNA synthesis were performed using random hexamers, unless specifically stated
otherwise. Expression of genes and regulatory elements was assayed with quantita-
tive real-time PCR using the Roche LightCycler 480 system. Primer sequences 
are listed in Supplemental Tables 2, 3 and 4. Relative start concentration (N(0)) 
was calculated as previously described.83Values were normalized to eEF-2 expression
levels.84

Knockdown experiments using LNATM GapmeRs LNATM GapmeRs against RE11 
transcript were designed by Exiqon using the LNA™ longRNA GapmeR design tool.
Sequences are available in the supplemental tables. HL-1 cells were cultured in 
6-wells plates using Claycomb medium supplemented with 10% FCS (GibcoBRL)
and glutamine according to standard protocol. Upon transfection, HL-1 cells were
maintained in antibiotics-free culture medium. GapmeRs were transfected using 
increasing concentrations of 1, 5, 25 and 50 uM. Four to 6 hours after transfection the
culture medium was changed to culture medium with antibiotics. Cells were lysed 
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24 hours after transfection. RNA isolation and quantitative PCR were performed 
according to protocol described above. All experiments were performed in duplicate
and repeated at least twice. 

Statistical analysisResults are expressed as mean ± SEM. Details of the various statistical
analyses can be found in the methods subsection of a specific experiment. In general,
unless otherwise stated in the text or figure legend, significance refers to p<0.05.
Study Approval The investigation conforms to the Guide for the Care and Use of Lab-
oratory Animals published by the US National Institutes of Health (NIH Publication
No. 85-23, revised 1996). All animal work was approved by the Animal Experimental
Committee of the Academic Medical Center, Amsterdam, and carried out in compli-
ance with the Dutch government guidelines.

ACKNOWLEDGEMENTS
The authors thank Jan M. Ruijter and Sonja Chocron for their contributions. This work
was supported by the Netherlands Cardiovascular Research Initiative (CVON)
HUSTCARE project; Fondation Leducq and the European Community’s Seventh
Framework Programme contract (“CardioGeNet” 223463).

CONFLICT OF INTEREST
none declared



62 | Chapter 3

REFERENCES
1.           Perry, M. D. et al. Getting to the heart of hERG K(+) channel gating. J. Physiol. (Lond.) 593,

              2575–85 (2015).

2.           Sanguinetti, M. C., Jiang, C., Curran, M. E. & Keating, M. T. A mechanistic link between an 

              inherited and an acquired cardiac arrhythmia: HERG encodes the IKr potassium channel. Cell 81,

             299–307 (1995).

3.           Sanguinetti, M. C. HERG1 channelopathies. Pflugers Arch. 460, 265–76 (2010).

4.          Giudicessi, J. R. & Ackerman, M. J. Determinants of incomplete penetrance and variable 

              expressivity in heritable cardiac arrhythmia syndromes. Transl Res 161, 1–14 (2013).

5.           Kim, T.-K. K. et al. Widespread transcription at neuronal activity-regulated enhancers. Nature 465,

              182–7 (2010).

6.          De Santa, F. et al. A large fraction of extragenic RNA pol II transcription sites overlap enhancers.

             PLoS Biol. 8, e1000384 (2010).

7.          Mercer, T. R., Dinger, M. E. & Mattick, J. S. Long non-coding RNAs: insights into functions. 

              Nat. Rev. Genet. 10, 155–9 (2009).

8.          Archer, K. et al. Long Non-Coding RNAs as Master Regulators in Cardiovascular Diseases. 

              Int J Mol Sci 16, 23651–67 (2015).

9.          Boon, R. A., Jaé, N., Holdt, L. & Dimmeler, S. Long Noncoding RNAs: From Clinical Genetics 

              to Therapeutic Targets? J. Am. Coll. Cardiol. 67, 1214–26 (2016).

10.        Hofmann, P. & Boon, R. Non-coding RNA enhances cardiac development. Journal of molecular 

              and cellular cardiology 76, 205–7 (2014).

11.         Tester, D. J., Will, M. L., Haglund, C. M. & Ackerman, M. J. Compendium of cardiac channel 

              mutations in 541 consecutive unrelated patients referred for long QT syndrome genetic testing. 

              Heart Rhythm 2, 507–17 (2005).

12.         Gong, Q., Stump, M. R. & Zhou, Z. Position of premature termination codons determines 

              susceptibility of hERG mutations to nonsense-mediated mRNA decay in long QT syndrome. 

              Gene 539, 190–7 (2014).

13.         Schultz, B. M., Gallicio, G. A., Cesaroni, M., Lupey, L. N. & Engel, N. Enhancers compete with 

              a long non-coding RNA for regulation of the Kcnq1 domain. Nucleic Acids Res. 43, 745–59 (2015).

14.        Amin, A. S. et al. Variants in the 3’ untranslated region of the KCNQ1-encoded Kv7.1 potassium 

              channel modify disease severity in patients with type 1 long QT syndrome in an allele-specific 

              manner. Eur. Heart J. 33, 714–23 (2012).

15.         Van den Boogaard, M. et al. Genetic variation in T-box binding element functionally 

              affects SCN5A/SCN10A enhancer. J. Clin. Invest. 122, 2519–30 (2012).

16.        Van den Boogaard, M. et al. A common genetic variant within SCN10A modulates cardiac 

              SCN5A expression. J. Clin. Invest. 124, 1844–52 (2014).

17.         Kupershmidt, Snyders & Raes. A K+ channel splice variant common in human heart lacks a 

              C-terminal domain required for expression of rapidly activating delayed rectifier current. (1998).

             doi:10.1074/jbc.273.42.27231



Novel ncRNA regulates cardiac Kcnh2 expression  | 63

18.        Huffaker, S. J. et al. A primate-specific, brain isoform of KCNH2 affects cortical physiology, 

              cognition, neuronal repolarization and risk of schizophrenia. Nat. Med. 15, 509–18 (2009).

19.        Trudeau, Warmke, Ganetzky & Robertson. HERG, a human inward rectifier in the voltage-gated

             potassium channel family. Science (New York, N.Y.) 269, 92–5 (1995).

20.        Lees-Miller, J. P., Kondo, C., Wang, L. & Duff, H. J. Electrophysiological characterization of an 

              alternatively processed ERG K+ channel in mouse and human hearts. Circ. Res. 81, 719–26 (1997).

21.         London, B. et al. Two isoforms of the mouse ether-a-go-go-related gene coassemble to form 

              channels with properties similar to the rapidly activating component of the cardiac delayed rectifier

             K+ current. Circ. Res. 81, 870–8 (1997).

22.        Guasti, L. et al. Identification of a Posttranslational Mechanism for the Regulation of hERG1 K+ 

              Channel Expression and hERG1 Current Density in Tumor Cells. Molecular and Cellular Biology 28,

             5043–5060 (2008).

23.        Luo, X. et al. Genomic structure, transcriptional control, and tissue distribution of HERG1 and KCNQ1 

              genes. Am. J. Physiol. Heart Circ. Physiol. 294, H1371–80 (2008).

24.        Larsen, A. P., Olesen, S.-P. P., Grunnet, M. & Jespersen, T. Characterization of hERG1a and hERG1b

             potassium channels-a possible role for hERG1b in the I (Kr) current. Pflugers Arch. 456, 1137–48 

              (2008).

25.        Sale, H. et al. Physiological properties of hERG 1a/1b heteromeric currents and a hERG 1b-specific

             mutation associated with Long-QT syndrome. Circulation research 103, e81–e95 (2008).

26.        Lees-Miller, Guo & Somers…. Selective knockout of mouse ERG1 B potassium channel eliminates

             IKr in adult ventricular myocytes and elicits episodes of abrupt sinus bradycardia. (2003).

             doi:10.1128/MCB.23.6.1856-1862.2003

27.        Van Duijvenboden, K., de Boer, B., Capon, N., Ruijter, J. & Christoffels, V. EMERGE: a flexible 

              modelling framework to predict genomic regulatory elements from genomic signatures. 

              Nucleic Acids Research 44, e42–e42 (2016).

28.        Bessa, J. et al. Zebrafish enhancer detection (ZED) vector: a new tool to facilitate transgenesis 

              and the functional analysis of cis-regulatory regions in zebrafish. Dev. Dyn. 238, 2409–17 (2009).

29.        Heintzman, N. D. et al. Distinct and predictive chromatin signatures of transcriptional promoters

             and enhancers in the human genome. Nat. Genet. 39, 311–8 (2007).

30.        Lauberth, S. M. et al. H3K4me3 interactions with TAF3 regulate preinitiation complex assembly 

              and selective gene activation. Cell 152, 1021–36 (2013).

31.         Yue, F. et al. A comparative encyclopedia of DNA elements in the mouse genome. Nature 515,

              355–64 (2014).

32.        Pekowska, A. et al. H3K4 tri-methylation provides an epigenetic signature of active enhancers. 

              The EMBO journal 30, 4198–210 (2011).

33.        Barski, A. et al. High-resolution profiling of histone methylations in the human genome. Cell 129,

             823–37 (2007).

34.        Clouaire, T. et al. Cfp1 integrates both CpG content and gene activity for accurate H3K4me3 

              deposition in embryonic stem cells. Genes & development 26, 1714–28 (2012).



64 | Chapter 3

35.        Van de Werken, H. J. et al. Robust 4C-seq data analysis to screen for regulatory DNA interactions.

             Nat. Methods 9, 969–72 (2012).

36.        De Castro, M. P. P., Aránega, A. & Franco, D. Protein distribution of Kcnq1, Kcnh2, and Kcne3 

              potassium channel subunits during mouse embryonic development. Anat Rec A Discov Mol Cell Evol

             Biol 288, 304–15 (2006).

37.        De Laat, W. & Duboule, D. Topology of mammalian developmental enhancers and their regulatory

             landscapes. Nature 502, 499–506 (2013).

38.        Arner, E. et al. Transcribed enhancers lead waves of coordinated transcription in transitioning 

              mammalian cells. Science 347, 1010–4 (2015).

39.        Andersson, R. et al. An atlas of active enhancers across human cell types and tissues. Nature 507,

             455–61 (2014).

40.       Lam, M. T. et al. Rev-Erbs repress macrophage gene expression by inhibiting enhancer-directed

              transcription. Nature 498, 511–5 (2013).

41.        Li, W. et al. Functional roles of enhancer RNAs for oestrogen-dependent transcriptional activation.

             Nature 498, 516–20 (2013).

42.        Marionneau, C. et al. Specific pattern of ionic channel gene expression associated with pacemaker

             activity in the mouse heart. J. Physiol. (Lond.) 562, 223–34 (2005).

43.         Clark, M. B. et al. Genome-wide analysis of long noncoding RNA stability. Genome Res. 22, 885–98 (2012).

44.       Claycomb, W. C. et al. HL-1 cells: a cardiac muscle cell line that contracts and retains phenotypic

             characteristics of the adult cardiomyocyte. Proc. Natl. Acad. Sci. U.S.A. 95, 2979–84 (1998).

45.        Jones, E. M., Roti Roti, E. C., Wang, J., Delfosse, S. A. & Robertson, G. A. Cardiac IKr channels 

              minimally comprise hERG 1a and 1b subunits. J. Biol. Chem. 279, 44690–4 (2004).

46.       Holzem, K. M. et al. Reduced response to IKr blockade and altered hERG1a/1b stoichiometry 

              in human heart failure. J. Mol. Cell. Cardiol. 96, 82–92 (2016).

47.        Pond & Nerbonne. ERG proteins and functional cardiac I Kr channels in rat, mouse, and human 

              heart. (2001).

48.       Jones, D. K. et al. hERG 1b is critical for human cardiac repolarization. Proc. Natl. Acad. Sci. 

              U.S.A. 111, 18073–7 (2014).

49.       Crotti, L. et al. Long QT syndrome-associated mutations in intrauterine fetal death. JAMA 309,

              1473–82 (2013).

50.        Davey, Barlow & Hart. Prolongation of the QT interval in heart failure occurs at low but not at 

              high heart rates. Clinical science (London, England : 1979) 98, 603–10 (2000).

51.         Lodge & Normandin. Alterations in Ito1, IKr and Ik1 density in the BIO TO-2 strain of syrian 

              myopathic hamsters. Journal of molecular and cellular cardiology 29, 3211–21 (1997).

52.        Volders et al. Downregulation of delayed rectifier K(+) currents in dogs with chronic complete 

              atrioventricular block and acquired torsades de pointes. Circulation 100, 2455–61 (1999).

53.        Tsuji et al. Pacing-induced heart failure causes a reduction of delayed rectifier potassium currents

             along with decreases in calcium and transient outward currents in rabbit ventricle. Cardiovascular 

              research 48, 300–9 (2000).



Novel ncRNA regulates cardiac Kcnh2 expression  | 65

54.        Palmer, R. M., Ashton, D. S. & Moncada, S. Vascular endothelial cells synthesize nitric oxide from

             L-arginine. Nature 333, 664–6 (1988).

55.        Piech, A. et al. Decreased expression of myocardial eNOS and caveolin in dogs with hypertrophic

             cardiomyopathy. Am. J. Physiol. Heart Circ. Physiol. 282, H219–31 (2002).

56.        Scherrer-Crosbie, M. et al. Endothelial nitric oxide synthase limits left ventricular remodeling 

              after myocardial infarction in mice. Circulation 104, 1286–91 (2001).

57.        Takimoto, E. et al. Oxidant stress from nitric oxide synthase-3 uncoupling stimulates cardiac 

              pathologic remodeling from chronic pressure load. J. Clin. Invest. 115, 1221–31 (2005).

58.        Wang et al. Calpain activation by ROS mediates human ether-a-go-go-related gene protein 

              degradation by intermittent hypoxia. American journal of physiology. Cell physiology 310,

              C329–36 (2016).

59.        Richardson, D. et al. Mitochondrial iron trafficking and the integration of iron metabolism 

              between the mitochondrion and cytosol. Proceedings of the National Academy of Sciences of 

              the United States of America 107, 10775–82 (2010).

60.       Hogue, Liu & Ling. Identification and characterization of a mammalian mitochondrial ATP-binding

             cassette membrane protein. Journal of molecular biology 285, 379–89 (1999).

61.        Melaine, N. et al. Molecular cloning of several rat ABC transporters including a new ABC 

              transporter, Abcb8, and their expression in rat testis. International journal of andrology 29,

              392–9 (2006).

62.        Ichikawa, Y. et al. Disruption of ATP-binding cassette B8 in mice leads to cardiomyopathy 

              through a decrease in mitochondrial iron export. Proceedings of the National Academy of Sciences 

              of the United States of America 109, 4152–7 (2012).

63.        Grote, P. et al. The tissue-specific lncRNA Fendrr is an essential regulator of heart and body 

              wall development in the mouse. Dev. Cell 24, 206–14 (2013).

64.       Smemo, S. et al. Regulatory variation in a TBX5 enhancer leads to isolated congenital heart disease.

             Hum. Mol. Genet. 21, 3255–63 (2012).

65.        Kapoor, A. et al. An enhancer polymorphism at the cardiomyocyte intercalated disc protein NOS1AP 

              locus is a major regulator of the QT interval. Am. J. Hum. Genet. 94, 854–69 (2014).

66.       Reschen, M. et al. Lipid-induced epigenomic changes in human macrophages identify a coronary

              artery disease-associated variant that regulates PPAP2B Expression through Altered C/EBP-beta

             binding. PLoS genetics 11, e1005061 (2015).

67.        Beaudoin, M. et al. Myocardial Infarction-Associated SNP at 6p24 Interferes With MEF2 Binding

              and Associates With PHACTR1 Expression Levels in Human Coronary Arteries. Arteriosclerosis,

             thrombosis, and vascular biology 35, 1472–9 (2015).

68.       Lee, S., Abecasis, G., Boehnke, M. & Lin, X. Rare-variant association analysis: study designs and 

              statistical tests. American journal of human genetics 95, 5–23 (2014).

69.       Duan, J. et al. A rare functional noncoding variant at the GWAS-implicated MIR137/MIR2682 

              locus might confer risk to schizophrenia and bipolar disorder. American journal of human genetics

              95, 744–53 (2014).



66 | Chapter 3

70.        Koopmann, T. T. et al. Long QT syndrome caused by a large duplication in the KCNH2 (HERG) gene

             undetectable by current polymerase chain reaction-based exon-scanning methodologies. 

              Heart Rhythm 3, 52–5 (2006).

71.         Tester, D. J. et al. Prevalence and spectrum of large deletions or duplications in the major long 

              QT syndrome-susceptibility genes and implications for long QT syndrome genetic testing. 

              Am. J. Cardiol. 106, 1124–8 (2010).

72.        Kong, A. et al. Fine-scale recombination rate differences between sexes, populations and individuals.

              Nature 467, 1099–103 (2010).

73.        Kleinjan, D. A. & van Heyningen, V. Long-range control of gene expression: emerging mechanisms

             and disruption in disease. Am. J. Hum. Genet. 76, 8–32 (2005).

74.        Weischenfeldt, J., Symmons, O., Spitz, F. & Korbel, J. O. Phenotypic impact of genomic structural

             variation: insights from and for human disease. Nat. Rev. Genet. 14, 125–38 (2013).

75.        Gröschel, S. et al. A single oncogenic enhancer rearrangement causes concomitant EVI1 and GATA2

             deregulation in leukemia. Cell 157, 369–81 (2014).

76.        Greco, S. et al. Long noncoding RNA dysregulation in ischemic heart failure. J Transl Med 14, 183

             (2016).

77.        Kumarswamy, R. et al. Circulating long noncoding RNA, LIPCAR, predicts survival in patients with

             heart failure. Circ. Res. 114, 1569–75 (2014).

78.        An integrated encyclopedia of DNA elements in the human genome. Nature 489, 57–74 (2012).

79.        Consortium, M. et al. An encyclopedia of mouse DNA elements (Mouse ENCODE). Genome biology

             13, 418 (2012).

80.       Consortium,  modENCODE et al. Identification of functional elements and regulatory circuits 

              by Drosophila modENCODE. Science (New York, N.Y.) 330, 1787–97 (2010).

81.        De Boer, B. A. et al. OccuPeak: ChIP-Seq peak calling based on internal background modelling. 

              PLoS ONE 9, e99844 (2014).

82.        Simonis, M. et al. High-resolution identification of balanced and complex chromosomal 

              rearrangements by 4C technology. Nat. Methods 6, 837–42 (2009).

83.        Ruijter et al. Amplification efficiency: linking baseline and bias in the analysis of quantitative 

              PCR data. Nucleic acids research 37, e45 (2009).

84.       Kouadjo, K., Nishida, Y., Cadrin-Girard, J., Yoshioka, M. & St-Amand, J. Housekeeping and 

              tissue-specific genes in mouse tissues. BMC genomics 8, 127 (2007).



TBX3
GATA4

Pol2
H327ac

H3K36me3

NKX2

TBX5

H3K4me1

H3K4me3

p300
DHSs

Phastcon

111098765432
Kcnh2 

A

Kcnh2Nos3

Kcnh2 
B

Nos3 
A 1

MEF2
SRF

25kb

Novel ncRNA regulates cardiac Kcnh2 expression  | 67

SUPPLEMENTAL FIGURES

Supplemental Figure 1
UCSC genome browser view of publicly available ChIP-sequencing datasets on occupancy of
cardiac transcription factors (green) and chromatin marks associated with active regulatory 
elements (purple) and active transcription (blue) in the Kcnh2 locus. Black arrows point to the
location of putative regulatory elements that were chosen based on EMERGE tracks. Pink 
arrows represent the promoter areas of Nos3, Kcnh2a and Kcnh2b, respectively.
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Supplemental Figure 2
Overview of the genomic architecture of the Kcnh2 topologically associating domain. UCSC
genome browser view of chr5:23,422,987-24,117,291 (mm9) showing highly similar contact
profiles for the Kcnh2a promoter and RE11 in heart and liver tissue.
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Supplemental Figure 3
Regulatory elements RE10 and RE11 are bidirectionally transcribed with a unidirectional 
preference. (A) Figure showing the oligonucleotide positions tested with qRT-PCR for RE11.
TBX3 as a cardiac transcription factor marks the position of the cardiac regulatory element,
whereas the presence of H3K36me3 suggests transcription at both sides of the regulatory 
element. The presence of CTCF on the left side of the regulatory element, proximal to Kcnh2,
indicates that transcription might be blocked. (B) qRT-PCR on different locations in RE11
reveals that transcription is directed away from Kcnh2, although transcription is not completely
halted at the other side of the element. (C) qRT-PCR on different locations in RE10 shows that
transcription is preferentially directed towards Kcnh2. (D) In human ventricle, transcription of
RE11 is also preferentially directed away from Kcnh2 (primers 4-8), although the effects are less
pronounced (primers 1-3).
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Supplemental Figure 4
UCSC genome browser overview of region chr5:23,761,176-23,879,968 (mm9) displaying
tracks for the presence of RNA polymerase 2 in heart (red), brain (grey), testis (blue), liver
(yellow) and kidney (pink) in the Kcnh2 locus. The tracks show overlapping signals in the 
region where RE11 is present, suggesting that this regulatory element is active in multiple tissue
types.
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Supplemental Figure 5
Representative figure showing that knockdown of RE11 using a 50nM GapmeR results 
in reduced expression of RE10, Kcnh2b, Nos3 and Abcb8 but not the other genes in the 
topologically associating domain. Data are normalized to the mock control. Error bars represent
SD. * p < 0.05
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SUPPLEMENTAL TABLES

Region               Chromosome                        Start (bp)                                 End (bp)
RE1                                     5                                      23,866,435                                23,867,379
RE2                                     5                                      23,863,377                                 23,863,626
RE3                                     5                                      23,855,812                                 23,856,356
RE4                                    5                                      23,853,992                                23,854,633
RE5                                     5                                      23,848,119                                 23,848,418
RE6                                    5                                      23,843,088                               23,843,556
RE7                                     5                                      23,841,811                                  23,841,985
RE8                                    5                                      23,832,949                                23,833,222
RE9                                    5                                      23,805,522                                 23,806,407
RE10                                  5                                      23,779,569                                23,779,800
RE11                                    5                                      23,772,150                                 23,772,799

Supplemental Table 1 
Regions tested for activity in vitro and in vivo (locations given in mm9)

Transcript                                                                 Sequence (5’ → 3’)
Kcnh2 – isoform A+B                                           F:    TCACCCTGGACTCGCTTTCTCA
                                                                                        R:    CTGGATCTGAGCCATGTCTGTG
Kcnh2 – isoform A                                                 F:    CGACACCATCATCCGCAAGTTT 
                                                                                        R:    AGTAGCCACACAGTTCGCAGAA
Kcnh2 – isoform B                                                  F:    AGCTAAGTCCTCCATGGCGATT
                                                                                        R:    ATACTCAGGCAGCACATCTGCT
KCNH2 – all isoforms (exon 6-7)                  F:    GCATCGCCGTCCACTACTTCAA
                                                                                        R:    GCAGTCTTCAGCAGCCCGATCA
KCNH2 – all isoforms (exon 8-9)                  F:    GAGTTCATCCGCTTCCACCAGA
                                                                                        R:    GTTCAGGTGCAGGCAGATGTCA
RE10                                                                             F:    CCCGAGGGGACATAAATGAATA
                                                                                        R:    TATCCCTGATGAGTCACGGTGA
RE11                                                                              F:    AGCGTGGGTGGAGTGGCTTTAA
                                                                                        R:    AGTTTCCTGAGAACCGAGATTA
hRE11                                                                            F:    TGCCCGCAGTTGATTCCGAAAA
                                                                                        R:    CACCTCGAACCCAGCCCATCTT
RE12                                                                              F:    CTCCTAGCAGAAGAGAACCTCT
                                                                                        R:    CACCAATGCCAACTGGACAGTA
CF581083                                                                   F:    GCTCTCTGTCTTCCTTCTGGCT
                                                                                        R:    CAGTGGATTCAGAGTCTGGGAA
GM9836                                                                     F:    GTCTGCTGCTGGAACACATCAA
                                                                                        R1:   GGATGGTTCTGTGGTGCAGTTT
                                                                                        R2:  CCAAGGAAGGAGTCAAGACTGA
Eef2                                                                               F:    TGGAGCCTATCTATCTGGTGG
                                                                                        R:    GTCTCAGCTACCACTTGGCT

Supplemental Table 2
qPCR primer sequences 
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Transcript                                                                 Sequence (5’ → 3’)
RE11-S1                                                                        F:    GTCACCCTTCTGCCTCACACCT
                                                                                        R:    CCAACACCTCAAACTGTCAACA
RE11-S4                                                                       F:    GCTGTGAGGGAGACCTATACTA
                                                                                        R:    GGCAGAAGGGTGACCAAATGTT
RE11-S5                                                                       F:    GTGGACCTCCTTGCTTGGTTTT
                                                                                        R:    GGGAAGACATCACACACCTATA
RE11-S6                                                                       F:    GTCTTCCCAAGAGGTGCTTGTA
                                                                                        R:    CAGGTCTGGCTAGTATAGGTCT
RE11-S7                                                                       F:    TGTTGACAGTTTGAGGTGTTGG
                                                                                        R:    GACTTGGGGTTCTGACTAAAGA
RE11-S8                                                                       F:    CCGCATGATACACAGCCCTAAT
                                                                                        R:    GACAGCCAGACACTTCCTAGAA
RE11-AS2                                                                    F:    AGTGTCTGGCTGTCCTTCCCCT
                                                                                        R:    CCTGGGTGTTGATTTCCTGCT
RE11-AS3                                                                    F:    CTGAGAACTGCTATGCTGTGGT
                                                                                        R:    ACCCTGAGGCTCCCATCCACAT
RE11-AS9                                                                   F:    AGCGTGGGTGGAGTGGCTTTAA
                                                                                        R:    CAGTTTCCTGAGAACCGAGATT
RE11-AS10                                                                 F:    CCAGCTTTCTTCAAGGTTTGGA
                                                                                        R:    GACCTAGAACCCAGGGAGCATT
RE11-AS11                                                                  F:    GCCCTGAGTCCACTCACTCTTT
                                                                                        R:    GCACCACTAGCATCTGGGATTT
RE11-AS12                                                                  F:    CTTCTGCCGACCTCTGGTAAAA
                                                                                        R:    TCCAAACCTTGAAGAAAGCTGG
RE10-S1                                                                       F:    GCCTCTGCTAAGATTCAGGATG
                                                                                        R:    GAGGACAGCAAGGGTTAAGGAA
RE10-S2                                                                      F:    GGTCTCCAGGAAGCCTCATTTT
                                                                                        R:    CTTCGCCCCTTATCTGAGCATT
RE10-S3                                                                      F:    CCCGAGGGGACATAAATGAATA
                                                                                        R:    TATCCCTGATGAGTCACGGTGA
RE10-AS4                                                                  F:    CCATCGGGATCAGTGTTTTGTT
                                                                                        R:    CCACATTACCCTCCTCCTTTCT
RE10-AS5                                                                   F:    CAGTACAGCCTTCCTGCTCTAT
                                                                                        R:    CCAAAGAGACTGACACTGTCTT
RE10-AS6                                                                  F:    AGGATCTGGGGGTCTGATCTTT
                                                                                        R:    GCTCTTCGGTGGACATGACTTA
Negative control – Neg2                                    F:    GGAAGACCCAAAGACCATACTA
                                                                                        R:    GGTACTGACTCTGTCCTGAATT

Supplemental Table 3
Primer sequences for detecting bidirectional transcripts 
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Transcript                                                                 Sequence (5’ → 3’)
Nos3                                                                             F:    GGCAAGACAGACTACACGACAT
                                                                                        R:    TCCCGGTAGAGATGGTCCAGTT
Atg9b Set 1                                                                F:    GGAGAAGCCATCTTGGTCAAGT
                                                                                        R:    GGGTGTCTGTGTTCTCCTGAAA
Atg9b Set 2                                                               F:    CCCTTGCACTGACTGAGGATAT
                                                                                        R:    TCCTTCCATGCCACCCATCAAA
Abcb8                                                                          F:    CAGCCCACTCCATCATTGTCAT
                                                                                        R:    GTCTCCGGATAAGCTCTGAATA
Cdk5                                                                             F:    GACCAAGCTGCCAGACTATAAG
                                                                                        R:    GCACAGGGTTACACTTCAATAG
Asic3                                                                             F:    GCGAGACTTACATCACGGAGAA
                                                                                        R:    CCGATAAACAGTCCCATCTGTC
Fastk                                                                             F:    GGTGGTGCTGATGCTGAGAGAA
                                                                                        R:    TCAAATGGCAGCGGTAGGAGTT
Slc4a2                                                                          F:    TCCTCATCCTCACAGTGCCTTT
                                                                                        R:    CCACACCTTCACACTCGTCAAA
Tmub1                                                                          F:    AATGACTCTGAGCAGGTAGCCA
                                                                                        R:    GCAGTTGACCTTGGTAGATGAG
Agap3                                                                           F:    AGGAGGAGGTGAACGAGACATA
                                                                                        R:    TCCACCCCGTACCAGATGAGCA 
Gbx1                                                                             F:    CTCCGCACTTCTCTGAGACTTT
                                                                                        R:    GGGCTCTAGCTTCTCTTCATCT
Asb10                                                                           F:    TCTACTCAATCACGGTGCTGTC
                                                                                        R:    GGAAGCTGAACTACACGGTATG
Abcf2                                                                           F:    AGCCTACCAATCACCTGGACAT
                                                                                        R:    TCTCACAGACCCAAATCTCCTG
Smarcd3                                                                      F:    AGGAACCGCTGAAAGGGCAGAT
                                                                                        R:    GGGTCTCTGGAGAAACTTAGCA
Nub1                                                                             F:    TTCTCCTCAGCAACCCCCACAT
                                                                                        R:    CTTCAGCCACCACTGTGTCAAA
Wdr86                                                                         F:    GGGCTCTGTCATCTGTTTGGAG
                                                                                        R:    CATCCCCACTGCCTGTGAACAA
Crygn                                                                           F:    GCAACGCTCGGGAAAGATCACT
                                                                                        R:    GCCTTGGTCCTGGAAGTTGTCA
Rheb                                                                             F:    CGCTGTGTCTACAAGCTGAAGA
                                                                                        R:    CCTACGATCCAACCATAGAGAA 
Chpf2                                                                           F:    ACAGCACCAGGGGCAACAGTAT
                                                                                        R:    AACGGCGAAGGCACTCAGGAAA
Nupl2                                                                           F:    GAAGTAAGCAAGCAGGGTCGTT
                                                                                        R:    GGCTGGGTGACTTCCAAATACT
Klhl7                                                                             F:    GTCTGGACTGTCCTGAACTGAA
                                                                                        R:    CACCTCACGGCAGCGTCATAAA

Supplemental Table 4
qPCR primer sequences TAD
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GapmeR                                                                     Sequence
E11_rno_1                                                                   CGCCAATCAATTCTGT
E11_rno_2                                                                   TTAACTGTGGCTCTGA
E11_hsa_rno                                                              GCTCAAACCACCGC
Negative Control A                                              AACACGTCTATACGC

Supplemental Table 5
LNATM longRNA GapmeR sequences
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ABSTRACT
The contraction pattern of the heart relies on the activation and conduction of 
the electrical impulse. Perturbations of cardiac conduction have been associated with
congenital and acquired arrhythmias as well as cardiac arrest. The pattern of conduc-
tion depends on the regulation of heterogeneous gene expression by key transcription
factors and transcriptional enhancers. Here, we assessed the genome-wide occupa-
tion of conduction system-regulating transcription factors TBX3, NKX2-5 and GATA4
and of enhancer-associated coactivator p300 in the mouse heart, uncovering cardiac
enhancers throughout the genome. Many of the enhancers co-localize with ion 
channel genes repressed by TBX3, including the clustered sodium channel genes
Scn5a, essential for cardiac function, and Scn10a. We identify 2 enhancers in the 
Scn5a-Scn10a locus, which were regulated by TBX3 and its family member and 
activator TBX5, and are functionally conserved in humans. We also provided evidence
that a SNP in the SCN10A enhancer associated with alterations in cardiac conduction
patterns in humans disrupts TBX3/TBX5 binding and reduces the cardiac activity of
the enhancer in vivo. Thus, the identification of key regulatory elements for cardiac
conduction helps to explain how genetic variants in noncoding regulatory DNA 
sequences influence the regulation of cardiac conduction and the predisposition for
cardiac arrhythmias.

INTRODUCTION
Abnormal heart rhythms are common and cause significant morbidity and mortality.
Arrhythmias may present around birth as part of a congenital heart defect, the most
common etiology of birth abnormalities. However, the majority of arrhythmias 
develop with increasing age or as a comorbidity. These include sinus node dysfunc-
tion, atrioventricular (AV) block and atrial fibrillation, the most common arrhythmia
encountered in clinical practice causing significant morbidity and mortality.1 Sudden
cardiac death from ventricular fibrillation, occurring mostly in the setting of coronary
heart disease, is a leading cause of death.2 Although molecular, genetic and physio-
logical mechanisms have been described, most of the underlying causes are 
insufficiently understood.3

           Rhythmic and synchronized contraction of the atria and ventricles of the heart
crucially relies on the proper generation and conduction of the cardiac electrical 
impulse. This process necessitates localized cardiomyocyte specialization in the 
different heart components (atria, AV node, ventricular conduction system, etc.) and
demands the cells possess specific electrophysiological characteristics. These intrinsic
heterogeneities are rooted, at least in part, in the regional, compartment-specific 
differences in ion channel and gap junction gene expression, the defining factors of
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electrophysiology that derive action potential shape and intercellular propagation of
the impulse.4-8

           The development and function of the heart components is driven by a set of 
interacting DNA binding transcription factors and chromatin remodeling proteins that
form evolutionary conserved regulatory networks.9-11 These transcription factors 
interact with specific noncoding regulatory DNA sequences (i.e. enhancers) of many
genes to activate or repress their activity. It is becoming increasingly clear that these
same transcription factors play essential roles in regulating regionalized expression
of ion channel and gap junction genes, affecting cardiac electrophysiology. Hallmark
examples include transcription factors essential for heart development (e.g., 
NKX2-5 and TBX5), which activate gap junction subunit-encoding genes (e.g., Cx40, 
encoded by Gja5) and ion channel genes and which, when mutated, can bring about
electrical abnormalities such as AV conduction block and atrial fibrillation in humans.12-17

TBX2 and TBX3 are specifically expressed in – and critical for the development 
of – the sinus node, AV canal (AVC) and derived AV node and AV bundle.18-21 These
factors may compete with TBX5 for the same DNA binding sites, but repress expres-
sion of gap-junction proteins (CX40, CX43) and ion channels (e.g. sodium channel
Scn5a) in pacemaker tissues of the sinus node and AVC.18,22 The interplay between
transcription factors expressed in broader patterns (i.e., TBX5 is expressed in atria and
entire conduction system) and factors that display restricted patterns (i.e., TBX3 is 
expressed in sinus node and AV conduction system) provide essential contributions
to the electrical pattern of the heart (Supplemental Figure 1).11,16,18,23-28

           A series of genome-wide association studies (GWAS)29-33 revealed that common
variants in the population link genomic regions that modulate cardiac impulse 
conduction and repolarization, disturbances that increase the risk of arrhythmia. 
Interestingly, these variants were linked to essential cardiac transcription factors 
(e.g. NKX2-5, TBX5-TBX3) and ion channels (e.g. SCN5A, SCN10A). Several of the
variants were identified in noncoding sequences nearby these genes, which indicates
that they represent potential enhancers controlling the localized and tissue-specific
expression of these genes. These observations indicated that variants in regulatory
elements of ion channel genes modulate development and homeostasis of the 
localized electrophysiological properties of the heart. However, the difficulties 
involved in the identification of functional enhancers in vivo, has meant that insight
into this process is lacking. 
           Here we investigated the transcriptional network by assessing the genome-wide
DNA interaction of key cardiac transcription factors TBX3/TBX5, NKX2-5 
and GATA4, and of the ubiquitously expressed enhancer-associated factor p30034-37

in the mouse heart in vivo, and identified many candidate cardiac enhancers. We 
further analyzed how known human genetic variants in these cardiac enhancers may
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affect transcription factor binding, and thus their activity. For the first time to 
our knowledge, we provide functional explanations for the effects of variants in 
noncoding DNA on cardiac conduction and arrhythmias. 

RESULTS
ChIP-seq analysis in adult mouse hearts and de novo definition of consensus transcription
factor binding sites
The genome-wide occupancy profile of TBX3 in the heart was assessed using 
ChIP-massive parallel sequencing (ChIP-seq) analysis.38Tbx3 is only expressed in the
conduction system of the heart, a very small fraction of the total adult heart that is 
too small for ChIP-seq analysis.22 Therefore, Tbx3 expression was induced in all 
myocardial cells using mice with a Cre-inducible TBX3 expression cassette (CT3)18

and a cardiomyocyte-specific tamoxifen-inducible Cre expression cassette 
(Myh6-mER-Cre-mER).39 At 1 day after the last treatment with tamoxifen, animals
appeared healthy, but showed strong down-regulation of known TBX3 targets, 
including Gja1 (encoding CX43) and Gja5 (encoding CX40).40 We reasoned that 
ectopically expressed TBX3 in the working myocardium would reveal binding sites
normally occupied by TBX3 in the conduction system myocardium. However, TBX3
and TBX5 (members of the TBX2 subfamily expressed in adult heart) recognize highly
similar binding sites, which indicates that this approach may also reveal TBX5 binding
sites. Unfortunately, whereas ChIP of TBX5 was successful, we repeatedly failed 
to sequence enriched fragments due to technical problems during sequence library
construction. Therefore, we performed ChIP-qPCR and established that endogenous
TBX5 in the adult heart interacts with the sites occupied by ectopically expressed TBX3
(see below). We also established the occupancy of endogenous NKX2-5 and GATA4,
2 cardiac transcription factors that cooperate with T-box factors.41 It has previously
been shown that occupancy by the enhancer-associated protein p300 can predict the
location of heart enhancers.34 To address this, we determined the occupancy profile
of p300 (Supplemental Figure 2). In all cases we used ChIP-grade antibodies against
the native factors. 
           We first evaluated the quality of our ChIP-seq experiments by determining the
overlap in peaks between the TBX3 ChIP-seq dataset and control ChIP-seq dataset.
These datasets possessed a total of 25,446 and 1,089 peaks, respectively, with an 
overlap of 131. The overlapping peaks were subtracted from the main TBX3 dataset as
likely false positive peaks. Next, we determined the number of peaks for both the
NKX2-5 and the GATA4 ChIP-seq datasets (Figure 1A), similarly removing peaks that
overlapped with the control dataset. The resulting datasets were used to analyze the
distribution of factor binding regions across the genome. For this analysis, a promoter
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region of 1kb upstream of all genes was used to define the number of peaks associated
with a promoter. The distribution of the remaining peaks was then assessed in terms
of intragenic or intergenic. This analysis revealed that the majority of peaks in all 
3 datasets were positioned within a gene sequence (exons and introns), with a 
significant enrichment of peaks associated with a promoter region (P < 0.001). Our
p300 data in general were in good agreement with the published data.34-36
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Figure 1
In vitro validation of ChIP-seq datasets. (A) Overlap of all ChIP-seq binding regions with
genes in refGene plus their promoters, defined here as the 1 kb upstream region of those genes.
Values are percentage of all peaks. A detailed description on peak definition is available in the
Methods. (B) Results obtained from the MEME motif discovery analysis. Binding motifs are in
good agreement with those recently published for the HL-1 based ChIP-seq35 and JASPAR 
motifs. (C) Venn diagram showing the number of overlapping binding regions between heart-
derived ChIP-seq datasets. (D) ChIP-qPCR assay validating ChIP-seq peaks. Regions were 
randomly chosen from the group of ChIP-seq peaks that showed overlap between ChIP-
sequencing datasets for Tbx3, Gata4 and Nkx2-5. Figure shows the enrichment relative to Hprt
for Nkx2-5 (green), Gata4 (blue) and Tbx5 (purple) in wildtype adult mouse hearts and for
Tbx3 in Tbx3-induced adult hearts (red). Values at the bottom represent the number of peaks
that show a relative enrichment of more than 10. (E) Of the regions tested with ChIP-qPCR, 11
were tested for their response to Nkx2-5, Gata4 and Tbx5 or Tbx3 in Cos7 cells. All enhancers
respond to stimulation with Gata4 and Nkx2-5. * p<0.05
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           To investigate whether the ChIP peaks could be directly correlated to DNA 
binding elements for TBX3/TBX5, NKX2-5 and GATA4, we performed de novomotif
discovery using MEME.42 Using 600 random peaks of each transcription factor, our
MEME analysis yielded motifs (Figure 1B) in good agreement with the motifs derived
from ChIP-seq data of biotinylated TBX5, NKX2-5 and GATA4 expressed in HL-1
cells35 (Supplemental Figure 3). We found near-perfect matches for the GATA4 motif
in the JASPAR43,44 and TRANSFAC45 databases. Interestingly, the NKX2-5 ChIP-seq
motif showed a closer resemblance to the NKX3-2 consensus site found in the JASPAR
database, compared to the NKX2-5 consensus site. The ChIP-seq motif for
TBX3/TBX5 resembles the motif for T in the JASPAR database and for TBX5 in the
TRANSFAC database.
           TBX3, TBX5, NKX2-5 and GATA4 are known to interact with each other in the regu-
lation of transcription46,47 A recent ChIP-seq analysis of biotinylated TBX5, NKX2-5 and
GATA4 in HL-1 cells indicated that overlapping peak regions often represent bona fide reg-
ulatory elements35 Therefore, we assessed the intersections of our in vivo TBX3/TBX5,
NKX2-5 and GATA4 datasets (Figure 1C) and found that the intragenic portion of the 
185 overlapping peak regions was significantly enriched for GO terms for heart and muscle
system development (Supplemental Figure 4A).
Comparison of terms associated with the molecular function of the NKX2-5 - GATA4 
overlap and the TBX3 – NKX2-5 – GATA4 intersect reveals that inclusion of TBX3 
results mainly in an enrichment of terms associated with ion binding (Supplemental
Table 4). Furthermore, we found an overlap of 63.2% of TBX3 peak regions with the
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Figure 2
Tbx3 is involved in the coordinated regulation of conduction genes. qRT-PCR analysis shows
down regulation of 10 representative ion channel genes in atria of induced TBX3 expressing
mice (black bars) as compared to control mice (light grey bars). These genes are significantly
reduced in the AV canal (p < 0.05) and contain ChIP-seq peaks for Tbx3, Gata4 and Nkx2-5. 



TBX5 dataset derived from HL-1 cells,35 demonstrating good correlation between the 
binding peak data of these closely related T-box proteins, despite the difference 
between the 2 experimental systems. Conversely, the TBX20 peak dataset48 showed
only a 17.8% overlap with our TBX3 dataset, which is consistent with the observed
difference in binding motif. 
           We selected 21 peak regions occupied by TBX3, NKX2-5 and GATA4 and 
validated binding in adult mouse hearts using ChIP-qPCR (Figure 1D). A mean 
enrichment of 70- to 80-fold was observed for the transcription factors at these 
genomic locations. Furthermore, of 45 TBX3-occupied sites tested, 43 were occupied
by endogenous TBX5. In addition, 22 out of 25 tested genomic sites were also occupied
by endogenous TBX3 in the developing heart (Supplemental Figure 5). These data
support the notion that TBX3 and TBX5 recognize the same sites in vivo, and that ChIP
of TBX3 ectopically expressed in the adult heart occupies sites bound by endogenous
TBX5. Using a luciferase reporter analysis, we next tested 11 of these 21 regions 
for their response to the 4 transcription factors, TBX3, TBX5, NKX2-5 and GATA4 
in transient transfection assays (Figure 1E). All fragments were stimulated to varying
degrees by NKX2-5 and GATA4. The effect of addition of TBX3 or TBX5 was variable,
probably reflecting the complexity of enhancer function. Taken together, these results
confirmed interaction of TBX3, TBX5, NKX2-5 and GATA4 with regions identified by
ChIP-seq and that these regions acted as enhancers responding to the transcription
factors. 

Overlapping peak regions and gene expression arrays functionally classify TBX3 targets
as conduction genes
TBX3 plays a critical role in the suppression of gene expression in the pacemaker and
conduction system components.18,22,23 We hypothesized that genes expressed at lower
levels in the AVC / AV node compared with the working myocardium are expected
to be enriched in genes regulated directly by TBX3. We analyzed the overlap between
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Table 1
Comparison of TBX3 peak–containing gene sets enriched or reduced in AVC with those 
induced or suppressed by TBX3. Values are expressed as number of genes (% of total genes).
n = 6 nonenriched controls. AP < 0.01 versus all other groups.

Enriched AVC                   118 (20.4)                               73 (13.9)                                  36 (6.2±0.9)

Reduced AVC                   117 (20.2)                               182 (34.7)*                           50.3 (9.6±1.0)

Tbx3 peak                           Tbx3 induced                    Tbx3 suppressed            non-enriched
associated                                                                                                                                 controls



the gene set containing TBX3 peaks and a set of genes differentially expressed 
between the AVC / AV node and working myocardium22 (Supplemental Table 1). The
set of genes reduced in the AVC displayed the greatest enrichment (Supplemental
Figure 4B), which indicates that TBX3 is involved in the direct suppression of this 
subgroup of genes. Next, we correlated TBX3 binding and TBX3-mediated gene 
regulation by combining the gene set containing TBX3 peaks with genes differentially
expressed in heart tissue of the mice expressing tamoxifen-induced TBX3 and 
controls. The set of genes suppressed by TBX3 contained significantly more TBX3
binding sites compared with the induced or control gene sets (Supplemental Figure
4B). To further refine the identification of direct TBX3 gene targets, we compared
sets of genes containing TBX3 peaks and enriched or reduced in AV canal with those
induced or suppressed by TBX3, leading to a significant enrichment (Table 1). We 
hypothesize that the significantly enriched set of 182 genes (P < 0.001 versus other
sets) occupied by TBX3, suppressed by ectopic TBX3 expression, and reduced in the
TBX3-positive AVC / AV node would reveal targets directly suppressed by TBX3 
in the AVC / AV node in vivo (Table 1 and Supplemental Figure 4B). Gene Ontology
(GO) term analysis, using DAVID49,50 revealed that these genes are enriched for the
terms ion transport, ion channels and gap junctions (Table 2). 
           The enrichment of ion channel genes in the overlap analysis of TBX3 ChIP-seq peaks
and AVC microarray data and the known role of TBX3 in conduction system and nodal de-
velopment and homeostasis18,51-53 prompted us to analyze the response of 10 of these ion
channel genes to induced TBX3 expression in the myocardium.  All genes analyzed, including
Scn5a andScn10a, were found to be significantly downregulated in the presence of TBX3 in
the working myocardium (Figure 2), while reference genes, like Gapdh, Hprt, Nkx2-5 and
Gata4, were unaffected by the presence of TBX3 (Supplemental Figure 6).

Table 2
GO term analysis associated with molecular function. GO term analysis was performed using
DAVID. See Supplemental Tables 2–4 for additional GO analyses.

metal ion binding                                                                                            67                 26.9                 1.00    E-03
ion binding                                                                                                          68                 27.3                  1.10     E-03
cation binding                                                                                                    67                 26.9                 1.30     E-03
gated channel activity                                                                                    11                     4.4                 2.50    E-03
calmodulin binding                                                                                          7                      2.8                 2.80   E-03
NAD(P)+-protein-arginine ADP-ribosyltransf. act.                   3                       1.2                 3.00    E-03
cation channel activity                                                                                  10                    4                     3.50    E-03
channel activity                                                                                                 12                    4.8                 5.40    E-03
passive transmembrane transporter activity                                    12                    4.8                 5.40    E-03
voltage-gated ion channel activity                                                          8                      3.2                 6.60   E-03
voltage-gated channel activity                                                                  8                      3.2                 6.60   E-03
ion channel activity                                                                                          11                     4.4                 1.10     E-02

Genes                                                                                                            Count               %                  P-Value
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Regulation of the Scn5a-Scn10a sodium channel gene locus by Tbx3
SCN5A encodes Nav1.5, the main sodium channel responsible for rapid depolarization.
Mutations in SCN5A underlie multiple inherited arrhythmia syndromes.26,28 SCN10A
(encoding Nav1.8) has only recently been implicated in cardiac conduction in a series
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Figure 3
Scn5a and Scn10a are regulated by Tbx3 (A) Overview of the ChIP-seq datasets within 
the Scn5a/Scn10a locus including flanking genes Scn11a and Exog. Tbx3 (red), Gata4 (blue),
Nkx2-5 (green) and p300 (orange) datasets, and published ChIP-seq datasets for *biotinylated
Tbx5, Gata4 and Nkx2-5 expressed in HL-1 cells35, #p300 in ED11.5 embryonic mouse heart34
and $p300 and Pol2 in adult mouse heart37 tracks are shown. (B) In situ hybridization of Scn5a
and Scn10a in E14.5 wildtype hearts showing expression pattern overlap, and the resemblance
of the Scn5a downstream enhancer fragment 9 (F9-LacZ) with these expression patterns. 
SAN, sinoatrial node; RA, right atrium; LA, left atrium; RV, right ventricle; LV, left ventricle;
IVS, interventricular septum; DRG, dorsal root ganglion. (C) In situ hybridization of Scn5a and
Scn10a in the E17.5 sinoatrial node region showing complementary patterns to Tbx3 and partial
overlap with Tbx5. Original magnification, x5 (B); x10 (inset panel B, C).

                                                                                              6                  2                 1     E
                                                                                                          6                  2                  1      E

                                                                                                    6                  2                 1     E
                                                                                      1                     4                  2     E

                                                                                           7                      2                 2    E
                     3                       1                  3    E

                                                                                    1                     4                     3     E
                                                                                                  1                     4                 5    E

                                       1                     4                 5    E
                                                            8                      3                  6   E
                                                                   8                      3                  6   E

                                                                                           1                     4                  1      E



84 | Chapter 4

0

20

40

60

80

100

120

F1 F2 F9

En
cr

ic
hm

en
t o

ve
r H

pr
t Induced TBX3

Endogenous Tbx3
Tbx5
Gata4
Nkx2-5

0

10

20

30

40

R
LU

- Nkx2-5 + Gata4

*

*

* * *

Tb
x3

Scn10a Scn5a

F# 12 3 4 5 678 9a b
A

B

100kb

C
F1-2 F9

F1-2

la la ra

lvlv rv

ra

6/67/9

E10.5E14.5

E10.5

6/8

E12.5

H
um

an
M

ou
se

F9D E

F

h
ivs

G8/9

h

 

F1 F2 F3 F4 F5 F6 F7 F8 F9MinP

Figure 4
In vitro and in vivo analyses of binding regions within the Scn5a/Scn10a locus. (A) Overview of 9
Tbx3 ChIP-seq peaks within the Scn5a/Scn10a locus chosen for further investigation based on ChIP
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activity in vitro. Enhancers cloned upstream of pGL2 and a minimal promoter were transfected into
H10 cells with or without Nkx2-5 and Gata4. Fragments F1, F2, F6, F7 and F8 respond to addition 
of Gata4 and Nkx2-5. Fragments F4 and F9 show strong constitutive activity. (C) ChIP-qPCR assay
for F1, F2 and F9, showing the enrichment relative to Hprt for Tbx3 in induced TBX3 expressing adult
hearts (red) and endogenous Tbx3 in embryonic day 10.5 hearts (pink). ChIP-qPCR assays for 
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left ventricle; IVS, interventricular septum.
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of GWAS.30-33,54 Several observations suggested that Scn5a and Scn10a are regulated
in a coordinated fashion by TBX3 and TBX5. Scn5a and Scn10a are positioned adja-
cently in the genome, both contain sites occupied by TBX3/TBX5 and other factors
(Figure 3A), and both were readily downregulated by TBX3. Both genes have similar
relative spatial and temporal expression profiles55,56, although Scn5a expression 
is stronger than Scn10a, and its level increased in the ventricles towards the end of
gestation (Supplemental Figure 7A). In situ hybridization shows that both genes had
very similar expression patterns: expressed in the atria; strongest in the mediastinal
atrial walls (body of atria); and weaker in the auricles and in the trabecules and crest
of the interventricular septum, the precursors of the ventricular conduction system
components (Figure 3B). This pattern resembles that of TBX5, a transcriptional 
activator expressed in atria and conduction system. Moreover, expression is absent
from the TBX3-positive sinus node and AVC / AV node (Figure 3C), consistent with
the notion that TBX3 suppresses these genes in its own expression domain. The genes
flanking these 2 sodium channels, Scn11a and Exog, showed no binding regions for
TBX3 and were not significantly downregulated by TBX3 (Supplemental Figure 7B),
which indicates that TBX3-mediated regulation of this locus is likely to be confined
to Scn5a and Scn10a. Taken together, these data indicate that Scn5a and Scn10a are 
coregulated, and that this process involves TBX3.  

Identification of enhancers in the Scn5a/Scn10a locus 
To gain insight into the mechanism of Scn5a/Scn10a regulation, we selected 9 
fragments (F1-F9) in the Scn5a/Scn10a locus occupied by TBX3 for functional analysis
using luciferase reporter assays (Figure 4A). Of these regions, 4 (F1, F2, F4 and F9)
also contained NKX2-5, GATA4, and p300 peaks (Figure 3A) and overlapped with the
TBX5 datasets.35 F1 and F2, located in a noncoding part of Scn10a, were strongly 
activated by NKX2-5 and GATA4. F9, located downstream of Scn5a, showed strong
constitutive activity in H10 cells (Figure 4B). This effect was also observed for F4, 
located in a noncoding part of Scn5a that contains a region previously reported to 
affect Scn5a expression and thus modulate sodium channel function in vivo.57 Using
an independent PCR-based assay, we confirmed the association of TBX3, TBX5, NKX2-
5 and GATA4 with the mapped ChIP-seq positions to variable degrees of enrichment
over Hprt gene control region in the adult heart (Figure 4C). In E10.5 mouse hearts, 
F1 and F2 were not found to be occupied, while F9 was occupied by endogenous TBX3 
(Figure 4C).
           Next, we determined the response of F1, F2 and F9 to T-box factors by means
of luciferase assays. F1 and F2 were stimulated by TBX5 (activator) and repressed by
both TBX3 and TBX2 (repressors). F9 was not stimulated by TBX5, but responded to
TBX2 and TBX3 (Supplemental Figure 8B). The lack of response of F9 to transcription
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factor stimulation prompted us to analyze this region further (Supplemental Figure
8, A and C). Deletion analysis revealed a small, highly responsive fragment harbouring
binding sites for all transcription factors, indicating the presence of sequences in 
F9 that act as suppressors. 
           To evaluate the in vivo activity pattern of the identified regulatory fragments,
we cloned the mouse fragments into an Hsp68/LacZ reporter vector. In this assay, 
F1 and F2 were grouped as a single fragment, because of their close spatial association
and broad base coverage by p300 association sites (Figure 5A). The F1-F2 construct
showed cardiac activity in 7 of 9 embryos. The activity was weakest in the atria and in
the ventricles and strongest in the region of the interventricular septum (Figure 4D).
For F9, cardiac activity was observed in 6 of 6 embryos. Activity was present in the
atria and ventricles, yet once again the activity was strongest in the interventricular
region (Figure 4E). The activity pattern of this regulatory fragment closely resembled

Gaps
Human
Chimp
Baboon
Mouse
Rat
Guinea Pig
Rabbit
Dolphin
Horse
Megabat
Hedgehog

GAGAGACGACAATGGATCTGTT

rs6801957 *
GAGAGACGACAGTGGATCTGTT
GAGAGACGACAGTGGATCTGTT
GGGAGACGACAGTGGGTCTGTT
CGGAGCCGACGGTGAGTCTGTT
CGGAGTCGACAGTGAGTCTGCT
GGGAGCCGACAGTGGGTCTGTT
GGGAGCCGACAGTGGGTCTGTT
===AGCCGACAGTGGGTCTGTT
===ATCCGACAGTGGGTCTGTT
===AGCCGACAGTGGGTCTGTT
   GGCCGACAGGGGGTCTGTT

Scn10a

0
20
40
60
80

100
120
140
160

En
ric

hm
en

to
ve

r H
pr

t Nkx2-5

F1 F2

rs6801957

A

C

B
p3

00
N

kx
2-

5
G

at
a4

Tb
x3

D

0

1

2

bi
ts

1 2 3 4 5

T

6 7 8

T
GCGTGCAGCTAG

 

Figure 5
In vitro analysis of the homologous human genomic region F1-2 and SNP associated with
conduction. (A) Relative position of SNP rs6801957, located under overlapping peaks for 
ChIP-seq datasets Tbx3 (red), Gata4 (blue), Nkx2-5 (green) and p300 (orange). (B) Sequence
conservation between species around rs6801957, located in a T-box binding motif. (C) 
ChIP-qPCR assay with Nkx2-5 on human ventricular tissue for F1, F2 and F9 shows enrichment
for all three fragments. (D) Tbx3 binding motif found through Tbx3 ChIP-seq. 
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that of both Scn5a and Scn10a, with highest activity in the atrial body and future 
ventricular conduction system components (Figure 3B). The TBX3-positive sinus node
was devoid of lacZ expression, consistent with the notion that TBX3 represses this 
fragment. Recent evidence indicated that heart enhancers are not well conserved in 
evolution.34,58 Therefore, it is quite possible that the human orthologous regions do not
function as enhancers. To test this possibility, the human positional orthologs of the
mouse fragments were used in the same in vivo transgenic reporter assay. Both the
human F1-F2 and F9 showed activity patterns highly similar to their mouse counterparts
(Figure 4, F and G), which indicates that their function is evolutionarily conserved. 
Furthermore, we tested whether transcription factors bind to the human fragments.
ChIP-qPCR on human ventricular samples revealed that NKX2-5 indeed occupied these
fragments in vivo (Figure 5C), thereby conserving their function (Figure 5B).

A genetic variant within the enhancer in SCN10A functionally affects a binding element
for TBX3/TBX5
Recent GWAS studies have identified genetic loci influencing conduction system
function, but the underlying mechanisms are not known.30-33,54 The reported GWAS
SNP rs6801957 is positioned in the conserved enhancer F1 in SCN10A (Figure 5B) and
may affect SCN5A/SCN10A expression. This SNP is positioned directly under a TBX3
ChIP-seq peak, and is linked to a G-to-A substitution in the highly conserved portion
of the T-box binding consensus sequence (Figure 5D). Enhancer fragments cloned
from carriers of the major allele (i.e., G) could be stimulated by TBX5 and repressed
by TBX3 in the presence of NKX2-5 and GATA4 (Figure 6A). In contrast, the fragment
cloned from a minor allele (i.e., A) carrier did not respond to these T-box factors.
Specific mutations generated in the fragments revealed that this SNP, but not other
SNPs in this fragment that are in linkage disequilibrium (LD), was involved in the 
T-box factor response (Figure 6A). Therefore, rs6801957, appeared to functionally
affect gene expression of SCN10A/SCN5A. Furthermore, analysis of all other SNPs
(n = 25) in LD (r2 > 0.6) revealed that rs6801957 was uniquely associated with peaks
in our ChIP-seq datasets (Supplemental Table 11). Gel mobility shift assays using DNA
probes mimicking both the major and minor human alleles demonstrated a significant
reduction of T-box association with the minor allele compared to the major allele
(Figure 6B, Supplemental Figure 9). 
           Next, we tested the activity of the 2.2 kb human F1-2 enhancer fragment in 
zebrafish using the ZED vector, which allows simultaneous screening for transgenesis
and enhancer-driven reporter activity in the heart;59 this analysis revealed that 70%
of red fluorescent protein-expressing transgenic fish displayed enhancer-driven green
fluorescence in the heart (Figure 6C). When the minor allele for SNP rs6801957 was
introduced in the enhancer fragment, this fraction dropped to about 40% (Figure 6D).
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Figure 6
In vitro and in vivo analysis of genomic region F1-2 and SNPs associated with conduction.
(A) Luciferase assays performed in Cos7 showing that rs6801957 is involved in T-box factor
response. Representative human major alleles Maj1 and Maj2 respond to stimulation by Tbx5
and repression by Tbx3, while this effect on the minor allele Min1 is significantly less. Mutating
rs6801957 in these alleles shows a similar effect. *p<0.01 Error bars represent standard 
deviation. Information on variants per allele is available from Supplemental Table 10. (B) 
Electromobility shift assay (EMSA) showing relative oligonucleotide binding of MBP-Tbx3 (+)
compared to MBP only (-). MBP-Tbx3 fusion associates well with both Nppa probe and human
Maj1 major allele, but less with minor allele Min1 and Mut, containing a 3 bp mutation in the
proposed T-box binding element. Quantification and statistical analysis are available in Sup-
plemental Figure 9. (C) Representative picture of the zebrafish heart containing ZED-Maj1
showing expression in the ventricle. Scale bar: 100�m (D) Graph showing percentage of GFP
expression in hearts of zebrafish containing the major (G) or minor (A) allele for rs6801957.
ZED represents the vector without genomic region F1-2. Representative human major alleles
Maj1 and Maj3 show GFP expression in 60-70% of the hearts of zebrafish containing these
constructs. When major alleles are mutated into minor alleles (Maj1Mut, Maj3Mut) a significant
reduction in GFP expression is found. The presence of rs6795970 in Maj3, also linked to 
conduction disease, has no significant effect on GFP expression in the heart.
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When the minor allele for SNP rs6795970 – which presumably affects SCN10A 
splicing and conduction31 – was introduced, the fraction of fish displaying enhancer-
driven green fluorescence in the heart did not change. However, when rs6801957
was additionally introduced, the fraction again dropped to about 40% (Figure 6D).
Taken together, these in vivo data confirm that rs6801957 affects enhancer function,
which indicates that each allele carrying this SNP may express reduced levels of 
either SCN10A, SCN5A or both. 

DISCUSSION
Regulation of the cardiac electrical pattern by a network of transcriptional regulators
and non-coding regulatory sequences of ion channel genes
GWAS identified common variants that modulate cardiac impulse conduction and 
repolarization. Several of these variants are positioned within noncoding DNA in the
vicinity of genes encoding key cardiac transcription factors (e.g. TBX5 and TBX3) and
ion channels (e.g. SCN5A and SCN10A), which suggested the presence of a regulatory
network for the electrophysiological properties of the heart.29-33 Tissue-specific genes
are regulated by enhancers, usually found in noncoding DNA, each driving a subset
of its gene’s entire expression profile. These enhancers thus represent ideal candidates
for involvement in complex diseases, such as arrhythmias, as variants in an individual
enhancer result in cell type-specific changes in gene expression.60,61 The genome-
wide occupancy of several factors, including TBX5, NKX2-5 and GATA4, has previ-
ously been assessed in vitro in HL-1 cells,35 the factors being first biotinylated to enable
their efficient immunoprecipitation. Furthermore, the occupancy of GFP-fused
TBX20 was also recently assessed in the heart.48 Here, we derived a ChIP-seq protocol
that allowed us to identify – to our knowledge for the first time – the occupancy of
the native forms of cardiac transcription factors in the heart in vivo. Our data, together
with the existing data, represent an invaluable resource providing a map for the 
location of tissue-specific enhancers in the adult heart that regulate genes involved in
the local electrophysiological properties of the heart. 
           Analysis of the genes interacting with and differentially regulated by TBX3 
indicated that TBX3 functions mainly as transcriptional repressor in vivo, which is 
consistent with previous observations using reporter assays.18,62,63 The gene set occu-
pied by TBX3, repressed by TBX3, and reduced in the TBX3-positive AVC was highly
enriched in genes encoding ion channels or involved in ion transport functions. This
finding suggests that an important function of TBX3 in the conduction system is the
direct regulation of electrophysiological properties. Both Scn10a and Scn5a were
among the channel genes suppressed by TBX3 (and stimulated by TBX5), revealing
functional parts of the regulatory network indicated by the GWAS studies. 
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Identification of specific T-box factor target sites
TBX3-positive cardiomyocytes of the adult conduction system were limited in number
and not sufficient for the ChIP-seq assay. To overcome this problem, we used a model
in which Tbx3 was ectopically activated in all cardiomyocytes, assuming that this 
allows identification of binding sites occupied by TBX3 in the conduction system 
cardiomyocytes. Although the levels of Tbx3 expression in this model are moderate,
and tolerated by the atria for a prolonged period18 it is possible that TBX3 associates
with sites normally occupied by other cardiac T-box proteins. Of the T-box proteins
expressed in the adult myocardium (i.e., TBX5 and TBX20), TBX5 most closely 
resembles TBX3,46,47 and its binding sites are likely to be detected by ectopically 
expressed TBX3. Indeed, the consensus DNA binding site we identify for TBX3 
binding resembles that identified for TBX5,35 both of which diverge from previously 
defined T-box binding motifs.44,45 The recently described TBX20 motif derived from
ChIP-seq data48 differs from the TBX3/TBX5 motif and known consensus sites by 
1 position with no nucleotide preference in the middle of the sequence. To rule out 
possible differences in the computational prediction approach, we confirmed the
TBX20 motif as published using the MEME software. Thus, the observed difference
in binding consensus may genuinely reflect a significant in vivo functional difference
in TBX20-specific gene target recognition. Assuming the TBX20-GFP fusion protein
used in this study mimics native TBX20, this finding may reflect the closer phyloge-
netic relationship of TBX3 and TBX5, which belong to the TBX2 subfamily, than to
TBX20, belonging to the TBX1 subfamily.41,64 Preferential binding of the different 
cardiac T-box factor subfamilies, each playing important roles in the heart, may greatly
influence their target specificity, affecting the mechanism underlying their function
in heart development and gene regulation. In this respect, it will also be of great 
interest to fully unravel how T-box proteins interact with their target genes in the
context of varying protein complexes to regulate gene expression. 

Identification of functional enhancers for the cardiac sodium channels
SCN5A encoding the cardiac sodium channel is essential for heart function.26,65 Modest
reduction in levels of SCN5A expression slows cardiac conduction and predisposes to
arrhythmias under certain conditions (i.e., monogenic disease and drug therapy).57,66

GWAS have implicated SCN10A in cardiac conduction. Its function in the heart 
remains unclear. Nav1.8 (Scn10a)may function in the myocardium to either decrease31

or increase conduction.33 Alternatively, Nav1.8 may function in the vagal innervation
of the heart.67 We identified key enhancers in Scn5a and Scn10a in mouse and human,
providing a more detailed insight into the link between the transcription factor 
network and the regulation of these important sodium channel genes in the heart. We
hypothesized that these sequences represent key enhancers, both of which contribute
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to TBX5/TBX3-regulated expression patterns of Scn5a/Scn10a. More extensive
analysis such as chromatin conformation capture68 and genetic modification of mice
will be required to investigate the precise contributions of each of the enhancers to
the regulation of the 2 sodium channel genes. 
           Recent ChIP-seq of p300 occupation in mouse and human heart indicated that
cardiac enhancers are not well conserved throughout evolution.34,69 The sequences
we identified by ChIP-seq in mouse may not be functionally conserved in humans.
Therefore, we performed ChIP for NKX2-5 on human ventricular samples and found
that the orthologous human DNA fragments were occupied by this factor. Further-
more, these elements were able to drive expression in patterns strikingly similar 
to their mouse counterparts. Together, these data reveal that the enhancers were
functionally conserved in humans. 
           We provide the first functional evidence to our knowledge for the direct 
involvement of a human SNP in cardiac conduction system gene regulation. This SNP
was found to be associated with increased PR/QRS duration, which suggests that the
SNP – or a variant in LD with the SNP – decreases SCN5A/SCN10A expression. Our
functional analysis indicated that the SNP itself converts a highly conserved nucleotide
within the consensus T-box binding site and selectively affects TBX5/TBX3-mediated
activity of the enhancer fragment, thereby reducing the cardiac activity of the 
enhancer. We hypothesize that the SNP affects the TBX5-activated/TBX3-repressed
expression of SCN5A/SCN10A in vivo. It is well possible that the enhancer regulates
both SCN5A and SCN10A. Given that SCN5A provides a much larger contribution to
sodium current and conductivity of the heart than does SCN10A, it seems probable
that altered SCN5A expression underlies the observed influence of the SNP on 
conduction system function. Other genetic variants in noncoding DNA identified by
GWAS in this and the other loci30-33,54 may influence conduction system function in a
similar way. Nevertheless, the effect of the variant on conduction times was very
small.33 Furthermore, the GWAS study identified heterozygous variants associated
with conduction system function, whereas in our functional studies we studied the
effect of the isolated variants, equivalent to homozygosity for the variant. In this 
respect, it is likely that multiple genetic variants together can cause a cumulative 
biologically significant modulation of sodium channel gene expression. 
           In summary, the present study identified a set of enhancers and key binding 
factors important for cardiac conduction system development and function, and further
identified disrupted transcription factor binding as a mechanism likely underlying the
effect of a genetic variant at the SCN10A/SCN5A locus on cardiac conduction. 
Uncovering the molecular network and the noncoding regions regulating conduction
system function will help to understand how they affect conduction system function,
and may offer tools to predict disease susceptibility and progression among individuals.70
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METHODS
ChIP sequencing from adult mouse heart CAG-CAT-TBX3 (CTBX3) heterozygous
mice18 were crossed with Myh6MCMmice.39 Tamoxifen (Sigma T5648) was injected
intraperitoneally (100 mg per mouse per day) at four day intervals in adult males.
Hearts were removed on day 5, prior to the onset of heart dysfunction.40 qRT PCR
was performed to determine the efficiency of recombination. For Nkx2-5, Gata4 and
p300 ChIPs, hearts were isolated from adult FVB males. Tissues were cross-linked 
in 1% (p300) or 2% (Tbx3, Gata4, Nkx2-5) formaldehyde for 30 minutes at 
room temperature. Cross-linking was quenched by addition of 0.125M Glycine. 
Tissues were dissociated by IKA Ultra Turrax T5 FU, pelleted and resuspended in 
cold Lysis Buffer (50 mM Tris-HCl (pH 8.1), 10 mM EDTA (pH 8.0), 1% SDS, 1X 
Protease Inhibitor Cocktail (Roche)). By use of a tight glass dounce homogenizer 
nuclei were obtained. Cross-linked nuclei were sonicated under conditions estab-
lished to yield an average fragment size of ~300bp. All antibodies were purchased
from Santa Cruz (Tbx3 (A-20, sc-17871, lot#J0306), Tbx5 (C-20, sc-17866,
lot#D1708), Nkx2-5 (N-19, sc-8697, lot#A1109, #J2010), Gata4 (C-20, sc-1237,
lot#F3010) and p300 (N-15, sc-583, lot#K3009). Immunoprecipitation, washing, 
elution and reverse cross-linking were performed as previously described.71 Quality
of the ChIP was assessed with primers on locations of known cardiac enhancers. 
Quality was also previously qualitatively assessed by noting peaks at published 
T-box responsive enhancers.52

Material was used for library preparation with standard NEBNext library kit protocol
for Illumina sequencing (New England BioLabs, #E6000S/L, #E6040S/L). 
The ChIP-seq data discussed in this publication have been deposited in NCBI’s Gene
Expression Omnibus72 and are accessible through GEO Series accession number
GSE35151 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE35151).
           ChIP-qPCR was performed on a Roche LightCycler 480 System using 
Sybr Green detection. Fold enrichment indicates the ratio of ChIPed DNA to a 
negative control region in the Hprt locus, normalized for input DNA. Tested locations
were randomly chosen using the Galaxy software interface. Primer sequences are
provided in Supplemental Table 6. 

Processing of ChIP-sequencing data Sequencing results were run through the 
standard Illumina GAPipeline (v1.3 for GAII runs) to convert images to reads of 36bp
in length (unaligned sequences produced by the Illumina Genome Analyzer) and edit
for quality (FIRECREST, Bustard and GERALD). Reads were then processed and
aligned to the mouse reference genome (NCBI Build 37, mm9) as previously 
described, allowing a maximum of two mismatches and retaining only sequences with
unique alignments.73
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           Peaks were extracted and defined from the wiggle files containing the 
coverage per basepair using an in-house algorithm that returns peak start and stop
coordinates in a BED file format. BED files for Tbx3, Gata4 and Nkx2-5 are provided
in the Supplemental Material. Locations of known cardiac enhancers were checked
for transcription factor binding as a quality control for these datasets. Detailed infor-
mation on the exact settings for peak calling is available in the Supplemental Methods. 
           Gene sets were extracted from UCSC refGene for the mouse using the Galaxy
software interface. We allocated promoter regions for the 27585 mouse genes 
currently listed under RefGene, here we define a promoter as the 1 kb upstream region
of an annotated transcriptional start site. Overlaps between gene regions and peak
regions were identified using Galaxy. For determining the intersection between gene
arrays and Tbx3 ChIP-seq peak regions, significant up or down regulated genes from
the various microarray datasets were assigned coordinates using the Biomart Central
Portal. All chromosomal coordinates were subsequently extended both up- and
down-stream by 1 kb. Coordinates were then intersected using the Galaxy software
interface. Two control gene sets were generated, both for the induced Tbx3 array
analysis and the AVC/working myocardium array analysis, using 6 sets of equivalent
numbers of unique genes, randomly extracted from the non-significant genes from
the AVC versus working myocardium microarray study. These control gene sets were
further treated in exactly the same way as the test gene sets. Statistical analysis of the
significance of enrichment between intersects and controls was carried out using a
Z-test, which uses the normal approximation of the binomial distribution to compare
proportions.74,75 Microarray data discussed in this publication have been deposited in
NCBI’s Gene Expression Omnibus72 and are accessible through GEO Series accession
number GSE13614 and GSE31969.
           Proteins assigned to overlaps were extracted using Galaxy and further analyzed
using the DAVID bioinformatics resource GO-gene ontology analysis software.49,50

Unique gene names were called using chromosome locations via the BioMart Central
Portal. Motif analysis was performed with MEME42 using 600 random peaks with an
average length of ~165bp per total dataset. For scanning ChIP-seq peaks with known
TF motifs, position weight matrices were obtained from JASPAR (43,44) and TRANS-
FAC (v11.3)45 database. 

Transgenic mouse enhancer assay Enhancer candidate regions of 2-3 kb in the 
Scn5a-Scn10a locus were cloned into the Hsp68-LacZ reporter vector as previously
described.76 Genomic coordinates of the amplified regions are reported in Supple-
mental Table 9. DNA was injected into the pronucleus of 0.5-day-old fertilized
FVB/N eggs, which were subsequently transferred into the oviducts of CD-1 pseudo-
pregnant foster females (Cyagen Inc.). At least 200 injections were performed 
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per construct. Embryos were harvested, stained with X-gal to detect LacZ activity,
and yolk sacs were processed for PCR genotyping.

In vivo zebrafish enhancer assay Enhancer sequences Maj1, Maj1Mut, Maj3 and
Maj3Mut were amplified by PhusionTAQ PCR (New England Biolabs, Ipswich, MA,
USA) and cloned into the ZED vector59 by Gateway technology (Life Technologies
BV, Bleiswijk, The Netherlands). ZED-Maj1; ZED-Maj1Mut; ZED-Maj3 and 
ZED-Maj3Mut were injected in WT zebrafish embryos at 1-cell stage at a final 
concentration of 15 ng/µl in presence of 25 ng/µl TOL2 transposase RNA. Embryos
were kept at 28.5ºC in E3 medium and scored for heart-specific RFP and subsequently
heart-specific GFP fluorescence at 48 hpf on a Leica MZFLIII fluorescence stereomi-
crocope (Leica Microsystems GmbH, Wetzlar, Germany) set up with appropriate 
fluorescence filters. 
In vivo imaging of the embryos at 48 hpf was carried out on a Zeiss Axioskop 2 Mot
plus fluorescence microscope (Carl Zeiss MicroImaging GmbH, Jena, Germany)
mounted with a Leica DFC490 CCD camera (Leica Microsystems) using appropriate
fluorescence filters.

Other methods Procedures for quantitative expression analysis, luciferase assays, 
in situ hybridization, electrophoretic mobility shift assay have been performed as 
described previously.18 Detailed information can be found in the Supplemental 
Methods.

Statistical analysis Details of the various statistical analyses can be found in the 
methods and supplementary methods. In general, unless otherwise stated in the text
or figure legend, significance refers to p<0.05.

Study Approval The investigation conforms to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of Health (NIH 
Publication No. 85-23, revised 1996). All animal work was approved by the Animal
Experimental Committee of the Academic Medical Center, Amsterdam, and carried
out in compliance with the Dutch government guidelines.
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SUPPLEMENTAL METHODS 
ChIP-peak calling For peak calling, a minimum binding site length was set to 15 bp
and regions in closer proximity than 50 bp were concatenated into one region. 
For identification of regions with robust binding, a transcription factor-dependent
(see below) minimum number of reads per peak was set. The rationale behind the
transcription factor-dependent thresholds was the difference in signal to noise ratios
between different transcription factors. The thresholds were calculated as follows:
The log of the number of peaks called at different thresholds (y-axis) was plotted
against the threshold used (x-axis). This plot was typically biphasic, reflecting a 
transition from random to genuine binding events at the point where the second 
derivative is maximal. For the TBX3 data set, for example, this phase change was found
at a tag-count of 5 (maximum of the second derivative) and for NKX2-5 at a count of
15. To identify the most robust binding sites used in the analyses throughout the paper,
a threshold of two times the number of reads found at the maximum of the second
derivative was applied. Analysis of these BED files was further carried out using the
Galaxy software server.1-3

To find overlapping binding regions within datasets we followed the hypothesis that
although strict 15 bp TF binding sites may not overlap between different TFs, regions
in the direct vicinity may be enriched for several factors. To account for this, we define
a region as having a minimum length of 100 bp (this value is also based on the length
used for the MEME consensus binding site analysis). For region overlap analysis, BED
files were either extracted from the GEO-dataset deposited assigned significant peak
files (GSM558908, Tbx5) or generated using our in-house algorithm as described
using the parameters; 100 bp minimum peak length, 50 bp gap distance, 2x the defined
background tag-count. 

Quantitative expression analysis Total RNA was isolated from left atrial appendices
of adult mice with induced TBX3 expression using the RNeasy Mini Kit according to
manufacturer’s protocol (Qiagen). For expression analysis at embryonic and adult
stages, different tissues (brain, limb, liver, atria and ventricles) from wildtype animals
were isolated in equal proportions. Total RNA from these tissues was isolated with
the TRIzol kit according to manufacturer’s protocol (Invitrogen). cDNA was reverse
transcribed from 300ng total RNA using the Superscript II system (Invitrogen). 
Expression of different genes was assayed with quantitative real-time PCR using the
Roche LightCycler 480 system. Primer sequences are listed in Supplemental Table 5.
Relative start concentration (N(0)) was calculated as previously described.4 Values
were normalized to Hprt expression levels. 
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Luciferase assays COS7 and H10 cells, grown in 12-well plates in DMEM 
supplemented with 10% FCS (GibcoBRL) and glutamine, were transfected using 
polyethylenimine 25 kDa (PEI, Brunschwick) at a 1:3 ratio (DNA:PEI). Reporter 
construct was generated by ligating putative enhancer regions (Supplemental Table
7, 8) to pGL2basic+minimal promoter (control reporter). Standard transfections used
1.4 �g of reporter (or control reporter) vector co-transfected with 3 ng phRG-TK 
Renilla vector (Promega) as normalization control. pcDNA3 constructs expressing
Gata4, Nkx2-5, Tbx2, Tbx3, Tbx5, and VP16-Tbx2 were cotransfected as appropriate. 
Transfections were carried out at least three times and measured in duplo. Luciferase
measurements were performed using a Promega Turner Biosystems Modulus 
Multimode Reader luminometer. All data was statistically validated using an ANOVA
two-way test for all combinations. 

In situ hybridization Non-radioactive section in situ hybridization was performed 
on 12�m serial section as described previously.5 In vitro transcribed RNA probes 
complementary to Scn5a, Tbx3 and Tbx5 are described.6,7 Scn10a probe construct 
was generated by PCR amplification of a 946 bp fragment with Scn10a specific
primers (Forward: GCCCTCTTAGAATCCCAAAACC, Reverse: GCAAACCCT-
CATTAGCAGTGCC), which was subsequently cloned into pBluescript SK+ vector.
Electrophoretic Mobility Shift Assay Sybr green (Promega) non-radioactive 
electromobility shift assay was performed using 20 pM of oligonucleotide probe and
400 ng of bacterially expressed and purified MBP-Tbx3 (Tbox) or MBP only (control)
as previously described.8 Three individual analyses were used to quantify binding 
efficiencies using the Aida image analysis software. Oligonucleotide probes used are:
Major             CAGAGTTCATGCTCTCTGCTGTCACCTAGACAAAGGCATG 
Minor            CAGAGTTCATGCTCTCTGCTGTTACCTAGACAAAGGCATG
Mutated       CAGAGTTCATGCTCTCTGCTGGTGCCTAGACAAAGGCATG 
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Supplemental Figure 1
Cartoon depicting expression patterns of Tbx3, Tbx5 and Scn5a in the heart from fetal stages
onwards. Tbx5 activates Scn5a in the heart. The pattern of Scn5a is broader than that of Tbx5,
indicating other activators expressed in broader patterns are involved in Scn5a activation. Note
the absence of expression of Scn5a in the Tbx3+ (red) and Tbx5+ (purple) region of the 
sinus node (san), internodal region, atrioventricular node (avn) and atrioventricular canal 
myocardium, indicating that the repressive function of Tbx3 is dominant in these parts of the
heart. avb, atrioventricular bundle; l/ra, left/right atrium; l/rv, left/right ventricle).

SUPPLEMENTAL FIGURES
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Supplemental Figure 2
Alignment of ChIP-seq datasets from mouse heart. (Tbx3, red; Gata4, blue; Nkx2-5, green;
p300, orange) described in this manuscript, with other published datasets in the vicinity of Hopx,
a gene involved in conduction system function (1). Overlap in multiple datasets was used as 
selection criterion for enhancer activity screening (Figure 1C).
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Supplemental Figure 3
Motif discovery analysis for ChIP-seq data. MEME motif discovery analysis for Tbx3 
ChIP-seq data, Gata4 ChIP-seq data and Nkx2-5 ChIP-seq data (bottom row) compared to 
published consensus sequences available from TRANSFAC (2), JASPAR (3,4) and the recently
published HL-1 ChIP-seq derived binding sites (5). Of note is the closer resemblance of the
ChIP-seq experimentally derived Nkx2-5 sites to the NKX3-2 JASPAR consensus site than that
of the NKX2-5 JASPAR consensus site.



Genetic variant in TBE functionally affects Scn5a/10a enhancer  | 105

Supplemental Figure 4
Overlap between ChIP-seq datasets and expression arrays. (A) Molecular function 
GO-term analysis of genes containing an intragenic overlapping Tbx3/Nkx2-5/Gata4- 
ChIP-seq peak region. (B) Overlap between Tbx3 ChIP-seq dataset and Tbx3 microarray 
datasets. Intersection of Tbx3 ChIP-seq peaks, with genes found significantly (P < 0.05) 
enriched or reduced in the AVC myocardium, in the induced TBX3 expression system or in 
the control gene microarray sets. There are significantly more intersecting genes found in the
reduced AVC array set compared the induced set (P < 0.001). The same holds for the reduced
set of genes in the induced TBX3 expression model compared to the induced set of genes 
(P < 0.05).

GOTERM: Biological Process

Genes                                                                         Count            %                     P-value
Cytoskeleton organization                            8                       8.9                   1.4E-4
Actin cytoskeleton organization                 5                        5.6                   1.0E-2
Actin filament - based process                     5                        5.6                   1.3E-2
Heart development                                            5                        5.6                   2.8E-2
Actin filament organization                           3                        3.3                    3.4E-2
Muscle contraction                                             3                        3.3                    3.8E-2
Intracellular signalling cascade                    3                        3.3                    4.4E-2
Muscle system process                                    10                     11.1                   4.7E

                                                                                       Σn genes         Σn genes                          Significance of 
                                                                                                                      with Tbx3 peak            enrichment (Z test)

Enriched in AVC                                                  2580                   1329 (51.5)                        p=6.7x10-10
Reduced in AVC                                                  2627                    1635  (62.2)                      p=3.9x10-43
non-enriched controls (N=6)                      2545                    1022 (40.2±2.5)
Tbx3 induced                                                          578                      354 (61.2)                          p=2.3x10-12
Tbx3 reduced                                                         524                       347 (66.2)                        p=2.8x10-17
non-enriched controls (N=6)                      525                       197.5 (37.6±2.6)

(A)

(B)
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Supplemental Figure 5
ChIP-qPCR showing relative enrichment of randomly chosen ChIP-seq peaks over a negative
control region in the Hprt gene for Tbx3 in embryonic heart (ED10.5, pink) and Tbx5 in adult
heart (purple).
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Supplemental Figure 6
Quantitative PCR showing that housekeeping genes Gapdh and Hprt, used for normalization
of the other genes, are not affected by the presence of Tbx3. Also transcription factors Nkx2-5
and Gata4, working in complex with Tbx3, are unaffected by the presence of Tbx3, while Gja1
(Cx43), a known target of Tbx3, is significantly down regulated by Tbx3. Error bars represent
standard deviation.
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Supplemental Figure 7
Expression and ChIP analysis of Scn5a / Scn10a locus. (A) Relative mRNA expression levels
of Scn5a and Scn10a in limb, brain, atria, ventricles and liver of E10.5, E14.5, E17.5 and adult mice.
Both genes are primarily expressed in atria and ventricles. (B) qRT-PCR analysis shows down
regulation of Scn5a and Scn10a in atria of induced TBX3 expressing mice (black bars) as 
compared to control mice (light grey bars). Both genes are reduced in the AV canal with a 
p-value < 0.05 and contain ChIP-seq peaks for Tbx3, Gata4 and Nkx2-5. Flanking genes Scn11a
and Exog are unaffected by induced TBX3 expression and do not contain peaks for 
Nkx2-5, Gata4 and Tbx3. (C) ChIP-PCR on hearts of adult induced TBX3 expressing mice 
compared to control mice. Figure shows an enrichment of fragment 4 and 9, while there is no
enrichment for control regions a and b (Figure 4A).
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Supplemental Figure 8
Transfection assays with Tbox factors on enhancer candidates. (A) Close-up of the
alignment of ChIP-seq datasets Tbx3 (red), Gata4 (blue), Nkx2-5 (green) and p300 (orange)
for fragment 9. (B) F1 and 2 are activated by Tbx5 and repressed by Tbx2 and Tbx3. F9 was not
stimulated by Tbx5, but responds to repression with Tbx2 and Tbx3. (C) Shortening of 5&#39;
flanking sequences in fragment 9 results in an increased response to Gata4, Nkx2-5 and 
Tbx2-VP16 (activating fusion protein) and identifies a small, responsive element that harbors
binding sites for all TFs. Experiments were performed in Cos7 cells.
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Supplemental Figure 9
Quantitative analysis of EMSA data. Non-radioactive EMSA was performed 3 times and after
chemilumiscent imaging (see Figure 6B for representative image), the results were quantified
using AIDA software. Under these conditions, the allele containing SNP rs6801957 (Min1)
shows a significant decrease of approximately 60% in T-box binding compared to the major
allele (Maj1). B is average background signal, Mut shows signal of a probe in which the three
base pairs of the T-box binding site were mutated.
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SUPPLEMENTAL TABLES

Associated Gene    Chrom     Gene Start     Gene End    
           Name                                          (bp)                (bp)
0610007C21Rik             5              31350685       31357006
1700018L24Rik              8             11840474        11855761
1700034J05Rik               6           146898851    146902944
2310050B05Rik             10            80657354      80673622
2410018M08Rik            5             130371593      130379493
2810422J05Rik               8              73032171        73051855
2900006K08Rik          12            85750021       85774730
4921507P07Rik              6             50523301        50546631
4930455F23Rik              1            166205716     166217978
4933439F18Rik              11            60230647     60264429
5430402O13Rik             6             50516642      50544864
5S_rRNA                         14            29822882      29822985
6030429G01Rik            7               4474535         4484055
Abcc8                                 7             53359893       53435403
AC098732.1                     3            129387051      129387159
AC121540.1                       3             122718177      122718286
AC149277.1                      7              6756298         6756381
AC155932.2                     10           80680408    80680659
AC159335.1                      10            95021865       95021955
Acbd4                                11           102962996    102973514
Acy3                                   19             3986661        3990007
Afmid                                 11           117670982      117701222
AI118078                           9             55174720        55286152
AI316807                          8             23573087        23587351
AL845277.1                      2              33218514        33218566
AL929466.1                    4            104750328    104750596
Aldh1l2                              10            82950195      82996885
Anapc16                           10            59450657      59465860
Angptl1                              1            158768693    158791209
Angptl2                              2             33071589        33103237
Ankmy2                            12             36883711       36923878
Ankrd13b                          11            77283987       77303180
Apbb1                                 7            112707000     112722916
Aph1a                                  3             95697892       95702211
Art1                                      7            109250257    109259662
Art3                                      5             92760853      92843654
Art5                                     7            109245393     109251359
Asb10                                  5              24038515      24046796
Ascc1                                  10            59465587       59562734
Atcay                                 10            80667253      80693578
Atg9b                                 5            23889999      23897961
Atp5o                                16           91684643       91931932
Atpaf2                                11             60214128       60231959
Atxn1                                  13            45650262      46060345
BC021891                         8            128434350     128471339
BC048943                       12            113217534       113218962
Bcl11b                                 12           109148613     109241812
Bzw2                                  12            36818433       36883412

Associated Gene  Chrom     Gene Start    Gene End   
           Name                                          (bp)                (bp)
Cacna2d3                         14             29718133        30535050
Cad                                      5               31357153         31380852
Camk1d                             2               5214503          5635561
Car14                                   3             95701691       95708614
Casc1                                  6             145123354      145159490
Catsper2                           2             121218367       121240317
Cbx7                                   15            79746237       79801549
Ccbl1                                   2            30040644      30061367
Ccdc148                             2             58674108      58998740
Cdc14b 1                            3             64293853       64376281
Cdc34                                10           79144940       79151139
Cdh13                                 8            120807633     121848821
Celsr2                                 3            108193769    108218470
Chchd2                              5            130357027     130363340
Chrna10                             7           109259780    109265227
Clic6                                  16            92485981       92541488
Cmya5                               13            93810668      93914679
Cobll1                                 2            64926396     65077460
Coq6                                  12            85702607      85714746
Corin                                   5             72691264       72895779
Coro6                                11             77275913       77283986
Cox15                                 19            43807744      43827490
Crat                                     2             30255991        30271333
Crip2                                  12           114378447      114383715
Cryzl1                                16           91689567       91729220
Cutc                                   19           43827486       43843128
Cxcl10                                5             92775664       92777915
Cxcl11                                  5             92788570       92794511
Cxcr6                                 9             123715595      123720872
Cyp27a1                             1             74760148      74784464
Dbh                                     2             27020753       27038720
Dgkz                                   2             91772981        91816021
Dhrs7                                 12             73751343        73765815
Doc2g                               19             4003321         4007005
Dolpp1                               2             30247774      30256049
Donson                             16             91677513       91689010
Dpysl5                                5              31013937         31101748
E130308A19Rik             4            59639083       59774311
Ednra                                  8            80186930      80248363
Egf                                       3            129380493    129458240
Emp2                                 16            10281842        10314061
Entpd5                               12            85714807      85749979
Epb4.1                                4            131479328      131631236
Extl1                                    4             133912287      133939765
Fbxo22                               9             55056732       55072240
Fbxo9                                 9            77929306      77956872
Fign                                     2            63809564      63936095
Fkbp8                                 8             73051623        73059227
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Associated Gene    Chrom     Gene Start     Gene End    
           Name                                          (bp)                (bp)
Fn3k                                    11            121296227      121311805
Fras1                                    5            96802974      97213747
Fyco1                                  9           123698628     123761020
Gca                                      2             62502342       62532166
Gja1                                    10           56097106       56110225
Gja5                                     3            96708616      96881339
Gja8                                     3             96722786      96729943
Gm13550                           2             58986156     58986680
Gm13557                            2             58811086        58812118
Gm14001                           2             121226881       121227127
Gm14335                           6            115588268     115589077
Gm17021                           9            123681303     123700057
Gm17491                           8             23590763       23593802
Gm2673                             5             92792930      92794537
Gm5434                            12            36816966      36818416
Gm6044                            5             64711495       64711993
Gm9104                            17            45602737       45603252
Gng2                                  14            20691781      20796849
Gp1ba                                 11            70452624      70456328
Gpc1                                    1             94728222       94756775
Gpr89                                 3             96672204     96709269
Gsg1                                    6             135187347      135204354
Gucy1a3                             3             81896350      81949799
Gzmm                               10             79151765       79158006
Hes6                                    1             93308060       93310615
Hils1                                    11            94828975      94829770
Hint1                                   11            54679885      54684003
Homer1                             13            94073712       94174917
Ica1                                       6              8580527         8728488
Ick                                        9            77956999      78019914
Icmt                                     4             151671336      151681230
Ifnar2                                 16            91373028       91419696
Il10rb                                 16           91406409      91426074
Iqcj                                       3             67696142      67860515
Isyna1                                  8             73118380         73121187
Itgb1bp3                           10           80660915     80664782
Itsn1                                    16            91729526       91920842
Ivns1abp                             1             153191628       153211575
Kcnj12                                11           60836066     60884633
Kcnj3                                   2             55288381       55450556
Kcnk3                                  5             30890543      30927643
Kcnq1                                  7            150293159     150612955
Kif1b                                    4            148550428    148681802
Lad1                                     1              137715175      137729918
Lamb3                                 1              195128151      195170072
Lass4                                   8              4493405         4526079
Lonp2                                 8             89147942       89247772
Lrig1                                    6             94554523       94650152
 

Associated Gene    Chrom     Gene Start     Gene End    
           Name                                          (bp)                (bp)
Lrmp                                   6            145064173      145123454
Lrrc1                                    9             77278630       77392677
Lrrc10                                10           116482397     116483824
Lrrc20                                10            60938581      61044974
Lrtm1                                 14            29831394      29846828
Lsm3                                   6            91466029       91472614
Lsm3                                   6             91465951       91469829
Lyrm5                                 6            145159654     145165459
Map1lc3a                           2             155102033      155103809
Mbp                                   18            82644538      82755029
Mdga1                               17            29964901      30107032
Mdk                                    2             91769962       91772454
Mif4gd                              11            115469232      115474283
Mir149                               1             94746955      94747020
Mir1927                             1            162225995     162226103
Mir208a                           14            55567897       55567979
Mmp15                              8            97876168      97898193
Mov10l1                            15            88813339       88885582
Mrps7                                11            115465239     115469350
Myh6                                14            55560758       55585764
Myoz2                                3            122709124     122737908
Napa                                   7             16683807       16703324
Ndufb6                              4             40217624      40226454
Ndufv1                              19            4007497        4012806
Nedd4l                              18            65047410      65377480
Nos3                                    5             23870628      23890292
Nr1d1                                  11            98629246     98636647
Nr2f1                                  13            78328234       78339018
Nrg4                                   9            55068029       55174651
Nt5c1b                               12            10376779       10396979
Ntsr2                                  12            16660276      16667042
Nudt4                                10           95009641      95026801
Nudt8                                19            4000580        4005816
Nup54                                5            92844566      92864245
Olfm1                                  2             28048512      28086256
Osbp2                                11              3603734         3763906
Osbpl2                               2            179854011     179897385
Pde1c                                  6             56019815       56319628
Pdia3                                   2             121239511       121264423
Pdlim4                               11            53868430       53882516
Peg3                                    7              6656603         6683132
Pfn1                                     11             70465352      70468146
Phka1                                  X            99709314      99839585
Phkg1                                  5            130339297     130374419
Pigu                                     2             155072732      155183166
Pkp4                                    2            58998907      59193265
Plcd3                                   11            102931618     102962972
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Supplemental Table 1
Genes with Tbx3 ChIP-seq peak, reduced in AVC and repressed by Tbx3

Associated Gene    Chrom     Gene Start     Gene End    
           Name                                          (bp)                (bp)
Plekha7                              7            123267008     123451890
Ppap2b                              4           104829952    104905369
Ppfibp1                              6           146837009    146980547
Ppp1r9a                             6              4853004          5115661
Ppp2r4                               2              30271559       30303326
Prkaa2                                4           104702479    104782495
Prox1                                   1            191945660    191994559
Psen2                                  1              182157135      182193569
Psmf1                                  2             151541548      151569922
Ptp4a2                                4           129488463     129527247
Pxmp4                                2            154411494     154429444
Rabgap1l                            1             162149305     162723069
Raf1                                     6            115568085     115626653
Ralgps1                              2             32988941       33227006
Ralgps2                              1             158734297     158869757
Rapsn                                 2             90875777      90885886
Rbm24                              13            46513669      46526459
Rdh14                                12            10397586       10402368
Rep15                                  6           146981059    146982040
Rev3l                                  10            39451924       39595017
Rnf113a2                           12            85758144       85759527
Rnf141                                 7            117960049     117987919
Rnf167                               11            70460737      70464923
Rnf207                               4             151681128      151693102
Rpl3l                                   17            24864774      24873094
Rpp25                                 9             57351909        57353254
Ryr2                                    13             11645370        12199212
Sar1b                                  11             51577189        51605427
Schip1                                 3            67868864     68430404
Scn10a                                9            119517584     119603478
Scp2                                    4            107716444     107817603
Sepx1                                 17            24873587       24879723
Sgca                                    11            94824105       94837641
Sh3rf2                                18             42213321        42318614
Siah1a                                 8            89247839     89269905
Slc12a8                              16             33517414        33664221
Slc20a2                              8              23587172       23680079
Slc25a11                             11            70457698      70460981
Slc25a26                            6            94450308      94554642
Slc4a3                                 1              75542841        75558747
Slc5a6                                 5             31338409        31351297
Slc9a2                                 1             40738557       40825730
Slco2b1                              7            106806314    106859850
Smpd1                                7            112702874     112706902

Associated Gene    Chrom     Gene Start     Gene End    
           Name                                          (bp)                (bp)
Smpx                                  X            154136842      154190523
Snai3                                   8            124978106    124984592
SNORA48                        2             33067325       33067461
SNORA17                         8            121250800     121250887
Sox6                                    7            122614858      123182258
Spats1                                17            45582830       45611887
Ssbp4                                 8              73121390         73132213
Stard10                               7           108465600    108495140
Sumf2                                 5            130322866     130339928
Syngr2                               11           117670982     117675597
Sytl2                                    7            97497209      97558948
Tbc1d1                                5            64550690      64742725
Tbx10                                19             3992752          3999511
Tcap                                    11             98245125       98246267
Tdrd9                                12           113209770     113307065
Tead1                                  7            119822832     120050319
Tead1                                  7           120046474     120050321
Tgfbr3                                5            107535589     107718648
Thra                                    11            98601952      98630320
Tmem43                           6             91423697       91438453
Tmod1                                4             46051807      46128904
Tnni2                                  7            149627713     149630315
Tnni3                                   7             4469907         4475831
Topors                               4            40206634      40216883
Traf3ip2                            10            39332740        39375113
Trim63                               4             133871035      133885544
Trpc2                                  7            109214025     109245378
Tstd2                                   4             46127618       46151566
Txlnb                                 10             17516025        17565469
U1                                        15            88849651     88849809
U6                                        5            72696604      72696701
U6                                        5             72809952      72810058
U6atac                              10            39469123       39469238
Uba52                                 8             73032162       73034700
Unc13b                               4             43071825        43277745
Usp2                                    9             43875104       43903708
Usp29                                 7               6913871         6916480
Vdr                                      15           97684856      97741061
Vsnl1                                   12             11332053         11443455
Wisp1                                 15            66722882      66754763
Xcr1                                     9            123761436      123771246
Xpc                                      6             91439299      91465878
Zmynd11                           13             9684082        9764567
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Supplemental Table 2
GO-analysis for genes with a Tbx3 ChIP-seq peak, reduced in AVC and repressed by Tbx3

GOTERM: Biological Process
Genes                                                                                                                               Count                  %                           P-Value
metal ion transport                                                                                                    17                            6.8                         1.60E   -04
muscle system process                                                                                            7                              2.8                          2.00E   -04
cation transport                                                                                                           18                            7.2                          2.90E   -04
ion transport                                                                                                                  21                            8.4                          6.80E  -04
regulation of system process                                                                               10                            4                              1.00E   -03
myofibril assembly                                                                                                    4                              1.6                          1.70E    -03
heart development                                                                                                    10                            4                              2.10E    -03
proteolysis involved in cellular protein catabolic process                  16                            6.4                         3.20E   -03
striated muscle contraction                                                                                  4                              1.6                          3.30E    -03
cellular protein catabolic process                                                                      16                            6.4                         3.40E   -03
muscle cell differentiation                                                                                    7                              2.8                          3.70E   -03
actomyosin structure organization                                                                  4                              1.6                          3.70E   -03
blood vessel development                                                                                    10                            4                              3.90E   -03
calcium ion transport                                                                                               7                              2.8                          4.40E   -03
vasculature development                                                                                      10                            4                              4.60E  -03
                                                                                                                                                                               
GOTERM: Molecular Function                                                                                                                                        
Genes                                                                                                                               Count                  %                           P-Value
metal ion binding                                                                                                       67                           26.9                       1.00E   -03
ion binding                                                                                                                     68                           27.3                        1.10E     -03
cation binding                                                                                                              67                           26.9                       1.30E    -03
gated channel activity                                                                                              11                             4.4                          2.50E   -03
calmodulin binding                                                                                                   7                              2.8                          2.80E   -03
NAD(P)+-protein-arginine ADP-ribosyltransferase activity          3                               1.2                           3.00E   -03
cation channel activity                                                                                             10                            4                              3.50E    -03
channel activity                                                                                                            12                            4.8                          5.40E   -03
passive transmembrane transporter activity                                              12                            4.8                          5.40E   -03
voltage-gated ion channel activity                                                                   8                              3.2                           6.60E  -03
voltage-gated channel activity                                                                           8                              3.2                           6.60E  -03
metal ion transmembrane transporter activity                                          10                            4                              9.50E   -03
ion channel activity                                                                                                   11                             4.4                          1.10E     -02
substrate specific channel activity                                                                    11                             4.4                          1.30E    -02
alkali metal ion binding                                                                                           8                              3.2                           1.40E    -02
                                                                                                                                                                               
GOTERM: Cellular Component                                                                                                                                      
Genes                                                                                                                               Count                  %                           P-Value
myofibril                                                                                                                          10                            4                              3.20E   -06
contractile fiber                                                                                                           10                            4                              4.60E  -06
sarcomere                                                                                                                       8                              3.2                           9.00E  -05
contractile fiber part                                                                                                 8                              3.2                           1.40E    -04
Z disc                                                                                                                                 6                              2.4                          3.40E   -04
I band                                                                                                                                 6                              2.4                          6.70E   -04
endoplasmic reticulum                                                                                           24                           9.6                         7.00E   -04
endoplasmic reticulum part                                                                                 10                            4                              3.70E   -03
plasma membrane                                                                                                     55                            22.1                         3.80E   -03
plasma membrane part                                                                                           34                            13.7                         8.40E  -03
connexon complex                                                                                                    3                               1.2                           2.60E   -02
intrinsic to endoplasmic reticulum membrane                                         4                              1.6                          3.20E   -02
organelle membrane                                                                                               18                            7.2                          4.00E  -02
gap junction                                                                                                                   3                               1.2                           5.00E   -02
cell surface                                                                                                                     9                              3.6                          5.10E    -02
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Supplemental Table 3
GO-analysis for genes with an overlapping Gata4 and Nkx2-5 ChIP-seq peak

GOTERM: Biological Process
Genes                                                                                                                               Count                  %                           P-Value
muscle contraction                                                                                                    9                              3.7                           1.2E   -06
heart development                                                                                                    15                            6.1                          1.6E   -06
muscle system process                                                                                            9                              3.7                           2.7E   -06
muscle tissue morphogenesis                                                                             5                              2.0                          7.9E  -05
cardiac muscle tissue morphogenesis                                                            5                              2.0                          7.9E  -05
cardiac muscle tissue development                                                                 7                              2.9                          1.0E   -04
blood vessel development                                                                                    12                            4.9                         4.1E   -04
heart morphogenesis                                                                                               7                              2.9                          4.4E  -04
vasculature development                                                                                      12                            4.9                         5.0E  -04
muscle organ development                                                                                 10                            4.1                           5.6E  -04
blood circulation                                                                                                         8                              3.3                           6.8E  -04
                                                                                                                                                                               
GOTERM: Molecular Function                                                                                                                                        
Genes                                                                                                                               Count                  %                           P-Value
actin binding                                                                                                                 15                            6.1                          2.1E   -05
cytoskeletal protein binding                                                                                18                            7.3                           2.5E   -05
metal ion binding                                                                                                       68                           27.8                       2.5E   -03
ion binding                                                                                                                     69                           28.2                       2.7E   -03
cation binding                                                                                                              68                           27.8                       3.2E   -03
protein complex binding                                                                                       5                              2.0                          1.3E    -02
anion transmembrane transporter activity                                                  6                              2.4                          2.6E  -02
transcription cofactor activity                                                                             7                              2.9                          2.9E  -02
copper ion binding                                                                                                    4                              1.6                          4.4E  -02
protein serine/threonine kinase activity                                                      11                             4.5                          4.6E  -02
lipid kinase activity                                                                                                    3                               1.2                           4.9E  -02
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Supplemental Table 4
Primer sequences expression qPCR

Gene                            Primers (5'--> 3')
Scn5a                            forward:        GGGACTCATTGCCTACATGA
                                         reverse:          GCACTGGGAGGTTATCACTG
Scn10a                         forward:        CTAGTCTGTTGTTTTCTGCG
                                         reverse:          GCGAAGAGCAGCGTGCGAATC
Kcnq1                           forward:        GAAGACAAGGTGACACAACTG
                                         reverse:          CTGGCTACAACTTGTGACCTG
Kcnk3                           forward:        CTCCTTCTACTTCGCCATCA
                                         reverse:          GAAGGTGTTGATGCGTTCA
Kcnd3                           forward:        CCACCATCAAGAACCATGAG
                                         reverse:          GTCTTCTTGCTACGACGGGAG
Kcnc3                            forward:        CCCATTGGCTCAAGAAGAGG
                                         reverse:          CTTGTCTTCTGGAGACATGG
Kcnh2                           forward:        GGACTCGCTTTCTCAGGTTT
                                         reverse:          GCATCACTAACTGCCTGGAT
Kcnd2                           forward:        AGAGGCAGTGTGCAAGAACT
                                         reverse:          GTGGTTACTGGAGGTGTTGG
Kcnj11                           forward:        CCACCCATTCTCTGTCTGTC
                                         reverse:          GAACCAATCAGTGCCCTAAA
Kcnj3                             forward:        GGCATTGTGGAAACCACAGG
                                         reverse:          GGTTGCATGGAACTGGGAG 
Kcnv2                           forward:        CTTCACCAGCATCCTCCATG
                                         reverse:          GCATCCCATTGAGAATAATGCC
Pkp4                             forward:        GCCACATTGGTTAAGTGCCATC
                                         reverse:          CAGAGTTTGTTGTCAACTGCG
Hprt                              forward:        CCATTCCTATGACTGTAGAT
                                         reverse:          CAATCAAGACGTTCTTTCCAG
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Scn10a F1 (mouse)         F:  GCTGCCACTCAGACAAAGGAAT
                                                   R:  GTAAAGCTATGCCCTGCACCCA
Scn10a F2 (mouse)         F:  TGACATTCCTCACACTGAAGGG
                                                   R:  CCACTGTAAGAAACTCAAGGCT
Scn5a F9 (mouse)           F:  TTTGCAGAGGAGGCATGGTG
                                                   R:  TCCTCCCTGCAGAAGGGCCT
Hprt (mouse)                    F:  CAACCACTTACTTAGAGGTACT
                                                   R:  TTAGCAATATGGACTGTGAGGG
Scn10a F1 (human)         F:  GAGCCCCAAAGTAACTGAAA
                                                   R:  TGCAGTCGTCACTTGTGTTCCA
Scn10a F2 (human)        F:  TCCCAGCCCTCCCTCTTATCTT
                                                   R:  CATCCCCAAAGTTATCAAGCCC 
Scn5a F9 (human)          F:  CCTATCTCCCGTCTGCGACA
                                                   R:  TTCAGAAGTGGAGTGGACCC 
Hprt (human)                    F:  GCACTTCATACCGAGTCAAT
                                                   R:  CTACATGACCTAGGGAACGATA
Hopx                                      F:  ACTGACCCCTTCCCTGACAACT
                                                   R:  AAGAGGCTCACTGACAATAGGA
Tead1 F1                                F:  CTTCAGGTTCCTTATCTGCCTA
                                                   R:  GAAGAGAGAGTGAGGTGGATGT
Cxcr7                                      F:  TCACACCGTGGCAAACAAGAGA
                                                   R:  ATAAGACCAACCCAAGACTGCT
Pln                                            F:  CTGAGATGAAACCCAGATGCTA
                                                   R:  GCCAGAGAGTGCTGAGCTATTT
Ryr2 F2                                  F:  CCTCATCTCAGAATGTGTGTGG
                                                   R:  TATCTCCTCTCTGGCTGTCAGT
Ryr2 F3                                  F:  GGAATCTGGTTTGGGGGTTCAT
                                                   R:  CAGCCTCTCTGGATATCACTAG 
Gja5                                         F:  TCAAAGGGAAACACCTCTGGCT
                                                   R:  AGGGACAGATTGGCAGGGTCTA
Hcn1                                        F:  AGAGACTGGAAAGCCTGAGAAC
                                                   R:  ATACCCGCCCACTTAGCAGAGA
Nkx2-5                                  F:  TGATGGCATTGTGACAGGGTGA
                                                   R:  TGACTGTGGGTTCCACTGCAGA
Ntn1                                        F:  GTCCAAGCAACTGATGAGCAAG
                                                   R:  ACCAGTGGCCTTTTCCCTTCAGT 
Kcnq1                                     F:  CCATCACAAGACCTGACTTTTC
                                                   R:  GCACACAGCAAGTAGCCATATT
Lbh                                          F:  CCAGATGAGATGTTCCTACAGA
                                                   R:  AAGCCTCTAAGTCCACACCGGA
Scx                                           F:  AGCCCCTCTCCGATTACAATGC
                                                   R:  CACTCAGAGATAAGACACCCCA
Qk                                            F:  CTCAACCTCACAGGATTGGAAT
                                                   R:  GACACATCTACCCCAGCACACT
Mb                                           F:  CTCAGTGTGAAGGGAATCTATG
                                                   R:  AGCCATCTGCTCCTGGTAGTGT
Lmod3                                    F:  GATGTCACTGTCTTGTTTGGAG
                                                   R:  GCCCCTACTTAGCAGTTATCTC
Vav3                                        F:  TGTCTGCACGCTCTTCACACAT
                                                   R:  AAGGTGACATTTGCCAGATCA
Lmod3                                    F:  GGAATTGCCAGTTCTCAGCTGT
                                                   R:  GCTTCCGATTTTGCTCAGTCTG
Cacnb2                                  F:  CAGGCATGAGTCTCTTGTCTCT
                                                   R:  TGAGTACATGACTGGAAGGGAC

Ntn1                                        F: GTCCAAGCAACTGATGAGCAAG
                                                   R: CCAGTGGCCTTTTCCCTTCAGT 
Abca4                                     F: GTCACCCTCATTATCACCTGTC
                                                   R: TGCTTGATGGCCTTCCAGCCTA
Otos                                        F: GAGTGTCAGCAGTCCCTTATCT
                                                   R: GCTGGCAATGGCTCTGTTCACA
Krr1                                          F: GACAACTCTCATACTGGCACGA
                                                   R: CCTCTCACGAATGGCAGTTTAG
Gabarap                                F: GGTGTTGGCACTCCAGCAGTAA
                                                   R: ATGTGACCTCAGAAAAGGGCGG
Sept9                                      F: GCTCTTCGCTTGGGAAACACAA
                                                   R: CATACTTGGAGGCTGAGAATCA
Cog5                                       F: GTGGTAGAGTTGATCTTGGTGG
                                                   R: TTTTCACAGGACCCAGGAAGCG
Frmd6                                    F: ACCCTAAGGACCATGTGAGCTT
                                                   R: AATCACCCTCTAGGCACTGAGC
Myh6                                     F: TTGAGGCTCCTGTGTGCAAGCT
                                                   R: CCCCACTACCCATACCAAGTTT
Eif3d                                        F: TGTCCCCGCGGTGTCCCATAAT
                                                   R: CTCCAGATAACGATCAGCCAGA
Slc22a2                                  F: GTCACCCTCTGGCTACAAACAA
                                                   R: GCTCCAAGAGATAACTCAGGAA
Frmd4a                                 F: GTGGAATGTGGACTGGGAACAA
                                                   R: CTCTGACCAATGAAACACCCTG
Bcl2l11                                    F: CTGGACTGAAAGGGGGCTGAAA
                                                   R: CCTGCCATCTTGAGAGGTAAAT
Ccrn4l                                    F: GGCACTGTGTCTAGGTGTTTGT
                                                   R: CAGGAATCATCAGAGGTCAAGT
Ppap2b                                  F: CCCTGGCAGTTGGTTGTGAAAT
                                                   R: CCTCAAAATAGCACTGGCTGTG
Grhl3                                       F: AGATCCCAGTCAGGACACAGCA
                                                   R: GTGAGAAACATTCAGTCGATCC
Gbp4                                      F: TCTCTACTGGACAGGGCAACTT
                                                   R: GAAGAAGCAACCAAGCTGCACT
Sbds                                        F: CTAGCCAGGCAGCCGATAAGAA
                                                   R: ACAGAACGACCCGCCTTCCTTT
Wdr95                                   F: CTCTGCCTCTTCTTGGATGCTT
                                                   R: GAAGGATAAGGTGAAATGGGTC
Chchd6                                 F: CCACGCATTGCCGAGTTGTATT
                                                   R: GGTGATGACAGCCAGTGCTAAA
Iqsec1                                      F: CAGAGTGCTAGTGAGCAGCTTA
                                                   R: CAGACAGGGTTAGACATGGAAA
Isoc2a                                     F: TTAGGCTTCTGCGGACCAATCA
                                                   R: GTCTGCTCCCCTTACGTGTCTA
Chsy1                                      F: GAAGGCTCCAGTGTCTGTGTTT
                                                   R: TTATCAGCCACCCAGCCACAGA
Tead1 F2                               F: GGTCTCTAGCCTTCTTATCTAG
                                                   R: GGACTCTGCTCCATAGTTCCAA
Rbpms                                   F: CACTTACTTAGCCAGACCTACT
                                                   R: CGAGCACCTGTCTAATCTCACA
Tmco7                                   F: CTGGGGTTGCCTGTTCTTGAAA
                                                   R: ATGACAAAGCTGAGCTGCCATC
Irf2bp2                                   F: AGGGAAGAGGTGGTGATAGGCT
                                                   R: GGCTAGGGAAAGATAGCGATGA

Supplemental Table 5
Primer sequences ChIP-qPCR

Oligoname                  Sequence (5' --> 3') Oligoname                  Sequence (5' --> 3')
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Supplemental Table 6
Regions tested by in vitro enhancer screen

F9 - A                                                    9                                         119,378,361                                         119,380,352
F9 - B                                                    9                                         119,378,361                                         119,379,584
F9 - C                                                    9                                         119,378,361                                         119,379,193
F9 - D                                                    9                                         119,378,702                                        119,380,352
F9 - E                                                     9                                         119,378,702                                        119,379,584
F9 - F                                                     9                                         119,378,702                                        119,379,193
F9 - G                                                    9                                         119,379,193                                         119,380,352
F9 - H                                                    9                                         119,378,361                                         119,378,702
F9 - I                                                      9                                         119,379,193                                         119,379,584

Supplemental Table 7
Regions tested in transgenic mouse enhancer assay

Fragment                                   Chrom.                                  Start                                                      End
                                                                                                              (bp)                                                       (bp) 

F1-2 (mm9)                                       9                                         119,540,819                                        119,543,874
F9 (mm9)                                           9                                         119,378,361                                         119,380,352
F1-2 (hg19)                                         3                                          38,740,311                                            38,742,406
F9 (hg19)                                            3                                          38,574,584                                          38,575,683

Supplemental Table 8
Regions tested in transgenic mouse enhancer assay

Fragment                                    Chrom.                                 Start                                                      End
                                                                                                              (bp)                                                       (bp) 

Scn10a F1                                            9                                         119,543,366                                        119,543,582
Scn10a F2                                           9                                         119,541,270                                         119,541,627
Scn5a F3                                              9                                         119,479,888                                       119,480,150
Scn5a F4                                              9                                         119,472,726                                        119,473,100
Scn5a F5                                              9                                         119,406,718                                       119,406,967
Scn5a F6                                             9                                         119,388,456                                       119,388,800
Scn5a F7                                              9                                         119,387,349                                        119,387,991
Scn5a F8                                              9                                         119,383,813                                         119,384,134
Scn5a F9                                              9                                         119,378,700                                       119,379,271
Hopx                                                     5                                         77,558,556                                          77,560,295
Tead1                                                    7                                         119,799,304                                       119,800,584
Cxcr7                                                    1                                          92,136,443                                          92,137,583
Pln                                                          10                                       53,043,951                                          53,045,485
Ryr2 F2                                                 13                                        12,225,699                                          12,226,557
Ryr2 F3                                                 13                                        12,224,055                                           12,225,167
Gja5                                                       3                                         96,866,258                                        96,867,633
Hcn1                                                      13                                        118,495,759                                        118,496,912
Nkx2-5                                                 17                                       27,005,193                                          27,006,281
Ntn1                                                       11                                        68,203,910                                         68,204,869
Kcnq1                                                    7                                         150,296,680                                      150,298,762

Closest gene                              Chrom.                                Start                                                     End
up/downstream                      name                                     (bp)                                                      (bp) 
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GENETIC VARIATION IN SODIUM CHANNEL GENE 
ENHANCER INFLUENCES ELECTRICAL PATTERNING

Malou van den Boogaard, Phil Barnett, Vincent M. Christoffels

Trends in Cardiovascular Medicine 2014 Apr;24(3):99-104



124 | Chapter 5

ABSTRACT
The electrical activity of the heart depends on the correct interplay between key 
transcription factors and cis-regulatory elements, which together regulate the proper
heterogeneous expression of genes encoding for ion channels and other proteins.
Genome-wide association studies of ECG parameters implicated genetic variants 
in the genes for these factors and ion channels modulating conduction and depo-
larization. Here, we review recent insights into the regulation of localized expression
of ion channel genes and the mechanism by which a single-nucleotide polymorphism
(SNP) associated with alterations in cardiac conduction patterns in humans affects 
the transcriptional regulation of the sodium channel genes SCN5A and SCN10A. The
identification of regulatory elements of electrical activity genes helps to explain the
impact of genetic variants in noncoding regulatory DNA sequences on regulation of
cardiac conduction and the predisposition for cardiac arrhythmias.

INTRODUCTION
The development and function of organ systems requires a precise spatio-temporal
gene expression pattern, regulated by a distinct transcriptional architecture of the
genome. Together with protein transcription complexes, genomic cis-regulatory 
elements, such as promoters and enhancers, play a pivotal role in the cell-type specific
expression of genes. Currently, approximately 400,000 putative enhancers have been
mapped in the human genome, the function of which largely remains to be
elucidated.1 This emphasizes the enormous complexity of the regulatory mechanisms
that guide the development and proper function of a myriad of different cell types
(Figure 1). Considering the high density of regulatory elements in the genome, it is
tempting to postulate that part of the phenotypic variation between individuals exists
through genetic variation within these elements. In fact, several recent publications
have implicated alterations in regulatory elements as the cause for disease.2 By linking
genome-wide maps of genetic variants to phenotypic traits and exploring the 
chromatin state in different cell types, we are now finally beginning to grasp the 
effects of genetic variation on transcriptional regulation on a larger scale. 

EFFECTS OF NONCODING VARIANTS ON TRANSCRIPTION
Many complex common diseases lack a clear Mendelian pattern of inheritance, but
instead display a more polygenic etiology. In order to investigate the underlying risk
factors for these diseases, researchers developed a method that evaluates the associ-
ation between genetic variants and a phenotypic trait of interest in a large number of
individuals. These genome-wide association studies (GWAS) have been deployed
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for many different diseases and traits, thereby identifying common variants (single
nucleotide polymorphisms; SNPs) that potentially affect disease susceptibility.3

However, GWAS on a specific disease may not identify variants that predispose to
this disease. As diseases are often only diagnosed when a clinical threshold is 
surpassed, a large group of carriers of predisposing (common) variants will be present
in the healthy control population. Therefore, as an alternative approach for the 
identification of genetic variation underlying complex disease, GWAS use interme-
diate phenotypes, which are traits associated with, or predisposing to particular 
diseases. For example, instead of collecting subjects with atrial fibrillation, GWAS
have been performed for ECG indices in healthy subjects.4–6 Using these data, variants

RNA Pol. IICo-Activators

CTCF

CTCF

Gene A Gene BProm PromInsulator Enh X Enh Y

TF complex - Transcript

A

B

C

Figure 1
Enhancers regulate spatial and temporal gene expression. (A) Schematic overview of the 
regulatory elements in the genome. Transcriptional activity is absent without specific enhancer
activity. Silencers (repressive elements) have not been depicted in this overview. (B) RNA 
polymerase II and other basal transcription factors (TFs) are recruited to the promoter of Gene
B (grey). Through binding of specific TFs to Enhancer Y (green) and recruitment of general
co-activator proteins (e.g. p300) to this complex, a chromatin loop is formed between the 
enhancer and the promoter of Gene B, resulting in specific expression of Gene B in the adult
atria. Enhancer Y does not have an effect on Gene A, because of an active intermediate insulator
(red). (C) Binding of TFs to the neighboring enhancer X (blue) results in the same process, but
drives specific expression of Gene B in the adult ventricles. Again, enhancer X does not have
an effect on Gene A, because of the active intermediate insulator. 
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associated with prolonged PR-interval, a trait associated with increased risk of atrial
fibrillation, can be isolated and investigated for their contribution to disease. As such,
these GWAS pinpoint genetic variants that ultimately affect biological processes,
which contribute to clinical symptoms. To date, the majority of identified variants have
been found in noncoding regions of the genome.7 Recent evidence suggests that a
subset of these variants affect transcriptional mechanisms through modulation of 
regulatory elements.8–14

Based on the high modularity of regulatory elements, each regulating 
transcription at different time points and in different tissues, and the high frequency
of variants in the population, one can expect that single nucleotide variants will have
only minor contributions to the trait or disease risk. However, experiments aimed to
comprehend the transcriptional control of protein-coding genes have demonstrated
that the synergistic activity of different transcription factors is represented in the 
sequence of the regulatory element itself. Subsequently, a single mutation in a 
transcription factor binding site (TFBS) can have a significant effect on transcription.15

By focusing on disease-associated variants and mutations it may be possible
to uncover regulatory elements that are crucial in the development of disease. Lettice
et al. demonstrated this concept by identifying an enhancer of the SHH gene in a 
region harboring mutations causing preaxial polydactyly.16 Variants in noncoding 
regulatory sequences will mainly affect transcription, resulting in a quantitative loss
of protein. However, as these are still functional proteins, it is unlikely that every 
trait- or disease-associated variant will have such striking effects on disease development.
One hypothesis is that these regulatory variants increase the risk for disease and that a
certain combination of variants and mutations will exacerbate a pre-existing condition
or tip the balance towards a state in which disease becomes evident.

This was shown in Hirschsprung’s disease, where mutations in an intronic enhancer of
RET increase the risk for disease.17 Both the SHH enhancer and the RET enhancer were
found through mapping of causal mutations for human disease. This approach seems
fairly straightforward, but in the case of associated variants discovered by GWAS, any
SNP that is in linkage disequilibrium (LD) with the sentinel SNP could represent the 
actual causal variant. This might explain why a highly common variant located in an 
enhancer upstream of the proto-oncogene MYC and associated with 
increased risk for both colorectal and prostate cancer,9,18,19 did not correlate with 
altered MYC transcription levels in patients with colorectal tumors.20 However, 
deletion of the entire variant-containing enhancer, resulted in reduced transcript 
levels of MYC in the colon and a marked reduction in tumor formation in mice.20

A possible explanation is that nearby SNP alleles tend to be inherited together more often
than expected by chance, as they arise through mutational events that occur once in an
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ancestral haplotype background.21 As a result, the sentinel SNP indicated by GWAS marks
a region of interest, and not particularly the causal variant. In order to understand and
explain the pathological process underlying complex common disease, the relationship
between these variants and the increased risk for disease has to be investigated. 

GENETIC VARIATION AND THE CARDIAC CONDUCTION SYSTEM
The cardiac conduction system (CCS) represents a highly specialized component of
the heart that facilitates the initiation and propagation of the cardiac electrical impulse.
The cardiac conduction system can be divided into a slowly and a rapidly conducting
component. The slow-conducting pacemaker tissues consist of the sinoatrial node
(SAN), which generates the impulse, and the atrioventricular node (AVN), which 
delays and propagates the impulse from the atria to the ventricles. The rapid conduct-
ing ventricular conduction system (VCS) is composed of the AV bundle (AVB), right
and left bundle branches (BB) and Purkinje network. As such, it coordinates myocar-
dial contraction, which is regulated through the well-balanced activity of different
ion channels and gap junction proteins. These proteins define cardiac electrophysio-
logical properties, giving rise to the action potential and intercellular propagation 
of the cardiac electrical impulse. Through local differences in ion channels and gap
junction protein expression, the distinct compartments of the heart (e.g. SAN, atria,
AVN, and ventricles) possess different electrophysiological characteristics seen in the
ECG.21–25 This heterogeneity in gap junction and ion channel expression in the different
heart components is regulated through interplay of several activating and repressing 
transcription factors that bind to regulatory elements of these genes to activate or 
repress their activity. 

Interestingly, using variations in ECG-parameters as intermediate 
phenotypes for conduction disease and arrhythmia susceptibility, a number of GWAS
identified a high correlation between associated variants and noncoding regions
nearby ion channels (e.g. SCN10A-SCN5A, KCNQ1, KCNH2) and transcription factors
(e.g. TBX3-TBX5, NKX2-5, MEIS1).5,21–24 Abnormalities in ion channel function cause
changes in the cardiac electrical impulse, resulting in ECG abnormalities and arrhyth-
mias. Mutations have often, but not always, been identified in the protein-coding 
domains of ion channels that cause specific forms of heritable arrhythmogenic disor-
ders in the structurally normal heart.25 In many cases, modulation of the phenotype
through environmental or additional genetic factors will play a role in the exacerbation
of the pre-existing phenotype.25 The observation that transcription factors modulate
cardiac conduction implies the presence of a transcriptional network involved in 
regulation of the cardiac conduction system. Misregulation of this transcriptional net-
work could offer an additional explanation for certain conduction disease phenotypes. 
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REGULATION OF THE CONDUCTION SYSTEM BY T-BOX FACTORS
Among the most frequently implicated regions in these GWAS are the TBX3-TBX5
locus and the NKX2-5 locus. NKX2-5 is crucial for the development of the heart and
remains broadly expressed in the adult heart.26 Perinatal loss of Nkx2-5 in mice leads
to rapid conduction and a loss of ventricular ion channel expression.27 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 (Figure 2). The ex-
pression of Tbx3 is restricted to the central parts of the conduction system (SAN, AVN,
AVB and proximal BB), where it acts as a repressor of ion channels like Scn5a and gap
junction subunit-encoding genes like Cx40 (Gja5) and Cx43 (Gja1).28,29 During 
development, TBX3 dictates a nodal phenotype through stimulation of the pacemaker
gene program and repression of the working myocardial gene program in the primary
myocardium. Heterozygous mutations in TBX3 cause ulnar-mammary syndrome in
humans,30,31 whereas loss of function of TBX3 is embryonic lethal in mice.28 Reduction
of TBX3 in the developing heart causes prolonged QRS duration and a spectrum of con-
duction defects, including sinus pauses, bradycardia, pre-excitation, atrioventricular
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Figure 2
TBX5 and TBX3 regulate the expression of ion channels (Scn5a). Tbx5, together with other 
cardiac TFs, activates Scn5a (blue) in the heart. The expression pattern of Scn5a is broader than
that of Tbx5, showing the additive effect of the other cardiac TFs. Scn5a is absent from the 
Tbx3-positive (green) and Tbx5-postive (pink) region of the sinus node (san), internodal 
region, atrioventricular node (avn) and atrioventricular canal myocardium. This demonstrates
the dominant repressive function of Tbx3 in these parts of the heart. avb, atrioventricular
bundle; l/ra, left/right atrium; l/rv, left/right ventricle. 
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block and an increased risk of sudden death.32 Loss of function of TBX5, a more
broadly expressed transcriptional activator, results in severely disrupted heart 
development and embryonic lethality, whereas heterozygous loss of function in
humans causes the Holt-Oram syndrome of heart-hand defects.26 Loss of Tbx5 in the
mature murine VCS results in loss of Scn5a and Gja5 in this domain. Subsequently, this
leads to loss of fast conduction, cardiac arrhythmias and sudden cardiac death.33

Despite their adverse effects, TBX3 and TBX5 recognize the same TFBS and compete
for the same regulatory elements.12 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 channels repressed by TBX3.12 These findings, together with their
presence among the highly associated regions in GWAS for PR interval and QRS 
duration, confirm the central role for these transcription factors in the transcriptional
network regulating the genes that define the development and the function of the
cardiac conduction system. The key to a properly functioning conduction system,
therefore, lies in the balanced activities of TBX3, TBX5 and NKX2-5.12

ROLE OF SCN10A IN CARDIAC CONDUCTION DISEASE
A meta-analysis of 14 GWAS on QRS duration in individuals of European descent 
implicated an intronic region of the SCN10A gene as a major risk region for prolonged
QRS duration.24 This finding was highly interesting, since SCN10A had never been
linked to cardiac conduction before. Functional follow-up studies revealed that
SCN10A is expressed in cardiomyocytes of the human ventricular conduction system
and that loss of Scn10a has an apparent effect on both PR interval and QRS duration
in mice.21,24 However, its role in cardiac conduction disease remains to be estab-
lished.34,35 Recent work has associated noncoding variants at SCN10A with Brugada
Syndrome, an arrhythmia disorder with a high risk of sudden cardiac death.36 Intrigu-
ingly, SCN10A is located next to SCN5A, which encodes the alpha-subunit of the 
cardiac voltage-gated Na+ channel. Mutations in SCN5A are known to cause several
types of heritable arrhythmogenic disorders, including Brugada Syndrome, in which
loss-of-function mutations decrease the INa sodium current, and Long QT Syndrome
(type 3), in which gain-of-function mutations increase the INa sodium current. It is
therefore tempting to speculate that the presence of a putative regulatory element
influenced by genetic variation impacts the expression of SCN5A (Figure 3B). 
Considering the role of TBX3, TBX5 and NKX2-5 in the development and homeostasis
of the conduction system and their link to QRS duration, it is very likely that these 
factors are involved in the regulation of this element (Figure 3A). Close examination
of this risk region in SCN10A-containing rs6801957, the sentinel SNP frequently found
in ECG GWAS, reveals that it is occupied by TBX3, TBX5, NKX2-5 and several 
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enhancer-associated co-activators, such as p300 and PolII, in the adult mouse heart.
The element is responsive to stimulation with GATA4, NKX2-5 and TBX5, and it can be
repressed by TBX3 in vitro. In vivo reporter analysis showed the human ortholog of the
enhancer is specifically active in the interventricular septum of the heart, the location
where the proximal VCS develops. Analysis of the risk allele, with a frequency of 42%
in individuals of European descent, shows the SNP alters a TFBS for TBX3/TBX5, which
inhibits the response of the enhancer to these factors and decreases the activity of the
enhancer in zebrafish in vivo (Figure 3C).12 Further investigation of this region will be
necessary to determine the effect of the variant on transcription of SCN10A-SCN5A and
to establish its contribution to conduction disease. 

CONCLUSION AND FUTURE PERSPECTIVES
The rapidly growing number of genome-wide screening techniques have allowed for
an enormous accumulation of new data on regulatory elements and genetic variation
within the genome. The important task now at hand is to provide a mechanistic link
between each of the regulatory elements and their associated phenotypic traits, 
explaining how genetic variation in these regulatory elements influences transcrip-
tional regulation. Here, we have provided a plausible functional explanation for 
effects of variants in noncoding DNA on cardiac conduction and arrhythmias. In the
case we highlight, the functional variant that was statistically associated with the 
phenotypic trait turned out to be the actual causal variant. However, since GWAS is
highly dependent on linkage disequilibrium (LD), future cases may reveal that one or
more SNPs in LD with the sentinel SNP are the origin of the causative effect. Possible
approaches to overcome this problem include deep sequencing of regions surround-
ing the sentinel SNP or studying of different ethnic groups. Unfortunately, these 
approaches are costly and time-consuming. Taken that single variants only have minor
effects, it is likely that many phenotypic traits are the result of multiple genetic variants
in both coding and noncoding regions. Indeed, recent GWAS of Brugada patients re-
vealed that common SNPs at SCN10A-SCN5A and HEY2 can have a strong cumulative
effect on rare diseases susceptibility.36 Since the ultimate goal of these data is 
to translate them into clinical applications, many current research projects focus on
the identification of coding genes regulated by genetic variants through in vitro and
in vivo functional experiments, eQTL studies and exome sequencing. Recent advances
in genome engineering by use of transcription activator-like effector nucleases 
(TALENs) and clustered regulatory interspaced short palindromic repeat (CRISPR)
endonucleases are likely to accelerate the translation of GWAS into clinically relevant
information, as these techniques can be used to observe the functional consequences
of modifying risk regions picked up in GWAS in vivo. These efforts to pinpoint the
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regulatory networks through which phenotypic variation arises can eventually aid in
setting up a form of personalized medicine by improving diagnostic and prognostic
strategies, as well as disease management and prediction. Taken together, these first
examples provide a clear mechanistic insight into how a genetic variant can influence
the transcriptional network involved in complex common diseases. Although there
are still important topics to cover, such as comparative analysis of associated variants
between populations of different ethnic origin and determining consequences of 
environmental effects on transcriptional regulation, these findings could ultimately
contribute to personalized therapy. 
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Common variant in the Scn5a/Scn10a locus alters expression through disruption of a T-box 
binding element. (A) ChIP-seq tracks for TBX5 and TBX3 shows many binding events in the
Scn5a/Scn10a locus, indicating these TFs play a role in the regulation of these genes. Two 
enhancers in this locus, indicated with blue and purple, recapitulate the endogenous expression
pattern of Scn5a/Scn10a. (B) Cartoon depicting the putative role of the enhancer located in 
an Scn10a intron. The important role of Scn5a in cardiac conduction and the overlap in expres-
sion patterns between Scn5a and Scn10a, make it likely that both genes are being regulated 
by this enhancer. (C) Cartoon depicting the potential mechanism by which a variant in Scn10a
alters gene expression. The major allele creates a T-box binding element that is recognized by
TBX3 and TBX5 and drives expression in the atria, trabeculae and interventricular septum 
of the heart. The minor allele alters an important base in the recognition site, causing decreased
affinity for TBX3 and TBX5. This results in loss of enhancer activity, which is likely to 
subsequently lead to loss of Scn5a/Scn10a transcription.
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ABSTRACT
Variants in SCN10A, which encodes a voltage-gated sodium channel, are associated
with alterations of cardiac conduction parameters and the cardiac rhythm disorder
Brugada syndrome; however, it is unclear how SCN10A variants promote dysfunc-
tional cardiac conduction. Here we showed by high-resolution 4C-seq analysis of the
Scn10a-Scn5a locus in murine heart tissue that a cardiac enhancer located in Scn10a,
encompassing SCN10A functional variant rs6801957, interacts with the promoter of
Scn5a, a sodium channel–encoding 
gene that is critical for cardiac conduction. We observed that SCN5A transcript levels
were several orders of magnitude higher than SCN10A transcript levels in both adult
human and mouse heart tissue. Analysis of BAC transgenic mouse strains harboring
an engineered deletion of the enhancer within Scn10a revealed that the enhancer was
essential for Scn5a expression in cardiac tissue. Furthermore, the common SCN10A
variant rs6801957 modulated Scn5a expression in the heart. In humans, the SCN10A
variant rs6801957, which correlated with slowed conduction, was associated with 
reduced SCN5A expression. These observations establish a genomic mechanism for
how a common genetic variation at SCN10A influences cardiac physiology and 
predisposes to arrhythmia.

INTRODUCTION
Genome-wide association studies (GWAS) on electrocardiogram (ECG) measures
in diverse populations have consistently associated noncoding genetic variants within
introns of the voltage-gated sodium channel gene SCN10A with cardiac conduction
system (CCS) function.1-9 Recent work associated noncoding variants at SCN10A with
Brugada syndrome, a cardiac rhythm disorder with a high risk of sudden death.10

The implication of SCN10A, which had not been previously studied in the heart, 
in cardiac rhythm parameters and Brugada syndrome by GWAS (Figure 1A) was 
unexpected. Given the position of the associated variants within the gene, including
one whose minor allele caused a non-synonymous substitution in SCN10A, it was 
assumed that the variants were functionally connected with Nav1.8, the protein 
product of SCN10A. However, functional follow-up analysis of SCN10A provided 
conflicting evidence about whether Nav1.8 accelerates5 or slows2 conduction velocity,
and the magnitude of the effects of blocking Scn10a in mice was small.2,5 Therefore,
the role of SCN10A in cardiac physiology remained controversial.11-13

Interestingly, SCN10A maps immediately adjacent to SCN5A on chromosome 3p22.2.
In contrast to SCN10A, SCN5A, has a well-described role in cardiac physiology and
pathophysiology.14-18 CCS function is exquisitely sensitive to Nav1.5 dose and 
heterozygous mutations in SCN5A underlie numerous human conduction system 



Genetic variant in SCN10Amodulates SCN5A expression  | 139

diseases, including Brugada syndrome, long QT syndrome, atrial fibrillation, progres-
sive cardiac conduction disease, and sudden cardiac death.14,19,20 Furthermore, 
noncoding variants within introns and downstream of SCN5A have also been 
associated with ECG parameters in GWAS. 

We recently demonstrated the importance of the T-box transcription factors
Tbx5 and Tbx3 in the regulation of Scn5a in mice.21,22 The rapid conducting portions of
the cardiac conduction system require high levels of Nav1.5 for function.23 Strong
Scn5a expression is driven in the fast conduction system by TBX5, a transcriptional 
activator.22 Conversely, repression of Scn5a is a key feature ensuring the slow 
propagation of the cardiac electrical impulse across the sinus node and atrioventricular
node.17,23 TBX3, a transcriptional repressor, plays a major role in the repression of Scn5a
expression in slowly conducting nodal regions of the developing heart.24,25 We 
previously investigated the gene regulatory landscape at the Scn10a-Scn5a cluster and
identified two T-box regulated enhancers, one positioned downstream of Scn5a and
the other in an intron of Scn10a. A SNP, rs6801957, associated with QRS prolongation
and in LD with variants associated with Brugada syndrome5,10 is located in the Scn10a
intronic enhancer. This SNP modulates T-box factor binding and activity of the 
isolated enhancer fragment.21 

We investigated the novel hypothesis that genetic variation at SCN10A associated with
cardiac rhythm disease and conduction mechanistically functions by modulating
SCN5A expression. We also tested the hypothesis that the regulatory landscape of
SCN5A may be regulated by multiple cis-regulatory elements spread over long-range
distances, including cis-regulatory elements within introns of SCN10A. In such a 
scenario, functional SNPs at SCN10A associated with conduction parameters and 
disease may reflect disruption of these regulatory elements causing altered expression
of SCN5A. Using high-resolution chromatin conformation capture (4C), we demon-
strated the intricate association of the Scn10a intronic enhancer with the promoters
of Scn5a and Scn10a and the downstream Scn5a enhancer. We found that SCN5A was
expressed at high levels, whereas SCN10A was expressed at background levels, in the
adult human and mouse heart by RNA-seq. We found that the cis-regulatory element
located in Scn10a regulated the pattern of Scn5a expression in the heart, and that the
rs6801957 SNP affected the cardiac expression of Scn5a using a BAC reporter strategy.
Finally, we found a direct correlation of SCN5A expression in human with the 
presence of the rs6801957 risk-associated SNP in the SCN10A intronic enhancer. 
Together, our data provided a genomic mechanism explaining how common genetic
variants at SCN10A influence cardiac physiology and predispose to arrhythmia. 
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RESULTS
High-resolution 4C-seq reveals interactions between an enhancer in Scn10a and the
Scn5a promoters. 
We previously identified two regions with conserved enhancer activity able to 
autonomously drive expression of a reporter construct in the murine CCS.21,22 The 
region termed enhancer A (EnhA) spans 2 adjacent introns and 1 exon in Scn10a, and
enhancer B (EnhB) is positioned 15 kbp downstream of Scn5a (Figure 1B). EnhA 
contains a SNP previously found to be associated with QRS prolongation.5 This SNP
disrupts a T-box factor binding site that affects EnhA activity in a zebrafish assay.21

Enhancers regulate gene expression by physically interacting with the promoter of a
gene. We used the newly developed tool high resolution 4C-seq26 to investigate on a
genome-wide scale which gene promoters are contacted by the EnhA and EnhB, and
which genomic regions are contacted by the promoters of Scn5a and Scn10a (Figure
1B). We aligned 4C-seq with cardiac ChIP-seq data for TBX321 as well as for Pol2 and
p30027-29 to visualize interactions for EnhA and EnhB (Figure 1C). By setting 4C bait
regions around 2 known promoter regions for Scn5a, we found that both EnhA and
EnhB possessed clear cis interactions with the Scn5a and Scn10a promoters (Figure 1,
B and C, and Supplemental Figure 1). Moreover, contacts between Scn5a promoters
A and B and the Scn10a promoter were observed. When observed from bait sets in
the enhancers themselves, EnhA was found to associate with the Scn5a and Scn10a
promoters and the EnhB region, and EnhB was found to associate with the Scn5a
promoter region and enhancer A. These interaction results reveal that EnhA (in
Scn10a) and enhancer B (downstream of Scn5a) interacted with both promoters and
with each other, which indicates that the enhancers and promoters form a complex
(Figure 1D). This topology, in which both enhancers and gene promoters are in close
contact, suggests both enhancers are potential regulators of Scn5a and Scn10a. This is
consistent with the observation that both genes show similar spatial patterns of 
expression in the fetal heart.21 Furthermore, these data indicate that the variants 
identified in cardiac rhythm and disease GWAS in EnhA may affect the regulation of
Scn5a, a dosage-sensitive regulator of cardiac conduction (Figure 1D). 

Substantial SCN5A, but not SCN10A transcripts, in the adult mouse and human heart
In the fetal heart, the expression level of cardiac Scn5a is much higher than that of
Scn10a,21 which indicates that the contribution of Scn10a to the sodium current before
birth is small. To evaluate the expression levels of Scn5a and Scn10a in the adult, we
performed RNA-seq on whole mouse hearts.30 We found that Scn5a expression was
145-fold higher than Scn10a expression (53.81±5.39 versus 0.37±0.08 reads per million
[rpm]; Figure 2A). Therefore, Scn10a expression in the heart as a whole was 
considered to be at background levels. Nevertheless, it remained conceivable that
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Figure 1
Contact profiles of enhancers and promoters of the Scn5a-Scn10a locus in combination with
ChIP-seq data. (A) UCSC genome browser view of chr3:38,465,426-38,861,154 (hg18) 
demonstrating distinct LD blocks within the SCN5A/10A locus with SNPs tagged in GWAS 
studies (1-9) (green). (B) Mouse region (chr9:119,303,698-119,662,489, mm9) depicted with
4C analysis showing contact profiles of enhancer A in Scn10a (blue), Scn5a promoter C (green)
and enhancer B downstream of Scn5a (red). Blue, green and red arrows correspond to the 
position of the different viewpoints. Grey arrows represent the position of the promoter of
Scn10a and alternate promoters of Scn5a (promoters A and B), respectively. From the enhancer
A viewpoint, interactions can be observed between Enhancer A, B and the Scn5a promoter 
regions. From the Scn5a Prom C viewpoint, contacts with enhancer A and B and weakly with
the Scn10a promoter region can be observed. From Enhancer B contacts with the Scn5a
promoter region and, weakly, with Enhancer A can be seen. A quantitative assessment of these
interactions is presented in Supplemental Figure 1. (C) UCSC genome browser views of 
ChIP-seq data of the TBX3 (21), Pol2 and p300 (27-29) binding profiles aligned with the 4C 
traces, showing the correspondence between contacts and factor occupancy. (D) Model 
for the interactions of enhancer A (blue) and enhancer B (red) with the Scn5a and Scn10a
promoter(s) (green, grey). The promoter of flanking gene Exog does not interact. 
Abbreviations: GWAS, genome-wide association studies.
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Scn10a expression was present in the limited subset of cardiac conduction system cells
based on the pattern of Scn10a expression before birth.21 We therefore evaluated
Scn5a and Scn10a expression in the atrioventricular bundle from the adult mouse heart
microdissected at 6 weeks of age (Figure 2B). We confirmed the anatomic specificity
of isolated tissue, observing robust expression of Gja5 (Connexin40), a gene whose
expression in the ventricles is limited to the conduction system.31,32 In the atrioventric-
ular bundle, expression of Scn5a was high, whereas Scn10a expression was unde-
tectable (Figure 2B). 

We next evaluated SCN5A and SCN10A expression from human heart 
samples by RNA-seq (Figure 2C). SCN5A expression was greater than SCN10A
expression by over 1000-fold in the whole heart, atria, and ventricles (whole heart,
326±149 versus 0.24±0.22 rpm, P=2.5 x 10-27; atria, 205±138 versus 0.12±0.17 rpm,
P=1.0 x 10-3; ventricles, 376±126 versus 0.29±0.21 rpm, P=1.1 x 10-26; Figure 2C). The
absolute magnitude of SCN10A expression, less than 1 part per million, corresponded
to a cellular content of less than 1 SCN10A RNA molecule per 2 cells33-35 and qualified
as not expressed in the heart.30 These data indicated that SCN5A but not SCN10A is
expressed at appreciable, physiologically relevant levels in the heart. Therefore, we
hypothesize that GWAS SNPs in noncoding regions at the SCN10A locus affecting
cardiac conduction2-5 modulate SCN5A expression.

The enhancer in Scn10a is required for expression of Scn5a in vivo
We tested the hypothesis that both EnhA and EnhB are necessary for endogenous

Figure 2
Scn5a and Scn10a expression analysis in 12-week-old mouse (A, B), and adult human (C)
heart tissues by mRNA-seq and qRT-PCR. (A) The expression level of Scn5a was 145-fold
higher than that of Scn10a in the adult mouse heart (53.8±5.39 versus 0.37±0.08 rpm) by 
mRNA-seq. (B) The CCS expression level of Scn5a was significantly higher than Scn10a, whose
expression was undetectable by qRT-PCR (all samples were analyzed in triplicate). (C) 
RNA-seq analysis of adult human heart tissue. SCN5A was expressed 1357-fold higher than
SCN10A in the whole heart (326±149 versus 0.24±0.22 rpm), 1753-fold higher in the atria
(205±138 versus 0.12±0.18 rpm), and 1299-fold higher expressed in the ventricles (376±126 
versus 0.29±0.21 rpm). Data are presented as mean±S.D.; ***P < 0.001 (Student’s t test). 
Abbreviations: CCS, central conduction system; rpm, reads per million.
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Scn5a expression by engineering a BAC reporter system for Scn5a in the mouse.
Specifically, we used recombineering strategies36 to replace the endogenous first
Scn5a coding exon with the lacZ reporter gene in mouse BAC RP23-198L19. This
Scn5a-LacZ BAC includes the entire Scn5a coding region, EnhA and EnhB (Figure 3A).
Independent transgenic lines carrying the WT Scn5a-LacZ reporter BAC RP23-198L19
showed a pattern of lacZ expression highly reminiscent of endogenous Scn5a expres-
sion,17,21 including reproducible expression in structures of the ventricular conduction
system including the atrioventricular bundle and ventricular myocardium in adult (3
of 3) and embryonic (6 of 6) hearts (Figure 3B, Supplemental Figure 2, A-F, and Sup-
plemental Figure 4A). 

To investigate the necessity of EnhA and EnhB for Scn5a-LacZ reporter 
expression, we engineered deletions of EnhA (chr9:119540800-119544032), EnhB
(chr9:119378051-119379479), or both from the BAC reporter and then evaluated the
Scn5a-lacZ expression in vivo. Removal of EnhA alone significantly abrogated Scn5a-
LacZ expression: expression of LacZ was absent from ventricular myocardium in all
independent adult and embryonic EnhA deletion BAC transgenics (Figure 3C; Sup-
plemental Figure 2, G-O, and Supplemental Figure 4B). LacZ expression was dis-
rupted in the CCS in the majority of EnhA deletion BAC transgenics. When present,
lacZ expression was confined to the distal ventricular septum (Figure 3C; Supplemen-
tal Figure 2G-O; Supplemental Figure 4B). Removal of EnhB alone also substantially
altered and reduced lacZ expression from the Scn5a locus (Figure 3D,  Supplemental
Figure 2, P-V, and Supplemental Figure 4C). Interestingly, the region of ventricular
CCS Scn5a-LacZ expression maintained in EnhB deletion BAC transgenics (Figure
3D, Supplemental Figure 2, R-T, and Supplemental Figure 4C), was reciprocal to that
maintained in EnhA BAC transgenics (Figure 3C, Supplemental Figure 2, H-J, and
Supplemental Figure 4B). Removal of both EnhA and EnhB together completely 
eliminated Scn5a-LacZ expression in all independent adult and embryonic transgenics
(Figure 3E, Supplemental Figure 2, W-AC, and Supplemental Figure 4D). Taken 
together, these observations demonstrated that EnhA and EnhB are necessary and
sufficient for in vivo Scn5a expression. 

The SNP rs6801957 associated with conduction slowing in GWAS leads to lower SCN5A
expression in mice and humans.
The observation that EnhA, which is located in Scn10a, was required for Scn5a
expression suggested that common genetic variation affecting conduction system
physiology and disease at SCN10A may modify SCN5A expression. A sentinel SNP 
located in SCN10A for conduction system physiology, rs68019575, lies within EnhA
(Figure 1A and Figure 3A). The major allele for rs6801957 (G), establishes a conserved
canonical T-box binding site (GGTGACAG) and promotes enhancer activity, whereas
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Figure 3
A and B enhancers are necessary for Scn5a cardiac expression. (A) Modified murine BAC
RP23-198L19 with lacZ inserted into the endogenous Scn5a translational start site. (B-F) Stable
BAC-transgenic lines with wild-type enhancers A and B (B), enhancer A deleted (C), enhancer
B deleted (D) both enhancers deleted (E) or with minor allele of SNP rs6801957 in enhancer 
A (F) in whole-mount (first column on the left) and cross section histology (second column
from the left). Pie-plots show the distribution of lacZ expression in each genotype class. 
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the minor allele (A), associated with conduction slowing, disrupts a core nucleotide
in the T-box site (GGTAACAG) and decreases enhancer activity.21 This SNP is in
strong linkage disequilibrium with the non-synonymous SCN10A SNP evaluated in
prior studies (rs67959702,3; HapMap 2 CEU population, D’=1.0, r2=0.96) with two
other SNPs that implicated SCN10A in cardiac physiology in independent studies
(rs68005414, HapMap 2 CEU population, D’=1.0, r2=0.96; rs67980151, HapMap 2 CEU
population, D’=0.955, r2=0.84), and with the SNP that implicated SCN10A in Brugada
syndrome (rs1042813210; HapMap 2 CEU population, D’=1.0, r2=0.97) (Figure 1A).

We tested the allele-specific effects of the murine nucleotide orthologous to
SNP rs6801957 on Scn5a expression. The rs6801957 minor allele (A) was recombi-
neered into the orthologous region of the Scn5a-LacZ BAC and LacZ expression was
analyzed in adult murine hearts (Figure 3F, Supplemental Figure 3, and Supplemental
Figure 4E). The minor allele at rs6801957 substantially altered Scn5a-LacZ expression:
expression of LacZ was markedly disrupted in the compact myocardium of the 
majority of independent transgenics (Figure 3F, Supplemental Figure 3, and Supple-
mental Figure 4E). LacZ expression was also significantly disrupted in the CCS of the
majority of independent adult (4 of 6) and half of embryonic (8 of 16) transgenics
(p=0.04, Figure 3F, Supplemental Figure 3, and Supplemental Figure 4E). We 
concluded that the risk allele orthologous to SNP rs6801957 significantly decreased
Scn5a expression, and, conversely, that the major allele orthologous to SNP rs6801957
is necessary for normal CCS Scn5a expression.
                      We next tested whether rs6801957 affects the sufficiency of human EnhA
sequences to drive CCS expression in transgenic mice in vivo (Figure 4). Human EnhA
with the major allele of rs6801957 was sufficient to drive Scn5a-lacZ expression in
myocardium and the CCS in the majority of transient transgenic mouse embryos 
(Figure 4A). However, EnhA with the minor allele was insufficient for cardiac 
expression (P = 0.05; Figure 4B). We concluded that the major allele of SNP
rs6801957 is necessary for normal CCS activity of EnhA. 
                      We hypothesized that rs6801957 influenced SCN5A expression in humans.
Therefore, we evaluated SCN5A mRNA levels as a function of genotype at this SNP
in 2 independent heart tissue bio-banks by RNA-seq and quantitative real-time PCR
(qRT-PCR). In the first set, GG samples (homozygous for the major allele associated
with shorter PR and QRS intervals) expressed significantly more SCN5A mRNA
(428±128 normalized rpm; n = 19) than GA (331±104 rpm; n = 18) or AA (322±66 rpm;
n = 6) tissue samples. In this set, each additional copy of the A-allele reduced cardiac
SCN5A expression by 12±6% (additive genetic model, P = 0.01; dominant genetic
model, P = 0.01). SCN10A was not appreciably expressed in any genotype. In the 
second set, samples homozygous for GG at rs6801957 expressed significantly more
SCN5A RNA (0.060 ± 0.029 normalized expression, n = 33) than GA tissue samples

The wild-type enhancer (n=3 independent transgenic lines, each analyzed in triplicate) (B) 
demonstrated robust CCS and myocardial expression, deletion of enhancer A (n=4 independent
transgenic lines, each analyzed in triplicate) eliminated proximal CCS and myocardial 
expression (C), deletion of enhancer B (n=5 independent transgenic lines, each analyzed in 
triplicate) eliminated distal CCS and myocardial expression (D), and deletion of both enhancers
(n=3 independent transgenic lines, each analyzed in triplicate) eliminated CCS and myocardial
expression entirely (E). The minor allele at rs6801957 (n=6 independent transgenic lines, each
analyzed in triplicate) significantly altered Scn5a-lacZ expression that was either entirely absent
or absent from the atrioventricular bundle and confined to the distal ventricular septum (F). 
All studies were performed at 12 weeks of age. Arrows indicate AV bundle (blue) and 
distal bundle branches (red). Abbreviations: Enh, enhancer; WT, wild-type; CCS, cardiac 
conduction system.
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(0.048±0.017 normalized expression, n=37) or AA tissue samples (0.050 ± 0.028 
normalized expression, n = 17) (additive genetic model, P = 0.11; dominant genetic
model, P = 0.03). In this set, although the level of SCN5A mRNA did not increase 
linearly per copy of G-allele, genotype at rs6801957 was significantly associated with
SCN5A mRNA levels with the same direction of effect as in the first sample 
set. SCN10A variant rs6801957 had no detectable effect on SCN10A expression,
although power to detect allele specific expression on SCN10A would be very poor
given its low expression in adult cardiac tissue.

Figure 4
SNP rs6801957 modulates enhancer A activity. Transient transgenic embryos at E14.5 
harboring human 2.2 kb enhancer A with major (A) and minor (B) allele of SNP rs6801957.
Human enhancer A with the major allele (n=9) is sufficient to drive CCS expression, but human
enhancer A with the minor allele (n=4) is not. (C) Correlation of SCN5A expression in human
hearts with SNP rs6801957 genotype. SCN5A expression was assessed by RNA-seq in 42 human
cardiac tissue samples of which 19 were homozygous GG, 18 were heterozygous GA, and 6 
homozygous AA at locus rs6801957. Homozygous GG individuals had significantly higher
SCN5A expression (428±128 rpm) than GA individuals (331±104 rpm) or AA individuals (322±66
rpm). Each A allele reduced expression by 12±6% (p=0.01). A linear additive regression model
was utilized to determine statistical significance. Middle points represent median value, boxes
represent 25%-75% percentiles range, and the whiskers represent 5%-95% percentiles range.
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DISCUSSION
Our results unveil the genomic regulatory logic controlling Scn5a expression,

with implications for interpreting cardiac GWAS and understanding the genomic basis
of CCS function and disease. The physical associations between enhancers and 
promoters at the Scn10a-Scn5a locus were analyzed by 4C, a technique that provides
a genome-wide view of all cis interactions.26,37 Viewpoints from both EnhA and EnhB
revealed interactions with the Scn5a and Scn10a promoter regions and, additionally,
multiple contact points in and beyond Scn5a, fitting with ChIP-seq data. These 
contacts were confirmed when taking the promoters as viewpoint. Our findings 
indicate that the enhancers and promoters at this locus are all in close proximity, 
allowing the enhancers to simultaneously interact with and potentially regulate the
transcription of both Scn5a and Scn10a. A conserved genomic architecture that enables
enhancer sharing and coregulation of genes within an evolutionary conserved cluster
has also been observed for the Irx and Hox gene clusters.38 Although the enhancers
contact the Scn10a promoter, quantification of Scn10a transcript levels indicated that
Scn10a transcription was not activated by these enhancers. Therefore, we focused our
attention on the functionality of interactions between these enhancers and Scn5a.
Using BAC transgenesis, an assay complementary to 4C contact mapping, we demon-
strated the functionality of the interactions between EnhA and EnhB and Scn5a. The
enhancers functioned in a modular pattern to determine Scn5a expression; EnhA, 
located in Scn10a, was required for proximal ventricular CCS expression; EnhB, 
located downstream of Scn5a, was required for distal ventricular CCS expression; and
both enhancers were required for ventricular myocardium expression. 
                      Our data indicate that the physiological role underlying common variants
at SCN10A in cardiac rhythm control is not ascribed to the SCN10A gene product
Nav1.8 but instead to the SCN5A gene product Nav1.5. SNPs identified by GWAS have
modest effect sizes, an attribute inherent to their common frequency.39 This suggests
that noncoding SNPs associated with human phenotypes by GWAS may cause 
expression alterations to genes with dosage-sensitive physiology. This paradigm held
only for SCN5A, not SCN10A. SCN5A has an exquisitely dosage-sensitive relationship
to ECG parameters and cardiac rhythm control. Heterozygous mutations in human
SCN5A underlie numerous human conduction system diseases, including Brugada
syndrome, long QT syndrome, atrial fibrillation, progressive cardiac conduction 
disease, and sudden cardiac death.14,19,20 Furthermore, noncoding variants within 
introns and downstream of SCN5A have also been associated with ECG parameters
in GWAS. The mouse homozygous null phenotype is embryonic lethal, and mice 
haploinsufficient for Scn5a display a host of profound cardiac rhythm disturbances,
including slowed cardiac conduction and a Brugada-like phenotype, similar to those
associated with SNPs at neighboring SCN10A.2,5 In contrast, whether the SCN10A
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product Nav1.8 plays a role in cardiac physiology remains controversial.11-13 The Scn10a
knockout mouse displayed subtle cardiac ECG abnormalities, including modest PR
interval shortening indicative of more rapid than normal conduction.2 This phenotype
is at odds with the role of voltage-gated sodium channels in the rapid phase of 
myocardial depolarization, in which a decrease in channel function and concomitant
sodium current would slow conduction (as observed by lowering Scn5a expression).
Moreover, functional analysis of Scn10a indicated that the effects of pharmacologically
blocking or genetically inactivating Scn10a are small, and provided conflicting 
evidence about whether Nav1.8 accelerates5 or slows2 conduction velocity. Expression
analysis also supports a more substantial role for the gene product of Scn5a than that
of Scn10a. During embryonic development, low levels of Scn10a expression can 
be qualitatively observed using in situ hybridization21,22 and quantitative RT-PCR,
demonstrating expression at levels 4-5 times lower than Scn5a. However, as devel-
opment progressed to adult stages, Scn10a expression remained low, while Scn5a
transcript levels were induced to levels 100-fold greater than Scn10a. In humans, 
the expression discrepancy was 1000-fold in favor of SCN5A over SCN10A. Although
transcripts for both genes could be detected in heart tissue by PCR-based approaches,
the confluence of data – including our SCN10A transcript quantification in adult heart
tissue, our genotype-SCN5A expression correlation, and physiological observations
of Scn10a knockout mice by others2 – suggest that the contribution of Nav1.8 to cardiac
physiology is minor. The absence of substantial effects in the Scn10a knockout, com-
bined with the dramatic effects on electrophysiology observed for Scn5a knockout
models,16,18,40 supports the contention that common genetic variation at the SCN10A
locus affects cardiac physiology via dysregulation of SCN5A expression. Our obser-
vations do not formally rule out the possibility of other mechanisms affecting conduc-
tion physiology at the SCN10A-SCN5A locus. However, the totality of the evidence,
including our present observations, strongly supports the relevance of the genomic
mechanism we describe to cardiac conduction physiology and arrhythmia risk.

Mechanistically connecting noncoding genetic variations to their associated
traits requires a commitment to understanding the functional biology of cis-regulatory
elements, given that up to 85% of GWAS SNPs associated with human disease traits
are noncoding.41,42 Here, we presented an integrative and comprehensive experimen-
tal strategy to functionally link noncoding variants mapping within long-range 
cis-regulatory elements to their target genes. Combining high-resolution 4C 
strategies with engineering of BACs and mouse transgenic reporter assays, we
demonstrated that the regulatory landscape of SCN5A extends into SCN10A and that
the ECG-associated SNPs within SCN10A modify the function of an SCN5A enhancer.
Using genomics and genetics data, we further demonstrate that these SNPs were 
associated with SCN5A expression, but not SCN10A, in human hearts. Together, 
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our data established SCN5A as the functional target of the noncoding variants within
SCN10A associated with ECG parameters. This work provides a genomic mechanism
for the effect of common genetic variants at SCN10A on cardiac physiology and 
disease, and provides a strong rationale for careful interrogation of the noncoding 
activity of GWAS variants prior to ascribing function to annotated genes. Our findings
also suggest a genomic pathophysiological mechanism for Brugada syndrome, with
the potential to refine diagnosis and implications for future therapeutic approaches.
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METHODS
Experimental animals
Generation of Scn5a-LacZ BAC transgenic mice was performed by the University of
Chicago Transgenic Core Facility by pronuclear microinjection of DNA. Mice were
maintained on a mixed genetic background and analyzed at E13.5, E14.5 and 12 weeks
of age. All experiments employed age-, gender-, and genetic strain-matched controls
to account for any variations in data sets compares across experiments. Mice were
bred and housed in specific pathogen-free conditions in a 12-h light, 12-h dark cycle;
and allowed ad libitum access to standard mouse chow and water. Mice requiring
medical attention were provided with appropriate veterinary care by a licensed 
veterinarian and were excluded from the experiments described. No other exclusion
criteria existed.

Preparation of 4C-template
4C templates were prepared as previously described.43 In short, adult mouse hearts
were isolated in ice cold PBS. Single cell suspensions were obtained by dissociation
of tissue with IKA Ultra Turrax T5 FU, followed by dounce homogenization. 
Chromatin was cross-linked with 2% formaldehyde in PBS with 10% FCS for 10 min
at room temperature, nuclei were isolated and cross-linked DNA was digested with
a primary restriction enzyme recognizing a 4 bp restriction site (DpnII), followed by
proximity ligation. Cross-links were removed and a secondary restriction enzyme 
digestion (Csp6I), followed again by proximity ligation. For all experiments, 200 ng
of the resulting 4C template was used for the subsequent PCR reaction, of which 
16 (total: 3.2 µg of 4C template) were pooled and purified for next-generation 
sequencing. The PCR products were purified using two columns per sample of the
High Pure PCR Product Purification Kit (Roche cat. no. 11732676001). The kit 
separates the PCR products that are larger than 120 bp from the adaptor-containing
primers (which are ~75 nucleotides (nt) and ~40 nt in size, respectively). Similar 
results were obtained with products from a single PCR reaction (200-ng template).

4C-seq primer design
PCR primers were designed based on the following criteria. The size of the viewpoint
fragment was at least 500bp to allow efficient cross-linking to other DNA fragments.
The fragment end (the region between the primary and secondary restriction 
enzyme) was more than 350 bp to allow efficient circularization during the second
ligation step. Primers were designed to be maximally 20 nucleotides in length. The
strategy therefore produces sequencing reads (36-mers in this study) composed of
the 4C primer sequence (20 nucleotides, specific to a given viewpoint) followed 
by 16 nucleotides that identify a captured sequence. The reading primer always 
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hybridizes to, and ends at, the 3� side of the first restriction recognition site. This design
ensures analysis of only primary ligation events and provides sufficient sequence 
information to unambiguously identify most captured sequences. The nonreading
primers, with sizes of 18-20 nucleotides, were designed at a distance of ≤100 bp from
the secondary restriction site. All primers had a GC-content between 35-65% and an
optimal basic temperature of 55°C, ranging from 45-65°C. Primers were checked
against the mouse genome with MegaBLAST23 (settings -p 88.88 -W 12 -e 1 -F T),
which requires primers on the reading side to be matched uniquely in the genome and
primers on the nonreading side to have a maximum of three perfectly matching
BLAST high-scoring segment pairs (HSP). Supplemental Table 1 shows all the primers
used in this study. 

4C data analysis and statistics
4C templates were mixed and sequenced simultaneously in one Illumina HiSeq 2000
lane. The sequence tags generated by the procedure are prefixed by the 4C reading
primer that includes the DpnII restriction site sequence (described in 4C primer design
section). The 4C reading primer sequences are separated from multiplexed 4C-seq
libraries and the suffixes are extracted for further processing. Mapping and filtering
of the sequence reads was done as previously described.26 The algorithm constructs
a background model for remote intra- and interchromosomal contacts to correct for
systematic biases that can occur during the 4C-seq experimental protocol. The 
algorithm is designed to use controls for sequencing errors and non-unique sequences
while considering the high coverage (100x-100,000x) of fragment ends that are 
proximal to the viewpoint fragment. To normalize the interactions in close proximity
to the viewpoint the algorithm was used to calculate the median of normalized 
coverage for running windows of size 4 kb (depicted as black line) and sliding 
windows of 2-50 kb of linearly increasing size (depicted as color-coded multiscale 
diagrams). All median values represent enrichment relative to the maximum attainable
4 kb median value, whereas sliding windows represent enrichment relative to 
the maximum attainable 12 kb median value. The 20th and 80th percentiles are 
also computed and depicted as the green area around the 4 kb running windows 
(Supplemental Fig. 1). 

mRNA-seq and genotyping rs6801957
Ventricular tissue set 1: Human left ventricular samples (n=39) were obtained from
patients of mixed ancestry who were given left ventricular assist devices. Discarded
left ventricular tissue was obtained at the time of insertion of the device. Human right
atrial samples (n=4) were obtained as discarded tissue from patients who had cardiac
surgery to repair their congenital heart disease lesion. The expression levels of Scn5a
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and Scn10a in adult mouse and human cardiac tissue were assessed by RNA-seq as 
described previously.30,33-35 The samples were blinded to genotype at the SCN locus.
Post-hoc analyses showed that there was no association between lane or batch and
expression of SCN5A or SCN10A expression independent of genotype. The rs6801957
genotype was assessed by dideoxy sequencing of PCR amplified genomic DNA using
standard procedures44 rs6801957 sequences were amplified using primers A: cacctg-
gagctccctaaga and B: gagtctgtagctctcccatag. Primer A was used as sequencing primer.
A linear additive regression model was utilized to determine statistical significance.45

Ventricular tissue set 2: Human left ventricular samples (n=129) were collected from
non-implanted human donor hearts that were considered suitable for transplantation,
yet not used due to logistical reasons. All heart samples used in this study were from
individuals of self-reported European descent and were collected at four centers, 
respectively in Szeged (gift from Dr Andras Varro, University of Szeged, Szeged,
Hungary), Sydney, (gift from Dr Cristobal dos Remedios, University of Sydney, 
Sydney, Australia), Miami (gift from Dr Nanette H. Bishopric, University of Miami,
Miami, USA) and Vanderbilt (gift from Dr Alfred L. George, Vanderbilt University,
Nashville, USA). Samples were flash-frozen and stored in liquid nitrogen. RNA and
DNA were isolated from cardiac tissue following standard protocols. Manhattan 
distance hierarchical clustering using genome-wide SNP genotypic data confirmed a
genetically homogeneous group. Genotype at rs6801957 was determined by means
of a Taqman assay (Applied Biosystems). cDNA was prepared using Oligo-dT 
and Thermoscript First-Strand Synthesis System (Invitrogen) and used for real-time
quantitative PCR (qRT-PCR) for determination of SCN5A transcript levels. All 
qRT-PCR assays were performed in triplicate. Expression values were normalized by 
dividing by the geometric mean of HPRT1 and TNNI3 mRNA expression values.46 For
each set of triplicates the mean, standard deviation, and the coefficient of variation
were calculated. Sets with a coefficient of variation higher than 0.20 were left out of
the analysis, as previously described47, leaving a total of 87 subjects for analysis. The
association between rs6801957 and SCN5A transcript levels was tested using an 
additive and dominant genetic model, taking gender, age and center of origin as 
covariates. All calculations were performed in the statistical programming language
R version 2.15.3.

BAC Modification
Mouse BAC RP23-198L19 (mm9; chr9:119351100-119598458) was engineered in vitro
using recombineering kits and protocols from Gene Bridges GmbH (Heidelberg).
BAC RP23-198L19 was converted into an Scn5a transcriptional reporter (Scn5a-LacZ)
by inserting a lacZ-ampicillin cassette, in frame, replacing the first exon of Scn5A using
the Red/ET recombination kit and protocol from Gene Bridges (catalog #K001).
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Primers used for generation of the recombineering cassette were: Scn5a-LAI-
F:cttccaggcagcctgaggagagcctgtgcccccagaagcaggatgagaagatggctcgcgatgatcccgtcgt,
and Scn5a-LAI-R: agcctcctcctctggcaggccctcacggctctcctgtgaggtggccgaacctcgaggc-
tagctctagaagtccagc. Ampicillin-resistant colonies were PCR-screened for homo-
logous recombination using primers in the unaffected genomic region flanking the
insertion and within the vector cassette, and the insertion junction was verified by 
sequencing using primers: mmScn5A-5pI F: catcacaccctgtgtttgtctc, mmScn5A-5pI R:
ggtactatagaaagggtccaggtct, mmScn5A 3pI F: agaagatggcaaacttcctgttac, and mmScn5A
3pI R: tgattggaatacagattaatggtga. Recombinant BACs were confirmed intact by 
restriction digest fingerprinting with PspXI (NEB).
Enhancers A and B were deleted in the Scn5a-LacZ BAC through their targeted 
replacement, again using the Red/ET recombination kit and protocol from Gene
Bridges (catalog #K001). Enhancer A (chr9:119540801-119544032) was replaced with
a spectinomycin resistance gene amplified from the iTol2-Amp plasmid using primers
Scn5aDelEnA F: cttaggcaaccagcctgaatagaagctgaagccacacccagcattccagggataaaaatatat-
catcatgcctcctc and Scn5aDelEnA R: ggctctttgaagaatctggcacaactgtacatggtcactgcc-
tatctggtcacgttaagggattttggtca. Insertion site location and fidelity was determined 
by PCR amplification and sequencing using primers flanking and internal to the 
junction: Scn5aDelACheck5pF: caaagggcaggtgagaagtc, Scn5aDelACheck5pR: 
cgaaccgaacaggcttatgt, Scn5aDelACheck3pF: caccaaggtagtcggcaaat,
Scn5aDelACheck3pR:ctcggaggagcttgtgtcat. Enhancer B (chr9:119378052-119379479)
was replaced with a kanamycin/neomycin resistance gene amplified from the 
rpsL-neo plasmid (Gene Bridges kit #K002), using the primers Scn5aDelEnB F:
tgaactcagcttgtcaggtttgacagcaaataccgttaccggccgagccaggcctggtgatgatggcgggatc 
and Scn5aDelEnB R: cctgactcttgaggtacattcttgcccccttccccccgtccccaagctgatcagaa-
gaactcgtcaagaaggcg. The insertion site was checked with flanking/internal primers:
Scn5aDelEnBCheckF: gcttgtcaggtttgacagca, rpsL R: cagacgaacacggcatactttac, Kan F:
atcaggatgatctggacgaagag, and Scn5aDelEnBCheckR: tggcctgactcttgaggtaca.
Recombinant colonies were selected with appropriate antibiotic and the BAC was
confirmed intact by fingerprint analysis with PspXI.

SNP rs6801957, in enhancer A, was converted from the major G allele to 
the minor A allele, without leaving an antibiotic resistance gene behind using the 
two-step counter selection BAC modification kit (Gene Bridges kit #K002). In the
first step, a counter-selection cassette containing a kanamycin-resistance and a strep-
tomycin-sensitivity gene was inserted into enhancer A using primers EnAMutCsHA1:
cagagttcgtgttctttactcccgggaggtgacactctggcctcggctgcggcctggtgatgatggcgggatcg 
EnAMutCsHA2, ctaacagctgctgctatcaactatcattttcgagattcctttgtctgagttcagaagaactcgt-
caagaaggcg, resulting in the deletion of rs6801957. Recombinant colonies were 
selected for with kanamycin, and the insertion site was verified with primers: 
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EnAMutCsSpan F: aatacactgcgggaggtttg, rpsL R: cagacgaacacggcatactttac, Kan F:
atcaggatgatctggacgaagag and EnAMutCsSpan R: cctggagccttctgataacg. In the second
step, the counter-selection cassette was replaced with a recombineering cassette 
consisting of an A nucleotide flanked by homology arms of 205- and 290bp, thereby
restoring rs6801957, but with the minor allele. This recombination cassette was 
generated by first cloning the enhancer A region into a pGL3 vector and converting
the rs6801957 allele from G to A through traditional mutagenesis techniques, 
followed by PCR amplification from the EnAMutCsSpan F and R primers above and
DpnI digestion to remove plasmid template. After recombination, colonies retaining
the counter-selection cassette were selected against with streptomycin, and 5 of 5 
sequenced colonies possessed the A allele. BACs were again checked for length and
content using separate restriction digest fingerprints with NotI, PspXI and EcoRV.
                      BAC DNA was prepared for pronuclear injection using Nucleobond PC20
Kit (Macherey-Nagel) from a fresh, overnight culture. An aliquot was checked for
length and degradation via PFGE, and the remainder dialyzed against PBS and 
submitted for pronuclear injection. Pronuclear injections were performed by the 
University of Chicago Transgenic Core Facility, supported by The University of
Chicago Cancer Center. 

Human enhancer transgenics
Cloning of the human enhancer and testing in transient transgenics was performed
as described.21

Statistics
Values are shown as the mean±S.D. of the indicated number of measurements. 
Statistical significance was determined using Student’s  t-test (2-tailed) with a 
significance of 0.05 or a linear additive regression model. No statistical method was
used to predetermine sample size, and the animal experiments were not performed
in a blinded fashion. Mice were assigned at random to treatment groups for all mouse
studies.

Study approval
All experiments were performed under the University of Chicago Institutional Animal
Care and Use Committee (IACUC) approved protocol (ACUP # 71737) and in 
compliance with the USA Public Health Service Policy on Humane Care and Use of
Laboratory Animals.
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Supplemental Figure 1
Contact profiles of enhancers and promoters of the Scn5a-Scn10a locus. (A) UCSC genome
browser traces are shown for viewpoints of the Scn10a promoter (grey, first lane), enhancer 
A (blue, second lane), Scn5a promoter A+B (grey, third lane), Scn5a promoter C (green) and
enhancer B (red). (B) In this figure, normalized contact intensities (gray dots) and their running
median trends (black line) are depicted for all viewpoints in and around Scn10a and Scn5a.
Medians are computed for 4 kb windows and the green band displays the 20–80% percentiles
for these windows. Below the profile, statistical enrichment across differently scaled window
sizes (from 2 kb (top row) to 50 kb (bottom)) is depicted of the observed number of sequenced
ligation products over the expected total coverage of captured products, with the latter being
estimated based on a probabilistic background model (26). Local changes in color codes indicate
regions statistically enriched for captured sequences, which correspond to the promoter-en-
hancer contacts described. Note that the green 80% percentile band and color codes in the 
Enhancer A viewpoint tract indicates contacts between Enhancer A, B and the Scn5a promoter
regions. From the Scn5a Prom A+B and Prom C viewpoints, contacts with enhancer A and B
and weakly with the Scn10a promoter region can be observed. From Enhancer B contacts with
the Scn5a promoter region and, weakly, with Enhancer A can be seen. The Scn10a promoter
viewpoint (top tract) does not reveal contacts between the enhancer regions and promoter of
Scn5a.

SUPPLEMENTAL FIGURES
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Supplemental Figure 2
Evaluation of all BAC transgenic embryos at E13.5.
All wild-type (n=6), enhancer A deleted (n=9), enhancer B deleted (n=7), and enhancer A and
B deleted (n=7) BAC transgenic embryos are shown. Embryos are arranged in descending order
of staining intensity for each construct. Sections embryos are shown at 10x original magnification.
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Supplemental Figure 3
Evaluation of enhancer A SNP rs6801957 BAC transgenic embryos.
All enhancer A SNP rs6801957 BAC transgenic embryos (n=16) with the minor allele are shown
at E13.5. Embryos are arranged in descending order of staining intensity for each construct. 
Sections embryos are shown at 10x original magnification.
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Supplemental Figure 4
Evaluation of all BAC stable transgenic lines.
Adult hearts from 12-week-old wild-type (n=3 independent transgenic lines), enhancer A 
deleted (n=4 independent transgenic lines), enhancer B deleted (n=5 independent transgenic
lines), enhancer A and B deleted (n=3 independent transgenic lines), and enhancer A SNP
rs6801957 (n=6 independent transgenic lines) BAC stable transgenic lines are shown. Lines
are arranged in descending order of staining intensity for each construct. At least 3 adult hearts
of each stable line were evaluated.
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Supplemental Figure 5
Correlation of SCN5A mRNA expression with SNP rs6801957 genotype in a set consisting
of non-disease human donor hearts.
SCN5A expression was assessed by qRT-PCR in 87 human cardiac tissue samples. Samples 
homozygous at rs6801957 for the G allele expressed significantly more SCN5A RNA
(0.060±0.029 normalized expression, n=33) than GA tissue samples (0.048±0.017 normalized
expression, n=37) or AA tissue samples (0.050±0.028 normalized expression n=17) (additive
genetic model, p=0.11; dominant genetic model, p=0.03). Expression was normalized for
mRNA levels of TNNI3 and HPRT1. Middle points represent median value, boxes represent
25% - 75% percentiles range, and the whiskers represent 5% - 95% percentiles range.
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SUPPLEMENTAL TABLES

Scn10a promoter             Forward    AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCT
                                                                            GATAGGGTCACCTTCACAGATC
Scn10a promoter             Reverse      CAAGCAGAAGACGGCATACGATGAGTGCGTTATCTTAGCTT
                                                    
EnhancerA-1                       Forward    AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCT
                                                                            GAGAGACCCACACGTTAGGATC
EnhancerA-1                       Reverse      CAAGCAGAAGACGGCATACGAACGGTGAGGACAACATAGAC
                                                    
EnhancerA-2                      Forward    AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCT
                                                                            GACAGAGTTAGTGAACCTGATC
EnhancerA-2                      Reverse      CAAGCAGAAGACGGCATACGAGATACCAGCCCCACCAGATA
                                                    
Scn5a promoter A-B      Forward    AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCT
                                                                            CTGTCCCAAGGGCACACTGATC
Scn5a promoter A-B      Reverse      CAAGCAGAAGACGGCATACGACCTCTAGAGAGCCTAGTCCC
                                                    
Scn5a promoter C           Forward    AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCT
                                                                            GAAAAATAGTGTTCTCTGGATC
Scn5a promoter C           Reverse      CAAGCAGAAGACGGCATACGAGGAAAGGGAATCTCTGTCTT
                                                    
Enhancer B                          Forward    AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCT
                                                                            GAGACAGGCACATGCTGGGATC
Enhancer B                          Reverse      CAAGCAGAAGACGGCATACGAAAGGAACTACACAGTCCCAA

Supplemental Table 1
Primers used for 4C-seq studies

4C viewpoint                                             Primers with adapter
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Genome-wide association studies (GWAS) have implicated SCN10A, which 
encodes a nociceptor-associated voltage-gated sodium channel subunit, as a 
modulator of cardiac conduction; however, this role has traditionally been 
ascribed to SCN5A, which is highly expressed in cardiac muscle. SCN10A is 
believed to affect cardiac conduction either directly through cardiomyocytes or
indirectly via intracardiac neurons. In this issue of the JCI, van den Boogaard and
colleagues introduce a third possibility: that the SCN10A locus acts as an enhancer
of SCN5A gene expression. The authors demonstrate that SCN10A expression is
negligible within human and murine hearts, and that a T-box enhancer within the
SCN10A locus drives SCN5A expression within cardiomyocytes. This work 
reasserts SCN5A as the key determinant of cardiac conduction and highlights the
importance of deciphering the functionality of coding versus noncoding regions
when interpreting GWAS data.

THE UNEXPECTED FINDING: SCN10A 
Since the first identification of a significant association between SCN10A and ECG
conduction parameters in genome-wide association studies (GWAS), a debate has
emerged regarding how this gene and/or its product affect myocardial conduction.1–4

SCN10A encodes the � subunit of the voltage-gated sodium channel, Nav1.8, which
was previously demonstrated to be expressed in nociceptive fibers of the dorsal root
ganglia (DRG), but had never been implicated in heart physiology.5 Traditionally,
rapid conduction properties of myocardial tissues have been ascribed to SCN5A,
which encodes the pore-forming subunit of the major cardiac voltage-gated sodium
channel, Nav1.5. Mutations in SCN5A have been identified in patients with isolated
cardiac conduction disease and with the arrhythmic disorder Brugada syndrome.6, 7

In addition, mice with Scn5a haploinsufficiency exhibit slowed conduction parameters
during cardiac electrophysiology testing.8 It was therefore unexpected that GWAS
would more strongly correlate ECG parameters with SCN10A over SCN5A. This sur-
prising finding raises the question of how SCN10A fits into a landscape dominated by
SCN5A. Furthermore, another GWAS has recently identified significant associations
between Brugada syndrome and the SCN10A locus, making the link between SCN10A
and myocardial conduction slowing even more compelling.9

THE CARDIOMYOCYTE HYPOTHESIS: CELL-AUTONOMOUS ROLE OF NAV1.8 
With the goal of establishing how SCN10A contributes to overall sodium current (INa)
in the heart, a combination of in vivo cardiac electrophysiology testing and cell 
culture-based biophysical analyses have been reported. Ambulatory telemetry 
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monitoring was performed in wild-type mice treated with the Nav1.8-selective 
inhibitor, A-803467, as well as in Scn10a knockout mice, but the results were 
contradictory. Wild-type mice treated with A-803467 showed marked prolongation
of PR and QRS intervals1; however, Scn10a knockout mice exhibited shorter PR 
intervals with no change in QRS duration.4 These inconsistent results may represent
differences between acute and chronic loss of Nav1.8, off-target effects of A-803467
on Nav1.5, or differential responses of cardiomyocytes and intracardiac neurons to 
A-803467. To elucidate the role of Scn10a specifically in cardiomyocytes, Yang et al.
studied the effects of Nav1.8 inhibition or deletion in ventricular myocytes.10

Treatment of isolated mouse ventricular myocytes with A-803467 had no effect 
on peak INa, but blocked a component of the late sodium current, INa,L, resulting in
shortening of the action potential duration (APD) at slow stimulation 
frequencies. Consistent with the inhibitor studies, Scn10a–/– ventricular myocytes
had reduced INa,L, exhibited shorter APD at baseline, and were not responsive to 
A-803467.10 Although these results suggest a role for Scn10a in APD 
prolongation and triggered arrhythmias, peak INa and cardiac action potential 
upstroke velocity were unperturbed in ventricular myocytes with inhibition or 
deletion of Nav1.8. 10, 11 Therefore, Scn10a does indeed appear to have a cell-
autonomous effect on cardiomyocyte electrophysiology, but the mechanism by which
Nav1.8 modulates cardiac conduction remained unclear. 

THE ENHANCER HYPOTHESIS: LINKING A SNP TO SCN5A EXPRESSION 
In this issue of the JCI, van den Boogaard et al. introduce a completely different 
mechanism for how the SCN10A locus modulates cardiac conduction: as an enhancer
of SCN5A expression. 12 This elegant work adds yet another chapter to the story of
how T-box (TBX) transcription factors function as master regulators of fast 
conduction in the heart. TBX5 activates SCN5A expression, whereas TBX3 represses
it. 13, 14 In their previous report, the Christoffels group used a genome-wide occupancy
screen for TBX3 binding elements, which identified two functionally 
conserved TBX-regulated enhancers within the Scn5a-Scn10a locus.14 One of the 
enhancers was located downstream of Scn5a, and the other was located within an 
intron of Scn10a. By serendipity, the SCN10A SNP (rs6801957), previously 
associated with QRS prolongation, happened to be in the TBX-binding element
within the intronic SCN10A enhancer. SNP rs6801957 not only affected TBX3 
and TBX5 binding, but also diminished enhancer function in a zebrafish model.14

In the current report, van den Boogaard and colleagues used high resolution 
chromatin conformation capture (4C) to demonstrate that both enhancer regions 
interact with Scn5a and Scn10a promoters; however, RNA-seq analysis of adult mouse
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and human hearts, including the murine atrioventricular (AV) bundle, demonstrated
trivial amounts of SCN10A expression.12 Given this result, the ability of these 
enhancers to modulate Scn5a expression was exclusively studied using transgenic
mice expressing a Scn5a-LacZ BAC reporter construct. Elimination of the Scn10a
enhancer was sufficient to disrupt Scn5a reporter gene expression within the 
myocardium and the proximal ventricular conduction system. Introduction of the SNP
rs6801957 variant allele into the BAC reporter construct also resulted in severe 
depression of Scn5a in the compact myocardium and the cardiac conduction system.
Furthermore, a direct association was identified between the presence of the SNP
rs6801957 variant allele and expression of SCN5A in human hearts.12 These results 
construct a plausible and coherent mechanism whereby genetic variants in the
SCN10A locus influence cardiac conduction parameters. In agreement with these 
observations, data to support Nav1.8 protein expression in cardiomyocytes is scant.
Verkerk et al. found robust Nav1.8 staining in dorsal root ganglia and intracardiac 
neurons, while the myocardium was only weakly stained.11 Immunohistochemistry of
isolated ventricular myocyte preparations failed to detect Nav1.8.11 Similarly, Nav1.8
was undetectable in dog Purkinje fibers, but was present in neighboring intracardiac
neurons.15 In humans, Nav1.8 immunoreactivity was present in both intracardiac 
neurons and atrial myocytes.16 Whether the discrepancies among these studies 
constitute species-specific differences or limitations of current antibodies will need
to be addressed. Studies evaluating the detection of SCN10A mRNA have been more
fruitful. Chambers et al. reported SCN10A expression in both human and mouse atrial
and ventricular tissue 4. Yang et al. reported similar results with differential expression
levels of Scn10a between murine cardiac chambers, with the lowest levels detected
in the left ventricle 10. However, one cannot exclude the possibility of intracardiac 
neuronal contamination in the RNA preparations in the reported results. Our group
and the Christoffels group have previously noted enrichment of Scn10a in the cardiac 
conduction system compared with working myocytes during development 1, 14, but 
a detailed evaluation of the adult heart has not been performed. In addition, none of
the aforementioned RNA techniques were quantitative. Despite the lack 
of evidence for robust Scn10a expression in cardiomyocytes, the ability of Nav1.8 to
modulate cardiac APD in some ventricular myocytes suggests that the expression of
Scn10a, albeit small, is sufficient to modulate cardiomyocyte electrophysiology 
10 Nonsynonymous sequence variants of SCN10A identified in GWAS appear to have
biophysical consequences, at least in heterologous expression systems.17 Even more
tantalizing is that screening of Brugada patients for mutations in SCN10A has identified
nonsynonymous sequence variants at a frequency approaching that of SCN5A, 
and coexpression of several of these variants with SCN5A caused loss of function of
Nav1.5 currents. 18 These results are reminiscent of the dominant-negative effect seen
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with trafficking-defective SCN5A mutations that sequester wild-type channels in the
endoplasmic reticulum through subunit interaction. 19

THE NEURONAL HYPOTHESIS: NAV1.8 IN NEURONAL CELLS MODULATES
CARDIAC ELECTROPHYSIOLOGY
Another possibility is that SCN10A indirectly exerts an effect on cardiac conduction
through intracardiac neurons. Immunohistochemistry-based studies have shown that
most Nav1.8-positive neurons are cholinergic in origin.11 Patch-clamp studies on 
isolated intracardiac neurons revealed that A-803467 treatment reduces INa density,
accelerates the slow component of current decay, and causes a negative shift in 
voltage dependence of inactivation. Functionally, A-803467 treatment reduced the
firing frequency of intracardiac neurons.11 In mongrel dogs, direct injection of 
A-803467 into right ganglionated plexi resulted in reduced levels of sinus bradycardia,
ventricular rate slowing, PR interval prolongation, and atrial fibrillation (AF) inducibil-
ity in response to vagus nerve stimulation.20 Scn10a likely affects AF inducibility by
modulating atrial refractoriness in response to vagal stimulation.20 On the other hand,
a hypermorphic mutation in murine Scn10a, termed Possum, increases Nav1.8-
mediated currents and enhances excitability of DRG sensory neurons. Possum mice
exhibit marked sinus bradycardia and R-R variability in response to “scruffing,” which
is abrogated by atropine infusion.21 Taken together, these results suggest that Scn10a
functions in cholinergic neurons to exert negative chronotropic and dromotropic 
effects on sinus and AV nodal tissues and modulates myocyte refractoriness. These
results are consistent with the PR interval shortening observed in Scn10a knockout
animals 4. Cardiac- and neuronal-restricted, inducible Cre systems may help parse out
the tissue-specific and time-dependent contribution of Scn10a to conduction param-
eters and arrhythmia susceptibility. The Christoffels, Nobrega, Barnett, and
Moskowitz groups should be applauded for their present work. Their contribution has
helped fulfill the promise of GWAS in accelerating the discovery of coding and 
noncoding sequence variants that together create phenotypic manifestation of disease.
Whether SCN10A is acting cell autonomously in cardiomyocytes, indirectly through 
intracardiac neurons, or purely as a cis-acting enhancer element in the transcriptional
regulation of SCN5A, no one will disagree that the introduction of SCN10A into the 
debate has been both unexpected and exhilarating. Regardless of what combination of
these hypotheses turns out to be correct, the discovery of new disease mechanisms 
will undoubtedly accelerate the development of therapies in the treatment of cardiac
conduction disorders. 
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ABSTRACT
Many genetic variants associated with ECG parameters have been identified

in the SCN5A locus, but it is unclear to what extent these mark important regulatory
regions. To this end, we deleted a ~17.5kb regulatory region downstream of Scn5a
that contains many variants associated with PR-interval and QRS duration prolonga-
tion. Deletion of the region from one allele results in loss of Scn5a expression from
that allele and conduction slowing, similar to the situation in heterozygous Scn5a cod-
ing mutants. Homozygous loss of the region, however, results in early embryonic
lethality beyond the effects expected from loss of Scn5a. One genetic variant,
rs6781009, maps within a cis-regulatory element that drives expression in the cardiac
conduction system. The variant alters the consensus sequence of a T-box binding 
element, resulting in altered function of the element. The regulatory element was 
active in the interventricular region of transient transgenic embryos and lost activity
when the minor allele variant (C) was introduced. Deletion of the element from the
mouse genome, however, did not affect Scn5a expression or conduction parameters.
Together, these data provide further functional evidence that regulatory elements in
the SCN5A locus act in synergy to assure correct SCN5A function in the cardiac 
conduction system. 

INTRODUCTION
Ventricular tachyarrhythmia followed by sudden cardiac death (SCD) is an

important contributor to mortality in the Western world. Most cases are the result of
ischaemic events due to coronary artery disease and related conditions. 1 However, in
~5-10% of the cases fatal arrhythmias are caused by heritable cardiac diseases. 2 Often,
these heritable diseases can be traced to altered conduction or repolarization due to
mutations in genes encoding cardiac ion channels. 3 One of these genes is SCN5A,
which encodes the main cardiac voltage-gated sodium channel Nav1.5, an important
regulator of the initial upstroke (sodium current, INa) of the cardiac action potential
(AP). 4 Loss of peak INa results in a decrease of AP upstroke, thereby creating a 
substrate for re-entry of the electrical signal. Through a cascade of events, this 
can eventually serve as a trigger for ventricular fibrillation. 5 Deletions and gain- or
loss-of-function mutations in SCN5A tip the delicate balance between inward and
outward currents. As such, they are associated with a wide range of cardiac arrhyth-
mias, 6 including bradycardia, 7 atrioventricular block, 8,9 atrial fibrillation, 10 Long QT
syndrome type 3, 11 Brugada Syndrome,12,13 progressive cardiac conduction disease
(also known as Lev-Lenègre Syndrome) 8,9 and Sick Sinus Syndrome. 7,12

For each of these diseases a large degree of phenotypic variability exists, even
between family members carrying the same mutant allele. Various genome-wide 



Scn5a-Exog intergenic region regulates conduction velocity  | 177

association studies (GWAS) have identified a substantial number of genetic variants
associated with ECG parameters within the noncoding region around SCN5A. 13–24

These likely function as genetic modifiers of SCN5A function, which can explain part
of the phenotypic variability. Interestingly, a cumulative effect of genetic modifiers
has been suggested to increase susceptibility to Brugada Syndrome. 25 A more accurate
and wide scale identification of genetic modifiers could help with risk stratification,
which would greatly benefit these patients. 

The spatial and temporal expression of genes is regulated by cis-acting 
regulatory elements (enhancers). Based on data from the human genome project it is
estimated that there may be more than ~1 million active enhancers in all human cells.
26,27 Genetic variants within each of these regulatory elements can cause altered gene
expression and therefore progression towards a disease state. The common mecha-
nism by which these events take place is through changes in transcription factor 
occupancy, thereby altering the activity of the regulatory element. It has been 
suggested that the presence of a trait- or disease-associated variant in the noncoding
portion of the genome marks important regulatory regions for that particular trait or
disease. Therefore, identification and classification of the associated regulatory 
elements and their target genes is an important, but difficult task. 

To gain insight into the regulation of Scn5a, we have previously investigated
the regulatory landscape of the Scn10a-Scn5a locus and identified multiple regulatory
elements. 28 We demonstrated the importance of one of these elements when we
found that a variant in a regulatory element in SCN10A alters a T-box binding element
and is associated with reduced SCN5A expression levels in humans. 28,29 Here, we
sought to find other regulatory elements in the SCN10A-SCN5A locus with the 
potential to regulate cardiac SCN5A expression. Therefore, we deleted a large 
genomic region that contains several regulatory element and investigated its effects
on gene expression and conduction parameters. Based on the overlap with a genetic
variant, we next focused our attention on one of the regulatory elements in this 
domain and tested the functional effects of the genetic variant on regulation of Scn5a.

RESULTS
Intergenic region containing multiple genetic variants associated with QRS duration 
contacts the SCN5A promoter in human ventricular tissue

Regulatory elements function through physically interacting with their target
genes. We have previously identified several regulatory elements that are in close
contact with the Scn5a promoter in the mouse genome. 28 To establish that these are
capable of regulating SCN5A in the human genome, we performed high-resolution
4C-sequencing on human left ventricular tissue. We set our viewpoints at the SCN5A
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and SCN10A promoters and the two validated regulatory elements, RE1 (containing
rs6801957) and RE9. From all viewpoints, clear interactions are present between the
SCN5A promoter and the downstream intergenic region (Figure 1B). Additionally, all
contact profiles reveal a physical interaction of the SCN5A promoter and the intergenic
region with neighboring genes EXOG and ACVR2B. In order to exclude the possibility
that the interactions are the result of biological variation, we performed a replicate for
the SCN5A promoter viewpoint in an additional, biologically unrelated, ventricular 
sample. Overall, the two replicates show a similar contact profile (Figure 1C). From the
intergenic RE9 viewpoint, no interactions were observed with the SCN10A promoter. 

100 kb

ACVR2B EXOG SCN5A SCN10A

Cornell
Sokolows
Leadsum

QRS-duration
SCN10A Prom

RE1
SCN5A Prom Rep1
SCN5A Prom Rep2

RE9
SCN5A Prom Rep1

SCN5A Prom Rep2

Main trend

Window coverage
(median)

80th %ile
median
20th %ile

1
0.1
0.01
0.001

Figure 1
Contact profiles of regulatory elements and promoters of the Scn10a-Scn5a locus combined
with the QRS-traits associated genetic variants. (A) UCSC genome browser view for
chr3:38486398-38837051 (hg19) showing the –log(P) for genetic variants associated with QRS
traits for left ventricular hypertrophy (QRS duration, Sokolow-Lyon, Cornell and 12-lead sum)
stretch out over SCN5A. (B) 4C-seq contact profiles for the human SCN5A locus show clear
interactions between the SCN5A promoter region and the regulatory elements RE1, located in
an intron of SCN10A, and RE9, located in the intergenic region downstream of SCN5A. (C)
Normalized contact intensities (gray dots) and their running median trends (black line) the two
SCN5A replicates. Medians are computed for 4 kb windows and the green band displays 
the 20–80% percentiles for these windows. Below the profile, statistical enrichment across 
differently scaled window sizes (from 2 kb (top row) to 50 kb (bottom)) is depicted of the 
observed number of sequenced ligation products over the expected total coverage of captured
products, with the latter being estimated based on a probabilistic background model. Local
changes in color codes indicate regions statistically enriched for captured sequences, which
correspond to the promoter-enhancer contacts described. We observed a significant increase
of interactions toward the 3’UTR of EXOG, nearby the region where several regulatory 
elements, including RE9, are located.
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To increase the likelihood of finding functional regulatory elements with the
potential to modify cardiac physiology and attribute to disease, we plotted the –log(P)
of GWAS identified variants associated with cardiac electrical traits to the 
SCN10A-SCN5A locus. 13–24 Interestingly, variants associated with P-wave duration and
PR interval were located over SCN10A, whereas variants associated with QRS traits
in left ventricular hypertrophy (QRS duration, Sokolow-Lyon, Cornell and 12-lead
sum) stretched out over SCN5A (Figure 1A). We observed an accumulation of 
QRS duration-associated variants with increasing statistical significance in the 
SCN5A-EXOG intergenic region (Figure 1A). These observations suggest that the
SCN5A-EXOG intergenic region plays an important role in the regulation of SCN5A
and possibly other genes in the region. 

Generation of a reference Scn5a knockout model
In order to attribute any functional consequences of loss of regulatory 

elements to Scn5a function, we wanted to compare these models to mice that are
functionally heterozygous for Scn5a. We therefore created a mouse model harboring
a frameshift mutation in exon 3 of Scn5a using TALEN-assisted deletion. In humans,
the targeted location contains two pathological missense mutation that are associated
with Brugada Syndrome (Figure 2A). 30–33 A frameshift mutation at this location was
therefore likely to result in a loss-of-function phenotype. No significant alternative
protein products are predicted to be formed in case of a frameshift mutation in exon
3. Oocyte injections yielded a 7bp deletion (Scn5a+/Δ7) in exon 3, which creates 
a frameshift model with a premature stop codon immediately following the site of
deletion. The predicted protein length of Scn5a+/Δ7 is 122aa instead of the full 2020aa
product (Figure 2A). Sequence analysis of regions with predicted off-target effects
did not reveal any additional genomic deletions (Supplemental Table 3). 34

To assess the effects of Scn5a+/Δ7 on mRNA production, we performed 
quantitative PCR analyses. The frameshift mutation in Scn5a+/Δ7 mice resulted in a
~50% downregulation of Scn5a, likely due to nonsense-mediated decay induced by
the premature stop-codon (Figure 2B). Expression of the neighboring gene Scn10a
was unaffected (Figure 2B). In line with previous publications on Scn5a-/- mice, 
interbreeding Scn5a+/Δ7 did not result in homozygous offspring at the time of birth. 35

Scn5a Δ7/Δ7 (n=8) embryos isolated at embryonic day 10.5 (E10.5) could be recovered
at Mendelian ratios. All homozygous embryos displayed impaired embryonic growth
and pericardial edema, whereas heterozygote littermates appear to develop normally
(Figure 2C). From these results, we concluded that Scn5a+/Δ7 acts as a Scn5a null allele
and can serve as a reference model for knock-out models of regulatory elements in
the Scn5a locus. We will continue to refer to this allele as Scn5a null throughout the
manuscript. 
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Deletion of the Exog-Scn5a intergenic region results in selective loss of Scn5a expression
The chromatin signature at the intergenic region downstream of Scn5a

suggests the presence of several active regulatory elements at this location. Review
of the available datasets on epigenetic marks associated with active regulation and
transcription 36 showed occupancy for H3K27ac, H3K4me1, H3K4me3, H3K36me3 and
RNA polymerase II in the regions where we previously identified 4 cardiac regulatory
elements. As a means to investigate the role of these regulatory elements in the 
regulation of Scn5a, we created a mouse line lacking the intergenic region of Exog and
Scn5a (abbreviated as ΔIREXS). Using TALEN-technology, we deleted ~17kb of the
intergenic region in which all 4 cardiac regulatory elements are located, without 
compromising the 3’UTRs of Scn5a and Exog (Figure 3A). Oocyte injections yielded
two founders, ΔIREXS-1 and ΔIREXS-2, which differ only by an additional contiguous
2bp deletion in ΔIREXS-2. Using the least stringent conditions for off-target binding
prediction on all possible combinations of TALEN activity, TALENT 2.0 software did
not predict any off-target effects (Supplementary Table 3). 34
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Figure 2
Generation and characterization of the Scn5a null mouse model. (A) Cartoon showing the 
effect of a 7bp deletion in exon 3 of Scn5a (Δ7), where a frameshift results in a premature stop
codon. Dark and light blue chain represent the amino acids that are normally present in the
human and mouse genome, with the corresponding genetic code provided below. The red 
asterisks represent pathological mutations identified in the human genome. (B) Quantitative
PCR shows a reduction of 50% in expression of Scn5a in the left ventricle, and no effect on
Scn10a. (C) Analysis at embryonic day 10.5 reveals embryonic lethality inembryos homozygous
for Δ7.
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We therefore continued to investigate the functional effects of ΔIREXS-1 and
ΔIREXS-2. Regulatory elements often regulate multiple genes within a topologically
associating domain (TAD). 37,38 From the contact profiles obtained by 4C-seq we 
determined that the TAD harboring SCN5A extends to approximately 0.5Mb on either
side of IREXS. Within this area, we observed a multitude of interactions between
IREXS and promoter regions of various genes within the TAD. Based on these 
observations, and the fact that the intergenic region harbors four regulatory elements,
we hypothesized that loss of this region would result in downregulation of several
genes in the region. Using quantitative PCR we observed a striking 50% downregu-
lation of Scn5a in left and right ventricular tissue from both ΔIREXS lines, similar to
the effects observed in the Scn5a null mice (Figure 3B, 3C). Unexpectedly, however,
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Figure 3
Generation and characterization of ΔIREXS mice. (A) Schematic representation of the deleted
region in ΔIREXS mice. (B) qRT-PCR analysis of all the genes located within the topologically
associating domain around Scn5a shows that Scn5a is the only gene in the domain affected by
deletion of IREXS in the left ventricle. (C) qRT-PCR of the genes most proximal to IREXS 
in the right ventricle shows similar results. (D) Homozygous loss of IREXS results in a severe
embryonic phenotype with loss of cardiac activity, pericardial edema and increased nuchal
translucency.
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we observed no effect on the other 14 genes within the TAD (Figure 3B, 3C). These
results show that the intergenic region of Exog-Scn5a is necessary for the expression
of Scn5a, but not the other genes in its transcriptional domain.

Phenotypic characterization of ΔIREXS shows early embryonic lethality. 
Homozygous loss of Scn5a is lethal at early stages of embryonic development.35

The observation that ΔIREXS results in heterozygosity for Scn5a, prompted us to 
investigate the effects of interbreeding heterozygous ΔIREXS. In accordance with the
hypothesis that ΔIREXS is required for Scn5a expression we were unable to obtain
homozygous offspring, suggesting embryonic lethality (Supplementary Table 4).
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Figure 4
Observed conduction parameters in wildtype, Scn5a null and ΔIREXS mice. For both the Scn5a
null ΔIREXS mice the P wave duration and PR interval are prolonged. Additionally, ΔIREXS
mice show a significant increase in QRS duration. We observed no difference in heart rate, 
although the spectrum in ΔIREXS mice is wide. QT and QTc were not altered in both mutant
lines. Center lines show the medians; box limits indicate the 25th and 75th percentiles as 
determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and
75th percentiles, outliers are represented by dots. All animals were littermates from nests 
combining Scn5a null mice with the ΔIREXS line, as obtained after sufficient backcrosses of
each individual line. n = 22, 15, 16 sample points. * p < 0.01
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Analysis at E10.5 shows that homozygous ΔIREXS embryos (n=6, Supplementary
Table 4) are much more gravely affected compared to homozygous Scn5a null
embryos (Figure 2C, 3D). In contrast to their wildtype and heterozygous littermates,
no cardiac activity was observed in the homozygous ΔIREXS embryos. The embryos
are severely delayed in their development, display increased nuchal translucency and
pericardial edema (Figure 3D). We next evaluated the effects of Scn5a heterozygosity
combined with heterozygous ΔIREXS. Heterozygous Scn5a null mice were 
intercrossed with heterozygous ΔIREXS-1 and heterozygous ΔIREXS-2 mice. Out of
all possible genetic combinations of the offspring, no double heterozygous mice were
born, indicating that the combination of Scn5a loss on one allele and loss of the down-
stream regulatory elements on the other allele is lethal. Because Scn5a-/- embryos do
not survive past E11.5, 35 we isolated embryos from the different intercrosses at E10.5.
Here, we observed that double heterozygous embryos are smaller than their 
heterozygote and wildtype littermates (Supplemental Figure 1). Like the Scn5a null
embryos, double heterozygous embryos are delayed in development and show 
pericardial edema. The phenotype of the homozygous ΔIREXS embryos, however, 
is much more severe. Their morphology and size suggests that embryonic develop-
mental has been compromised shortly after gastrulation (E7.5-E8.5).

Deletion of the Exog-Scn5a intergenic regions causes conduction slowing
Mice heterozygous for Scn5a display a mixed phenotype of Brugada 

syndrome and progressive cardiac conduction disease, with prolongation of the 
P-wave, PR interval and QRS duration. 35,39,40 We hypothesized that if ΔIREXS 
exclusively regulates Scn5a without any cis or trans effects on other genomic regions,
its phenotype should overlap with, but not exceed, that of Scn5a null mice. Therefore,
we performed ECG analysis on ΔIREXS and Scn5a null mice. ECG recordings indicated
similar heart rates in anesthetized mice for all lines. The ECGs of the heterozygous
Scn5a null mice revealed a lengthening of the P-wave and PR interval, whereas 
the QRS duration and QTc are not altered (Figure 4). These results are similar to 
characteristics previously reported for Scn5a+/- mice, 35 thereby confirming that the
Scn5a+/Δ7 mice are functionally heterozygous for Scn5a. The ΔIREXS lines show
lengthening of the P-wave and PR interval and a broadening of the QRS complex
(Figure 4, Supplemental Figure 3). Additionally, for 4 of 16 heterozygous ΔIREXS mice
an abnormal outline of the QRS complex was observed (data not shown). This effect
was not observed in wildtype and heterozygous Scn5a null littermates. These results sug-
gest that ΔIREXS is involved in the regulation of other genes, besides Scn5a. Since we
did not observe any effects on other genes within the regulatory domain of Scn5a, it is
likely that these effects occur at a larger distance on the same chromosome or even in
trans on a different chromosome. To assess the genome-wide effects of ΔIREXS, 
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we performed RNA-sequencing on ΔIREXS, Scn5a null and wildtype littermates. 
Although qRT-PCR showed a significant downregulation of Scn5a in all heterozygote
samples, these observations could not be replicated by RNA sequencing. We assume
that this is due to technical problems and the experiment will need to be repeated. 
Unfortunately, we are therefore currently unable to determine the genome-wide effects
of ΔIREXS.

Genetic variant associated with prolonged QRS duration influences the function of a 
regulatory element by altering a T-box binding element

By deleting the Scn5a-Exog intergenic region, we have shown that this portion of
the genome is necessary for the regulation of Scn5a. However, a detailed investigation
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Genetic variant located in RE6 drives expression in the interventricular septum (A) Cartoon
depicting the location of RE6 in relation to SCN5A. (B) Position of the QRS-duration associated
variant in RE6. The minor allele for the variant (C) alters a consensus T-Box binding element.
(C) Luciferase assays with RE6 shows the element is less active in H10 cells when expressing
the minor allele. (D) Addition of cardiac transcription factors NKX2-5, GATA4, TBX3 and TBX5
shows a reduced response to TBX5 for the minor allele. Activation of the element by the other
factors is unaltered. (E) Transient transgenic activity assay shows that RE6 is active in the 
interventricular septum of the developing heart. When the minor allele is introduced, 
expression is lost. RE7, the regulatory element located just 1kb downstream of RE6 does not
display any apparent cardiac activity in this assay.
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of the region is necessary to specify how more subtle differences, such as genetic 
variants, contribute to human disease. Several genetic variants associated with 
prolonged QRS duration map within the Scn5a-Exog intergenic region. Interestingly,
one variant, rs6781009, is located within the sequence of the previously identified
regulatory elements RE6 (Figure 5A, 5B). This region is highly conserved between
species and motif analyses of the sequence indicates that the variant is located in a 
putative T-box binding element (Figure 5B). 

Functional analysis using a luciferase reporter assay in H10 cells showed high 
constitutive activity of RE6 containing the major allele (T) for rs6781009, which was
reduced when the minor allele (C; frequency 0.1769) was introduced into a large 
enhancer fragment as well as the enhancer core element. Additionally, we found that
the minor allele altered a highly conserved portion of the Tbx-binding motif 
(GGCGACAG), an alteration predicted to decrease its affinity for T-box factors. The
Tbx5-regulated activity of RE6 with the variant was decreased (Figure 5C, 5D). 
We observed no differences in activation by Nkx2-5, Gata4 and Tbx3 for both alleles
(Figure 5D). We hypothesized that if this regulatory element plays a role in the 
regulation of Scn5a, it should be expressed in similar areas of the heart. As such, we
cloned the human positional orthologs of RE6 containing either the major or the minor
allele in an Hsp68/LacZ reporter vector and determined the in vivo activity pattern.
When expressing the major allele for rs6781009, RE6 showed cardiac activity in 5 of
6 embryos. In line with the endogenous expression pattern for Scn5a, the activity is
strongest in the interventricular septum and lower in both ventricles (Figure 5E).
There is no apparent activity of RE6 in the atria. However, where the major allele for
rs6781009 was sufficient to drive cardiac expression of RE6 in the interventricular
septum, this effect is completely abolished by the minor allele (Figure 5E). Based on 4C-
sequencing, the downstream area contacting the Scn5a promoter contains both RE6
and RE7, which are located within ~1kb of each other. Therefore, we additionally tested
RE7 for its activity pattern. This element, however, did not display cardiac activity in
vivo. In 1 of 3 embryos, we observed activity in the embryonic outflow tract Figure 5E).

From these results we can conclude that RE6 is active in the interventricular 
septum, a region where Scn5a is endogenously expressed. This activity is negatively
affected by the presence of a minor allele for a QRS duration-associated variant 
in vitro and in vivo. Together, these observations suggest that RE6 is involved in the
regulation of Scn5a. 

Deletion of RE6 does not affect conduction velocity in the adult mouse heart
We investigated the hypothesis that RE6 is necessary for Scn5a expression by 
generating mice heterozygous for RE6. Using TALEN-mediated genome editing
technology we successfully removed 214bp from the enhancer core of RE6, including
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the T-box site that harbors rs6781009 in humans. Mice heterozygous for RE6 were
viable and fertile. However, mice heterozygous for RE6 did not show a significant 
reduction of Scn5a expression (Figure 6B). We have previously identified other 
regulatory elements in the Scn5a locus that are necessary for the correct expression
of Scn5a in the heart. It is likely that these regulatory elements work together to 
regulate Scn5a expression and effects of a single regulatory element might be difficult
to detect. We speculated that the effects of a dysfunctional regulatory element might
only be unmasked in a sensitized background. Therefore, we intercrossed mice 
heterozygous for RE6 with mice carrying the Scn5a null allele. As expected, we 
detected a ~44% reduction in Scn5a expression in the interventricular septum of the
Scn5a null mice (Figure 5B). The effect was slightly exacerbated in mice heterozygous
for Scn5a and RE6, where we observed a ~56% reduction of Scn5a expression. 
           We next assessed the effects on conduction velocity by optical mapping of adult
mouse hearts. As expected from the expression analyses, we did not find significant
differences for conduction velocity in heterozygous RE6 mice. We observed 
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Figure 6
Genomic deletion of RE6 from the mouse genome does not result in a significant reduction of
Scn5a expression or function (A) Cartoon depicting the location of RE6 in relation to SCN5A.
(B) qRT-PCR of right ventricular tissue and interventricular septum of Langendorff perfused
hearts show no effect on Scn5a expression for loss of RE6. The null mutants, however, show a
significant reduction in Scn5a expression in the interventricular septum. Testing of RE6 in a
sensitized background (Scn5a heterozygosity) does not have an additional functional effect on
Scn5a expression. (C-D) Measurements of longitudinal and transverse conduction velocity
shows similar results as quantitative expression already suggested. Conduction velocity is 
not altered by loss of RE6, while this effect is observed for Scn5a null mice. Crossing of RE6
heterozygous mice with Scn5a null mice did not reveal a significant functional effect on 
conduction velocity.
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significant conduction slowing in both longitudinal and transversal recordings of 
conduction velocity in the heterozygous Scn5a null mice (Figure 6C, 6D). The effects
were similar for left and right ventricle. We did not detect additional slowing of 
conduction in the additional presence of the RE6 deletion. From these results we 
conclude that the contribution of RE6 to the regulation of Scn5a is minimal, at most.
As such, loss of RE6 probably does not result in a functional effect on Scn5a expression
or conduction velocity in the adult mouse heart. 

DISCUSSION
The cardiac sodium channel is an important regulator of myocardial excitability

and cardiac conduction. Improper regulation of the gene encoding for its main building
block, SCN5A, is associated with a large variety in clinical phenotypes. 41 The presence
of multiple genetic variants associated with conduction traits in the noncoding regions
surrounding SCN5A suggest that these areas play an important role in the regulation
of SCN5A expression. We have previously identified a regulatory element upstream
of the Scn5a transcription start site that is necessary for proper Scn5a expression. 28,29

Misregulation of this element by a genetic variant resulted in a ~12% downregulation
of SCN5A per allele in healthy individuals. Since most genes are regulated by multiple
regulatory elements that cooperate to drive gene expression, we investigated the role
of other regulatory elements in the regulation of Scn5a expression. Using TALEN-
mediated genome editing, we generated an Scn5a null mutant and a model that lacks
the ~17.5kb intergenic region in between Scn5a and Exog (ΔIREXS). Heterozygous
deletion in both lines resulted in a 50% reduction of Scn5a expression and slowing of
cardiac conduction. The overlap between these two models is striking, as it shows
that the regulatory elements in IREXS are absolutely required for Scn5a expression.
Furthermore, it also shows that the previously identified regulatory element upstream
of Scn5a is not sufficient to retain part of the Scn5a expression in the absence of the
downstream regulatory elements. Therefore, it is likely that the regulatory elements
in the Scn5a locus act synergistically to maintain robust Scn5a expression. This is 
supported by the observation that all regulatory elements in the locus are spatially in
close proximity to the SCN5A gene promoter and each other. A similar mechanism
was reported in the regulation of the HoxD cluster, where multiple regulatory 
elements come together to function as a single regulatory unit. 42 In that case, the ab-
sence of some regulatory elements was not detrimental to gene expression, as long
as other elements were present to compensate for the loss. 42,43 Possibly, a similar
mechanism is at play in the Scn5a locus. This would explain the lack of effect on Scn5a
expression when we deleted RE6 from the locus. Although the activity pattern of RE6,
which overlaps with the in vivo expression pattern of Scn5a, is abolished by a genetic
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variant in a T-box binding element, we did not observe any functional effects on Scn5a
expression and function in vivo. Scn5a expression levels are similar for mice that lack
RE6 and their wildtype littermates. Furthermore, the conduction parameters of these
mice do not differ from wildtype littermates. When crossed with mice with an Scn5a
null allele to test RE6 function in a sensitized background, we did not observe any 
additional effect on conduction velocity. From these observations we conclude that
RE6 is not necessary for Scn5a expression, although it might still be sufficient. 

The human genome contains millions of genetic variants (current estimate of
dbSNP ~150 million), making it impossible to functionally test each and every one of
these. GWAS therefore rely on linkage disequilibrium for the identification of 
trait-associated variants. Rather than a specific variant, GWAS actually identifies a
specific region associated with the investigated trait. In many cases the leading GWAS
signal will mark a location which in itself is not related to the investigated phenotype,
but is in linkage disequilibrium with the actual causal variant. 44 The QRS duration-
associated variant rs6781009 in RE6, however, does affect activation of the regulatory
element when tested outside of its genomic context. It is possible that RE6 is part of
a network of regulatory elements, in which loss of one element is not sufficient 
to alter regulation of the target gene to a degree that we are able to detect. Recent
studies, mostly in drosophila embryos, have suggested that the concept of regulatory
redundancy is an evolutionary mechanism to ensure stable and reliable activation of
gene expression under stressful conditions. Contrary to the expectation of true 
redundancy, these so called shadow enhancers are more conserved between species
and show a higher degree of functional sites compared to non-redundant regulatory
elements. 45 However, although shadow enhancers are often highly conserved 
between species, the expression level driven by the different enhancers diverges 
between species. 46 Additionally, shadow enhancer functionality can differ between
different stages of development, as shown for the regulation of the Pomc gene in
metabolic dysfunction. 47 In that study, two enhancers synergistically drive gene 
expression during embryonic development, whereas their functionality is reduced to
an additive effect on regulation in adult mice. Only when both enhancers are deleted
from the genome, severe metabolic dysfunction is observed, while deletion of the 
individual enhancers had a modest or even no phenotypic effect. 47 Interestingly, we
found evidence for a functional role of RE6 in activity assays when tested individually
in one species (human), whereas no effect was observed by abrogation of the element
in its genomic context in the other species (mouse). This could indicate that RE6 acts
as a shadow enhancer, that is sufficient to drive expression of Scn5a in the interven-
tricular septum, but not necessary for full Scn5a functionality. To test the concept of
regulatory redundancy in the Scn5a locus, it would be interesting to investigate the
loss of specific regulatory elements together. 
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We have previously identified two other regulatory elements that are necessary
for Scn5a expression. 29 One of these two elements is also located in IREXS, and it
could be argued that the effects observed in ΔIREXS are solely caused by the deletion
of this element. However, complete loss of IREXS resulted in early embryonic lethality
with absent cardiac activity, a phenotype that is much more severe than seen in Scn5a-

/- embryos. This suggests that the regulatory elements in IREXS are necessary for 
regulation of other genes in the region. Unexpectedly, quantitative PCR did not reveal
an effect on mRNA production of other genes within 1Mb of IREXS. In vertebrates,
regulatory elements are usually capable of regulating multiple genes within a
megabase-sized TAD. 48 In fact, the largest functional promoter-enhancer distance
observed so far is 1.3Mb. 49,50 Based on the interactions observed in the SCN5A TAD,
we investigated all genes within ~0.5Mb on either side of IREXS. In theory, it is 
possible that the lack of visible interactions beyond this range is the resultant of 
technical limitations and that we missed relevant cis-regulatory interactions. 
However, another possibility is that IREXS contains regulatory elements that are 
capable of regulating transcription in trans. Interactions in trans occur mostly through
RNA products, such as long noncoding RNAs (lncRNAs). Recent work has identified
a new class of regulatory elements, the enhancer-associated lncRNAs. 51,52 These are
multi-exonic, poly-adenylated RNA transcripts that are derived from developmental
enhancers. Enhancer-associated lncRNAs are capable of regulating transcription 
in cis and trans, thereby expanding the canonical roles of enhancer sequences. 51–53

Based on the abundance of noncoding transcripts in IREXS, it is very well possible that
such an element exits at this location.

In conclusion, we have shown that the downstream regulatory region IREXS is
of vital importance for expression of Scn5a. Deletion of the region results in Scn5a
heterozygosity, which suggests a synergistic interplay of multiple regulatory elements
in the region. We identified a new regulatory element within IREXS that shows an
activity pattern overlapping endogenous Scn5a expression. Furthermore, we show
that this activity pattern is disrupted by a QRS duration-associated genetic variant.
Genomic deletion of this element, however, does not affect the expression of Scn5a,
which illustrates the importance of functional follow-up of GWAS identified variants.
In contrast, the phenotype of ΔIREXS mice is more severe than that of Scn5a null mice,
suggesting that other coding genes are affected by deletion of this region. We were
unable to identify an affected transcript within 1Mb of the location of IREXS, indicat-
ing that the target gene is located further away, perhaps even in trans. If deletion of
IREXS results in dysregulation of genes in trans, it is likely that a lncRNA is present at
this location. This would be an exciting discovery, as such a transcript could have 
important consequences for diagnostic and therapeutic strategies in the treatment of
Scn5a-related cardiac conduction diseases.
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METHODS
4C template preparation and sequencing 4C templates were prepared as previously
described. 54 In short, snap frozen left ventricular tissue of healthy donor hearts was
crushed using a metal dounce homogenizer until tissue powder was obtained. 
Chromatin was cross-linked with 2% formaldehyde in PBS with 10% FCS for 10 min
at room temperature, nuclei were isolated and cross-linked DNA was digested with
a primary restriction enzyme recognizing a 4 bp restriction site (DpnII), followed by
proximity ligation. Cross-links were removed and a secondary restriction enzyme 
digestion (Csp6I), followed again by proximity ligation. For all experiments, 200 ng
of the resulting 4C template was used for the subsequent PCR reaction, of which 16
(total: 3.2 µg of 4C template) were pooled and purified for next-generation sequencing.
The PCR products were purified using two columns per sample of the High Pure PCR
Product Purification Kit (Roche cat. no. 11732676001). The kit separates the PCR 
products that are larger than 120 bp from the adaptor-containing primers (which are
~75 nucleotides (nt) and ~40 nt in size, respectively). Similar results were obtained
with products from a single PCR reaction (200-ng template). PCR primers were 
designed using previously described criteria (described in detail in the method 
sections of chapters 3 and 6 of this thesis). 54 Supplemental Table 1 shows all the
primers used in this study. 4C sequencing and statistical analysis were performed as
previously described 55 (described in detail in the methods sections of chapters 3 and
6 of this thesis). The algorithm used for data analysis is designed to correct for 
sequencing errors and non-unique sequences with consideration of higher coverage
of fragment ends located in close proximity of the viewpoint. Interactions were 
normalized based on the median coverage for running windows of 4kb (black line)
and sliding windows of 2-50kb of linearly increasing size (depicted as color-coded
multiscale diagrams). All median values represent enrichment relative to the maxi-
mum attainable 4 kb median value, whereas sliding windows represent enrichment
relative to the maximum attainable 12 kb median value. The 20th and 80th percentiles
are also computed and depicted as the green area around the 4 kb running windows.

TALEN deletion of genomic regions Genomic locations of Scn5a exon 3, IREXS 
and RE6 were targeted for genome editing using TALEN. The regions were 
selected based on the following criteria: 1) TALEN binding sites were selected that
ranged from 15–20 bases in length. 2) the spacer length was selected to be 15 or 16
base pairs. 3) TALEN cut sequences were selected around a restriction enzyme 
centrally located within the spacer. TALENs were designed with TALENT2.0 
software (https://tale-nt.cac.cornell.edu/) and assembled according to Golden Gate
cloning protocol. 56 TALEN recognition sites and spacer regions are summarized in 
(Supplemental Table 2). Once assembled, the RVDs were cloned into a destination
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vector with the appropriate TALEN backbone to generate mRNA expression plasmids
– pC-GoldyTALEN and RCIscript-GoldyTALEN. In vitro transcription of TALEN
mRNA was conducted by linearizing the expression plasmids with SacI endonuclease
at 37°C for 2–3 hours, transcribing the linearized DNA (T7 mMessage Machine kit,
Ambion) and purifying the mRNA by phenol/chloroform extraction (T7 mMessage
Machine kit user manual protocol) for injection. Next, one-cell embryos were 
microinjected with 7.5-10ng of TALEN mRNA. Offspring of the foster mice were
screened by PCR over the region targeted by TALEN and a subsequent digestion with
the restriction enzyme for the site that was selected in the spacer for each TALEN pair.
DNA of positive offspring was sequenced to determine the exact effects of the
TALEN deletion. We used the TALENT 2.0 software to predict off-target effects for
the selected TALEN pairs. Using the least stringent settings, no off-target effects were
predicted for IREXS and RE6. For the Scn5a null mice, 3 potential off-target binding
sites were predicted, which were screened for genomic deletion at these loci accord-
ingly. No off-target effects were found.  

Mice Founder mice of all lines were crossed back to a clean FVB background for at least 3
generations, after which the lines were intercrossed for evaluation of homozygosity. 
Embryos were isolated at embryonic day 10.5 for further analysis. Dissection was performed
in ice-cold PBS. Amnion genomic DNA was used for PCR analysis of the genotype. 

Quantitative expression analysis Total RNA was isolated from the left and right 
ventricle of adult mutant (Scn5a null, ΔIREXS and ΔRE6) and wildtype mice with the
TRIzol kit according to manufacturer’s protocol (Invitrogen). cDNA was reverse 
transcribed from 300ng total RNA using the Superscript II system (Invitrogen). 
Expression of different genes was assayed with quantitative real-time PCR using the
Roche LightCycler 480 system. Primer sequences are listed in Supplemental Table 5
Relative start concentration (N(0)) was calculated as previously described. 57 Values
were normalized to expression levels. 

In vivo ECG recording Animals were anaesthetized with 1.5% isoflurane. Electrodes
were placed at the right (R) and left (L) armpit and the left groin (F). A reference
electrode was placed at the right groin. ECGs were recorded (Biosemi, Amsterdam,
the Netherlands; sampling rate 2048 Hz, filtering DC 400 kHz (3 dB)] for a period of
5 min. From these leads, a standard six-lead ECG was calculated as follows: I = L-R, II
= F-R, III = F-L, aVR = R-(L+F)/2, aVL = L-(R+F)/2, and aVF = F-(L+R)/2.

Luciferase assays H10 cells were grown in 12-well plates in DMEM supplemented
with 10% FCS (GibcoBRL) and glutamine. After 48 hours, the cells were transfected
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using polyethylenimine 25 kDa (PEI, Brunschwick) at a 1:3 ratio (DNA:PEI). Reporter
construct was generated by ligating DNA for RE6 to pGL2basic+minimal promoter
(control reporter). Standard transfections used 1.0 �g of reporter (or control reporter)
vector co-transfected with 3 ng phRG-TK Renilla vector (Promega) as normalization
control. pcDNA3 constructs expressing Gata4, Nkx2-5, Tbx3 and Tbx5 were 
cotransfected as appropriate. Transfections were carried out at least three times and
measured in duplo. Luciferase measurements were performed using a Promega
Turner Biosystems Modulus Multimode Reader luminometer. All data was statistically 
validated using an ANOVA two-way test.

Transgenic mouse enhancer assay DNA fragments obtained from the genomic 
location of RE6 and RE7 in the Scn5a-Scn10a locus were cloned into the Hsp68-LacZ
reporter vector as previously described. 58 DNA was injected into the pronucleus of 
a fertilized Friend virus B-type strain egg, and approximately 200 injections/construct
were performed. Embryos were harvested at embryonic day 10.5 and stained with 
X-gal to detect LacZ activity. 

Optical mapping of wildtype and mutant mice Mice were stunned by inhalation of
CO2 and killed by cervical dislocation, after which the heart was excised, cannulated,
mounted on a Langendorff perfusion set-up, and perfused at 37°C with Tyrode’s 
solution ((in mmol/L) 128 NaCl, 4.7 KCl, 1.45 CaCl2, 0.6 MgCl2, 27 NaHCO3, 0.4
NaH2PO4, and 11 glucose (pH maintained at 7.4 by equilibration with a mixture of
95% O2 and 5% CO2)). The perfused solution contained 10 uM Blebbistatin to reduce
motion artifacts. The hearts were perfused with 0.5 ml of 0.4 mM di-4-Anneps and
subsequently placed in an optical mapping setup. Excitation light was provided by a 
5 Watt power LED (filtered 510 +/- 20 nm). Fluorescence (filtered >610 nm) was
transmitted through a lens system on a CMOS sensor (100 x 100 elements, MICAM
Ultima). All optical signals were spatially binned (5x5 pixels), filtered using a 0-100Hz
finite impulse response filter, and normalized. Activation times were defined at
dVm/dtmax. Activation patterns were measured during sinus rhythm and ventricular
pacing at a basic cycle length of 120 ms (twice the diastolic stimulation threshold). We
defined longitudinal fiber direction by the highest conduction velocity using custom
made software (ORCA 59). Simultaneous recording of a pseudo-electrocardiogram,
using electrograms placed 5 mm from the heart, was performed, and the QRS duration
was determined according to previously described methodology. 60

Statistical analysis Results are expressed as mean ± SEM. Details of the various 
statistical analyses can be found in the methods subsection of a specific experiment. In 
general, unless otherwise stated in the text or figure legend, significance refers to p < 0.05.
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Supplemental Figure 1
Heterozygous Scn5a null embryos and heterozygous ΔIREXS embryos develop normally, 
whereas development in double heterozygous embryos is severely impaired and results in 
embryonic lethality.
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Supplemental Figure 2
Evaluation of the individual ΔIREXS lines show no significant differences for the conduction
parameters that were significantly altered compared to wildtype (PR interval and QRS 
duration). Center lines show the medians; box limits indicate the 25th and 75th percentiles as
determined by R software; whiskers extend 1.5 times the interquartile range from the 25th and
75th percentiles, outliers are represented by dots. All animals were littermates from nests 
combining Scn5a null mice with the ΔIREXS lines, as obtained after sufficient backcrosses of
each individual line. n = 22, 9, 7 sample points.
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SUPPLEMENTAL TABLES

SCN10A               Forward         AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCTGA
promoter                                          ctttccctctgcttaggatc
                                  Reverse          CAAGCAGAAGACGGCATACGATGATGAATATGGGAGAGTGC

RE1                          Forward         AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCTGA
                                                               gagaggtttgggaactgatc
                                  Reverse          CAAGCAGAAGACGGCATACGAGTGAGGGCTGTCACATTCT

SCN5A                 Forward         AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCTGA
promoter                                          AGCAAGTGGGGTCTCGGATC
                                  Reverse          CAAGCAGAAGACGGCATACGAaaccactgtggaaaactgtc

RE9                         Forward         AATGATACGGCGACCACCGAACACTCTTTCCCTACACGACGCTCTTCCGATCTGA
                                                               GAAGGACATTTGGGTAGATC
                                  Reverse          CAAGCAGAAGACGGCATACGACTCCTTCACTATGGCCCT

Supplemental Table 1
4C primer sequences with adapters. 

4C viewpoint                              Primers with adapter

aTAL1                   chr9
                                 119469416-119469431            HD NI NH HD HD HD HD NG NG HD HD NI HD HD HD

TAL2                     chr9:
                                 119469385-119469400          NI HD HD NI NI NI NI NG HD NG NG HD NI HD NI

TAL3                      chr9
                                 119392340-119392359             NH NH NH NI NI NG NH NI HD NG NG HD NI NH NH NG NG NH NG HD

TAL4                     chr9
                                 119392305-119392324              NH HD HD NG NH NI NH HD HD NG HD NG NH HD NG NG HD HD NH NH

TAL5                     chr9
                                 119374922-119374937              NI NH HD NG NH NI HD NH HD NG NG NH NG NH NH

TAL6                     chr9
                                 119374891-119374907             NH NI NH NG NG HD HD NG HD NG NI NH NH NH NH NG HD

TAL7                     chr9
                                 119388720-119388748            NH HD HD NI HD HD HD NI NH NI HD HD HD HD NI NH HD HD NG NI NI 
                                                                                              HD HD HD HD HD NI NG NG NG
TAL8                     chr9
                                 119388765-119388785             NG NG NH NG NI HD HD NG NI NI NG NI NI NI NI NG NH NG HD NI

Supplemental Table 2
TALEN location and RVD sequences for all mouse models

TALEN               Genomic location                  RVD sequence
                                (mm9)                                          
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TAL1 + TAL1                                             None

TAL1 + TAL2                                            chr4:46265580-46265634

TAL2 + TAL2                                            None

TAL3 + TAL3/4/5/6                          None

TAL4 + TAL3/4/5/6                          None

TAL5 + TAL3/4/5/6                          None

TAL5 + TAL3/4/5/6                          None

TAL7 + TAL7                                            None

TAL8 + TAL7                                           None

TAL8 + TAL8                                           None

Supplemental Table 3
Predicted off target binding events, predicted using TALENT 2.0 Paired Target Finder with
least stringent settings (Minimum Spacer Length: 15; Maximum Spacer Length: 30; Score 
Cutoff: 4.0; Upstream Base: T or C; Dimer Types to Find: Both)

Combined TALEN                            Predicted off-target binding
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Supplemental Table 4
Overview of mice born from intercrossing the Scn5a null mice with ΔIREXS mice. 

Expected           -                                10                           25%                         50% 25%
ratios

ΔIREXS-1           6                               7.7                     2.5 (33%)              5.2 (67%) 0  (0%)

ΔIREXS-2           2                               9.0                    3.5 (39%)              5.5 (61%) 0  (0%)

Inter-               Total                  Average                   WT                        +/Δ                        Δ/Δ
breedings    nests                     pups                     n (%)                    n (%)                    n (%)
Pups P7            (n)                          (n)                              

Expected           -                                 -                             25%                        50%                         25%
ratios

Scn5a null           4                              40*                     6 (15%)               24 (60%)                8 (20%)

ΔIREXS-1            3                                28                       8 (33%)               14 (50%)                 6 (21%)

ΔIREXS-2           3                              24*                     6 (25%)               14 (58%)                  2 (8%)

Inter-               Total                     Total                        WT                        +/Δ                        Δ/Δ
breedings    nests                embryos                 n (%)                    n (%)                    n (%)
Embryos         (n)                         (n)
ED10.5                  

Expected            -                   10                      25%                25%                     25%                            25%
ratios

Scn5a null x      10                 6.4                       2.4                   1.9                       2.1                                0 
ΔIREXS-1                                                           (38%)            (30%)                   (33%)                         (0%)

Scn5a null x       11                 6.0                       1.9                    1.3                       2.7                                0 
ΔIREXS-2                                                          (32%)            (22%)                   (46%)                       (0%)

Intercross     Total      Average              WT          Scn5a+/Δintergenic+/ΔRE               Scn5a+/Δ x 

                           nests         pups                n (%)           n (%)            n (%)              intergenic+/ΔRE

                             (n)              (n)                                                                                                           n (%) 
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Supplemental Table 5
qRT-PCR primers for the SCN5A TAD

            -                   1                      2                2                      2                             2

        1                 6                       2                    1                        2                                 0 
                                                          (            (                    (                         (

         1                  6                       1                     1                        2                                 0 
                                                          (             (                    (                        (

    T      A               W           S                S   

                           n          p                 n            n             n              i
                             (               (                                                                                                           n  

                                  

Gene                                     Primers (5‘-3')

Scn5a                                        Forward:             GGGACTCATTGCCTACATGA
                                                     Reverse:              GCACTGGGAGGTTATCACTG

Scn10a                                     Forward:             CTAGTCTGTTGTTTTCTGCG
                                                     Reverse:              GCGAAGAGCAGCGTGCGAATC

Xylb                                           Forward:             CGGGAGGAGCATCTCACAATAA
                                                     Reverse:              CATGAAAAGCTCGGTATGCGGA

Acaa1a_1                                 Forward:             GGATGACAAGGGTGACAAGAAA
                                                     Reverse:              CATCACTCACCTGACTGGAGTT

Acaa1a_2                                Forward:             TGTGGCTGAGCGGTTTGGCATT
                                                     Reverse:              TGTCACCCTTGTCATCCAGGAC

Myd88                                    Forward:             CCGCATGGTGGTGGTTGTTTCT
                                                     Reverse:              GGAATCAGTCGCTTCTGTTGGA

Oxsr1                                        Forward:             GAGAGATACAGCAGAGGGTGTT
                                                     Reverse:              CACCAGATGCCAGTTTGAAAGT

Osr1                                           Forward:             CACACTGATGAGCGACCTTACA
                                                     Reverse:              CCCACACTCTTGACACTTGAAA

Slc22a13                                   Forward:             AGACCCTGAAGGACACCCTCCA
                                                     Reverse:              CACCCTCACACTGGAAGTTCTT

Slc22a14                                  Forward:             CTCCGTGACAGCATAGAGTACA
                                                     Reverse:              CACTTCAGAATCAGCCACAATG

Acaa1b                                     Forward:             CCTTGGGGTCCTGAGGTCCTAT
                                                     Reverse:              CCTAACTTCTCCACACAGTAGA

Dlec1                                         Forward:             AGCCAGGGAGGATCATGCGTTT
                                                     Reverse:              CCACCACCAGTGTAGATTCATA

Pcld1                                         Forward:             GCCGTCAGACAGCAGTTATTAC
                                                     Reverse:              AGGAGTCATAATCCTCTACCAT

Vill                                              Forward:             ACAGCCAGTCCTACGAGGAGAT
                                                     Reverse:              GGTGACCTGCCTTGTTATCACT

Eef2                                           Forward:             TGGAGCCTATCTATCTGGTGG
                                                     Reverse:              GTCTCAGCTACCACTTGGCT





SUMMARY
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Coordinated contraction of the heart relies on the proper functioning of ion channels
that generate the cardiac electrical impulse. Improper regulation of these ion channels
can result in a wide variety of cardiac arrhythmias. Several different causes for 
misregulation of ion channels have been identified, but perhaps the most prominent
one lies in our genetic code. Mutations in the genes encoding for ion channels can cause
an imbalance, resulting in altered cardiac conduction Genetic screening of families with
a history of cardiac arrhythmias or sudden cardiac death sometimes identifies a clear 
culprit when such a mutation is present. However, even then a large phenotypic 
variability exists between individuals carrying the same mutation. Many factors 
contribute to this variability, including the presence of additional genetic modifiers in
the noncoding portion of the genome. While previously discarded as a non-relevant
part of the genome, increasing evidence shows that noncoding regions are involved in
important biological processes, such as gene expression, architectural organization of
chromatin structure and epigenetic modification. In this thesis, we investigated the role
of regulatory elements in the noncoding DNA and the effects of genetic variants therein
on cardiac ion channel function.

Chapter 1 serves as an introduction to the research that is described in this thesis. 
The chapter focuses on the role of ion channels in cardiac rhythm and the role of 
regulatory elements in the expression of the ion channel encoding genes. Many 
regulatory elements have been discovered through chromatin immunoprecipitation
(ChIP) followed by genome wide sequencing. The discovery that these two techniques
could be combined marked a new era for genome biology. Since the first reports about
ChIP sequencing (ChIP-seq) in 2007, numerous studies have been performed to assess
the DNA occupancy of regulatory proteins in many cell types of various species. 
Chapter 2 is a technical chapter that describes the use of this technique in adult mouse
hearts, which we implement in the following chapters for the identification of cardiac
regulatory elements. 

In chapter 3 we provide new insight into the regulation of the human ether-a-go-go-
related gene KCNH2. This gene encodes the voltage-gated potassium channel under-
lying IKr, which is important for repolarization of cardiac myocytes. Inappropriate
regulation of KCNH2 can result in cardiac arrhythmia due to altered repolarization, seen
as variation in the duration of QT interval on the ECG. Recent research showed that
presence of specific KCNH2 isoforms has an important impact on the function of the
potassium channel. However, despite the existence of multiple KCNH2 isoforms, clinical
(drug) research mainly focused on the isoform KCNH2A. In this chapter, we investi-
gated the regulatory landscape of Kcnh2 in mice. We identified a downstream regulatory
region that physically contacts the Kcnh2 promoter. At the location of two regulatory
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elements in this region we observed active transcription of noncoding RNA (ncRNA).
One of the ncRNAs is prominently expressed in the cerebellum and different compart-
ments of the heart, thereby mimicking the endogenous expression of Kcnh2b. The other
ncRNA is present in many different tissues and expressed at levels similar to Kcnh2
mRNA. Knockdown of this ncRNA results in downregulation of Kcnh2b, whereas the
expression of Kcnh2a is not significantly altered. Besides a downregulation of Kcnh2b,
we also observed a reduced expression of neighboring cardiac genes Nos3 and Abcb8.
Together, our data show that Kcnh2a and Kcnh2b are differentially regulated. Further-
more, it shows that a downstream regulatory region is necessary for the correct expres-
sion of three important proteins in the heart. 

Chapters 4-7 focus on the transcriptional regulation of the Scn5a locus. Scn5a encodes
the main cardiac sodium channel that regulates the initial upstroke of the action 
potential. Mutations in this gene underlie several hereditary arrhythmia syndromes,
such as Brugada syndrome, Long QT syndrome, sick sinus syndrome, progressive 
cardiac conduction disease, atrial fibrillation and several others. The genotype-
phenotype correlation in these diseases is often unclear, which makes it likely that other
genetic modifiers play a role in the regulation of disease. Studies that focused on 
identification of such modifiers, reported an increased number of genetic variants 
associated with ECG traits near genes encoding cardiac transcription factors and cardiac
ion channels including SCN5A. This suggested the presence of a transcriptional network
important for the correct regulation of Scn5a expression, which could be disrupted by
the presence of genetic variants. In chapter 4, we investigated this network by assessing
the genome-wide occupancy of important cardiac transcription factors in the adult
mouse heart in vivo. We found that the group of genes that is occupied and regulated
by the conduction system specific transcription factor TBX3 is enriched for cardiac ion
channels and gap junction proteins. The transcriptional regulation of genes occurs
through activation or repression by distal regulatory elements. By overlaying the
genome-wide occupancy profiles for several cardiac transcription factors, we identified
putative cardiac regulatory regions throughout the genome. As a proof op principle, 
we investigated the Scn10a-Scn5a locus for functionality of these regulatory elements. 
Although Scn5a encodes the main cardiac sodium channel, we found that its neighboring
gene Scn10a is also downregulated by overexpression of TBX3. Additionally, both genes
are expressed at a highly similar fashion in the heart. Therefore, we aimed to identify
regulatory elements in and around Scn5a and Scn10a. We selected 9 putative regulatory
elements, 7 of which showed regulatory activity in vitro. The two highest scoring 
elements, we named RE1 and RE9, recapitulated the endogenous Scn5a-Scn10a expres-
sion pattern in vivo. One of these elements (RE1), located in an intron of SCN10A, 
contains a noncoding variant (rs6801957) associated with prolonged QRS duration. 
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We found that the variant alters a TBX3/TBX5 consensus binding site, thereby reducing
the cardiac activity of the regulatory element in vivo. 

In chapter 5, we delve deeper into the topic of SCN5A transcriptional regulation
by distal regulatory elements and the effects of noncoding variants therein. We discuss
our findings on the regulatory element in SCN10A and propose that the effects of
rs6801957 on conduction velocity reflect changes in expression of SCN5A rather than
SCN10A. Therefore, we investigated the SCN10A-SCN5A locus by circular chromatin
conformation capture sequencing (4C-seq) in chapter 6. We found that the regulatory
elements we identified in chapter 4 both contact the Scn5a promoter in ventricular tissue
of adult mice. Expression analysis showed that SCN5A is expressed at significantly
higher levels than SCN10A in human and mouse heart tissue. To assess whether the 
regulatory elements RE1 and RE9 are necessary for Scn5a expression, we constructed a
BAC transgenic mouse model with a LacZ cassette inserted into the endogenous Scn5a
transcriptional start site. Deletion of RE1, located in Scn10a, from the BAC model 
resulted in loss of Scn5a-LacZ expression in the ventricular myocardium and proximal
cardiac conduction system. Removal of RE9, located downstream of Scn5a, from the
BAC model resulted in disrupted expression in the ventricular myocardium and distal
cardiac conduction system. Simultaneous deletion of both regulatory elements 
completely abrogated Scn5a-LacZ expression. When we tested the minor allele for the
QRS-duration associated variant rs6801957 in our BAC model, we observed a striking
loss of expression in the compact myocardium and atrioventricular bundle. Accordingly,
introduction of the minor allele in transient transgenic embryos results in a complete
loss of activity of RE1. Based on these observations, we hypothesized that this variant
affects SCN5A expression in humans. Therefore, we determined SCN5A mRNA 
expression levels in 2 independent heart tissue biobanks and correlated the results with
the genotype for rs6801957. We found significantly higher levels of SCN5A expression
in individuals homozygous for the major allele compared to individuals heterozygous
or homozygous for the minor allele. Expression of each minor allele resulted in a 12% 
± 6% reduction of cardiac SCN5A expression. Although the element is located in an 
intron of SCN10A, we observed no effect on SCN10A expression. Our results show that
genetic variants in regulatory elements can have a significant effect on gene expression.
Furthermore, we demonstrated that, counter intuitively, the effects of regulatory 
elements cannot be directly correlated with the expression of the gene in closest prox-
imity of the element. 

In chapter 7 we determined the chromatin conformation of the SCN10A-
SCN5A regulatory landscape in human ventricular tissue. We observed an increased
frequency of interaction between the regulatory elements RE1 and RE9 and the SCN5A
promoters, similar to the interaction profile in ventricular tissue of mice. Interestingly,
the interaction profile overlapped with clustering of QRS duration associated variants
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in the intergenic region downstream of SCN5A, where we previously identified 4 
regulatory elements. Deletion of this intergenic region from the mouse genome using
TALEN-assisted genome editing resulted in a ~50% downregulation of Scn5a in 
heterozygous mice. Further analyses of the mice lacking the intergenic region shows a
lengthening of the P-wave, PR interval and QRS duration on surface ECGs. These are
similar to the effects we observed in heterozygous Scn5a null mice. The fact that removal
of the intergenic region results in heterozygosity for Scn5a shows that it is crucial 
for regulation of Scn5a in vivo. It also shows that the regulatory elements in the Scn10a-
Scn5a locus act in synergy, as the previously identified element RE1, which drove 12%
of Scn5a expression in human ventricular tissue, is unable to rescue part of the Scn5a
expression in mice heterozygous for the intergenic region. Complete loss of the 
intergenic region resulted in early embryonic lethality. We observed a much more 
severe phenotype in these mutant embryos compared to the homozygous Scn5a null
embryos. This suggests that the regulatory elements in the intergenic region regulate
other genes besides Scn5a. However, we found no evidence that genomic removal of
the intergenic region affects other genes in the topologically associated domain of Scn5a.
Therefore, we propose that the intergenic region downstream of Scn5a contains 
elements that can regulate transcription of genes in trans. 

To further investigate the individual effects of regulatory elements in the 
intergenic region downstream of SCN5A, we selected an element that overlapped with a
QRS duration-associated variant. The variant, rs6781009, in RE6 also alters a 
conserved portion of a T-box binding element. This results in decreased constitutive activity
and altered response to TBX5 for RE6 carrying the minor allele of the variant 
in vitro. The expression pattern of RE6 carrying the major allele overlaps with the 
endogenous SCN5A expression pattern in the interventricular septum. When the minor 
allele is introduced, expression is completely lost. To assess the effects RE6 in vivo, 
we created a mouse line that lacks this regulatory element. Unexpectedly, functional 
characterization of these mice shows no effect on Scn5a expression or cardiac conduction.
Even in a sensitized model heterozygous for Scn5a, loss of RE6 does not have an additional
functional effect on Scn5a expression or function. This means that either RE6 is not impor-
tant for regulation of Scn5a, or the other regulatory elements in the region are able to 
compensate for loss of this regulatory element. Taken together, our research on the Scn5a
locus show that regulation of this gene is an intricate and delicately balanced process. 

In conclusion, we identified several regulatory elements in the vicinity of ion channel
genes and investigated their role in the regulation of gene expression. We show that loss
of these regulatory elements results in reduced expression of ion channel genes, which
consequently affects cardiac conduction. Furthermore, we show that genetic variants in
noncoding regulatory elements affect ion channel gene expression in humans.
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De elektrische impuls die nodig is voor het gecoördineerd samentrekken van de 
hartkamers komt voort uit het samenspel van meerdere ionkanalen. Wanneer er iets
mis gaat in de regulatie van deze ionkanalen, kan dit leiden tot een scala aan 
hartritmestoornissen. Hoewel hiervoor vele verschillende oorzaken te bedenken 
zijn, komt een belangrijk deel hiervan voort uit veranderingen in ons DNA. Mutaties
in genen die coderen voor ionkanalen kunnen zorgen voor een disbalans tussen 
de verschillende ionkanalen. Wanneer dit leidt tot een verandering in het elektrische 
signaal dat hierdoor gegenereerd wordt, kunnen er ernstige ritmestoornissen 
ontstaan. In sommige families waarin hartritmestoornissen veelvuldig voorkomen
wordt door middel van genetische screening een oorzakelijke mutatie 
gevonden. Hoewel dit enige richting geeft in het voorspellen of iemand last krijgt van
ritmestoornissen, blijkt er tussen familieleden met de zelfde mutatie nog steeds veel
variatie te zitten. Waarschijnlijk komt deze variatie voort uit een combinatie van 
meerdere factoren. Een van deze factoren is de aanwezigheid van genetisch variatie
in niet-coderende delen van het DNA. Deze niet-coderende gebieden beslaan 
ongeveer 98% van het genoom en werden kort na hun ontdekking bestempeld als
‘junk DNA’ – DNA waarvan gedacht werd dat het niet relevant was voor biologische
processen. In de afgelopen jaren is echter gebleken dat deze niet-coderende delen
van het genoom belangrijk zijn voor vele verschillende processen, zoals regulatie 
van genexpressie, inrichting van de chromosoom architectuur en allerlei epigeneti-
sche processen. In dit proefschrift onderzoeken we het effect van genetische variatie
in het niet-coderende deel van het genoom op de regulatie en expressie van genen
die coderen voor ionkanalen.

Hoofdstuk 1 beschrijft hoe specifieke ionkanalen bijdragen aan het normale hartritme.
Daarnaast gaan we dieper in op de rol van regulatoire elementen in de regulatie 
van genen die coderen voor ionkanalen. Door middel van onderzoek naar eiwit-
binding op het DNA kan men voorspellen waar op dat moment regulatoire activiteit
plaatsvind in het genoom. Met behulp van een techniek genaamd chromatine 
immunoprecipitatie (ChIP) gevolgd door DNA sequencen kan men precies aanwijzen
waar een specifiek eiwit bindt aan het DNA van een specifieke cel van een specifiek
organisme. Door deze techniek toe te passen in verschillende celtypen van 
verschillende plant- en diersoorten zijn er inmiddels vele regulatoire gebieden 
geïdentificeerd.
Het moge duidelijk zijn dat de ontdekking van deze techniek een belangrijke stap
voorwaarts was in het onderzoek naar regulatie van genexpressie. In hoofdstuk 2 
beschrijven we hoe deze techniek kan worden toegepast in volwassen muizenharten.
In de daaropvolgende hoofdstukken gebruiken we deze methode om belangrijke 
regulatoire gebieden in hartweefsel te identificeren. 



Samenvatting  | 213

In hoofdstuk 3 gaan we op zoek naar regulatoire gebieden die bijdragen aan expressie
van het humane ether-a-go-go-gerelateerde gen KCNH2. Dit gen codeert voor een
voltage-afhankelijk kaliumkanaal dat bijdraagt aan de normale repolarisatie van 
hartspiercellen. Wanneer er iets mis gaat in de regulatie van KCNH2 kan dit leiden tot
ernstige hartritmestoornissen. Dit is terug te zien als een verandering van de duur van
het QT interval op het ECG. Recente studies hebben aangetoond dat er verschillende
isovormen van KCNH2 bestaan. Een veranderde balans in expressie van deze verschil-
lende isvormen kan zorgen voor verandering van functie van het kaliumkanaal. 
Hoewel we weten dat deze verschillende isovormen bestaan, wordt er bij genees-
middelenonderzoek nog steeds voornamelijk naar één specifieke isovorm gekeken.
Hierdoor kunnen belangrijke consequenties van de andere isovormen gemist worden.
In dit hoofdstuk onderzoeken we het regulatoire landschap van Kcnh2 in muizen.
Wanneer we naar de 3D configuratie van het genoom in hartspiercellen kijken, zien
we dat een niet-coderend gebied ongeveer 80kb stroomafwaarts van Kcnh2 in fysiek
contact staat met de Kcnh2 promoter. In dit gebied bevinden zich twee regulatoire
elementen, die tevens worden afgeschreven als niet-coderend RNA (ncRNA). Een
van deze ncRNAs komt, evenals een van de Kcnh2 isovormen – Kcnh2b, specifiek tot
expressie in het hart en het cerebellum. De andere ncRNA is qua expressieniveau 
vergelijkbaar met Kcnh2, maar komt in zeer veel verschillende weefsels tot expressie.
Wanneer we deze ncRNA wegvangen in een cel-systeem heeft dit geen effect op 
expressie van Kcnh2a, maar zien we wel een significante reductie in de hoeveelheid
Kcnh2b. Daarnaast blijkt deze ncRNA verantwoordelijk voor expressie van de 
naastgelegen cardiale genen Nos3 en Abcb8. Met deze resultaten tonen we aan dat
Kcnh2a en Kcnh2b differentieel worden gereguleerd. Het regulatoire gebied dat hier
verantwoordelijk voor is, is tevens betrokken bij de regulatie van twee andere 
belangrijke eiwitten in het hart.  

Hoofdstukken 4 tot 7 richten zich op de transcriptionele regulatie van het Scn5a locus.
Het gen Scn5a codeert voor het belangrijkste cardiale natriumkanaal dat verantwoor-
delijk is voor de initiatie van de cardiale actiepotentiaal. Mutaties in dit gen kunnen
aanleiding geven tot het ontstaan van verschillende erfelijke hartritmestoornissen,
zoals Brugada syndroom, lang QT syndroom, atriumfibrilleren en verschillende 
andere ritmestoornissen. De relatie tussen genotype en fenotype is in deze ziekten
vaak onduidelijk en het is zeer waarschijnlijk dat andere oorzaken, zoals genetische
variaties in niet-coderende delen van het DNA, hierbij een belangrijke rol spelen. 
Verschillende studies hebben de geleidingstijden van gezonde mensen gecorreleerd
aan genetische variaties in het DNA. Uit deze zogenaamde associatie studies bleek
dat subtiele veranderingen op het ECG significant vaker geassocieerd zijn met 
variaties in en rondom transcriptiefactoren en ionkanalen, zoals bijvoorbeeld SCN5A.
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Hieruit kan worden afgeleid dat genetische varianten het transcriptionele netwerk
rondom SCN5A kunnen verstoren. In hoofdstuk 4 onderzochten we dit netwerk door
te bepalen waar belangrijke cardiale transcriptiefactoren aan het DNA binden in het
volwassen muizenhart. De transcriptiefactor TBX3 speelt een belangrijke rol in de
ontwikkeling van het geleidingssysteem van het hart. Onze resultaten laten zien dat
dit eiwit voornamelijk betrokken is bij de regulatie van ionkanalen en gap junction 
eiwitten. Omdat transcriptionele regulatie van genen voornamelijk verloopt via distale
regulatoire elementen, bekeken we de locaties waar meerdere transcriptiefactoren
met elkaar overlapten. Hiermee identificeerden we talloze regulatoire elementen
door het hele genoom van de muis. Om de effecten van deze regulatoire elementen
op de genregulatie verder te onderzoeken richtten we ons specifiek op de locatie van
Scn5a in het genoom. Hoewel Scn5a het belangrijkste cardiale natriumkanaal is, blijkt
ook het naastgelegen Scn10a door TBX3 te worden gereguleerd. Genexpressie 
analyse liet zien dat beide genen op dezelfde locaties in het hart tot expressie komen.
Om die reden onderzochten we de regulatoire elementen in en rondom Scn5a én
Scn10a. Op basis van overlap in eiwitbinding selecteerden we 9 verschillende locaties
die mogelijk als regulatoir gebied van Scn5a of Scn10a dienden. Zeven van deze 
locaties lieten regulatoire activiteit zien in een celsysteem, waarvan twee sterke 
constitutieve activiteit lieten zien. Deze twee elementen, die we RE1 en RE9 
noemden, bleken in transgene embryo’s op de zelfde plaats in het hart tot expressie
te komen als Scn5a en Scn10a. Element RE1, gelokaliseerd in een intron van SCN10A,
bevat een genetische variant (rs6801957) waarvan het minor allel geassocieerd is met
een verlengde QRS duur op het ECG. Wij ontdekten dat deze variant de bindings-
plaats van TBX3 / TBX5 in element RE1 veranderd, waardoor de cardiale activiteit van
dit element wordt verminderd, zowel in vitro als in vivo. 

In hoofdstuk 5 duiken we dieper in de transcriptionele regulatie van SCN5A
door distale regulatoire elementen en de effecten van genetische varianten hierop.
We bespreken onze bevindingen met betrekking tot het regulatoire element in
SCN10A en komen tot de conclusie dat er weinig aanwijzingen zijn voor een belang-
rijke rol voor SCN10A in het hart. Daarom veronderstelden we dat de effecten van de
genetische variant rs6801957 op de geleidingssnelheid van het hart wellicht het 
gevolg zijn van veranderde regulatie van SCN5A. Om dit verder te onderzoeken, 
gebruikten we in hoofdstuk 6 de 4C-sequencing techniek om de 3D-configuratie van
het SCN10A-SCN5A locus te bekijken. Hieruit bleek dat de regulatoire elementen RE1
en RE9 die we in hoofdstuk 4 onderzochten, door middel van DNA looping contact
maken met de Scn5a promoter in ventriculair weefsel van het volwassen muizenhart.
Expressie analyse liet zien dat SCN5A, in vergelijking tot SCN10A, significant hoger
tot expressie komt in hartweefsel van zowel muis als mens. Om te bepalen of RE1 en
RE9 nodig zijn voor Scn5a expressie construeerden we een BAC transgene muis met
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een LacZ cassette op de plaats van de endogene Scn5a transcriptie startplaats. Deletie
van RE1 in het BAC model leidde tot verlies van Scn5a-LacZ expressie in het 
ventriculaire myocard en het proximale geleidingssysteem. Verwijdering van RE9 
resulteerde in verlies van expressie in het ventriculaire myocard en het distale 
geleidingssysteem. Gecombineerde deletie van zowel RE1 als RE9 resulteerde in
compleet verlies van Scn5a-LacZ expressie in het volwassen muizenhart. Vervolgens
testten we het effect van de genetische variant rs6801957 in het BAC model. Het allel
dat geassocieerd is met verlengde QRS duur – het minor allel – laat een opvallend 
verlies van Scn5a-LacZ expressie zien in het compacte myocard en de atrioventricu-
laire bundel. In een onafhankelijk systeem tonen we vervolgens dat de expressie van
RE1 in het interventriculaire septum van transgene embryo’s volledig verdwijnt in de
aanwezigheid van het minor allel. Op basis van deze bevindingen veronderstelden
we dat het minor allel van rs6801957 verantwoordelijk is voor verminderde SCN5A
expressie in mensen. Daarom bepaalden we de SCN5A mRNA expressie levels in 
hartweefsel van 2 onafhankelijke biobanken en correleerden de resultaten met het
genotype voor rs6801957. Hieruit bleek dat de SCN5A expressie levels significant
hoger zijn in mensen die homozygoot zijn voor het major allel in vergelijking tot 
mensen die heterozygoot of homozygoot zijn voor het minor allel. De aanwezigheid
van het minor allele resulteerde in een 12% ± 6% reductie van SCN5A expressie per
allel. Hoewel het regulatoire element in een intron van SCN10A ligt, zagen we geen
verschil in SCN10A expressie tussen het minor en major allel. Onze resultaten laten
zien dat genetische variatie in regulatoire elementen een belangrijk effect op gen 
expressie kunnen hebben. Daarnaast blijkt uit onze resultaten dat het effect van 
regulatoire elementen niet direct kan worden toegeschreven aan het (lineair) dichtst
bijgelegen gen. 

In hoofdstuk 7 bepaalden we de 3D configuratie van het regulatoire 
landschap in en rondom SCN10A-SCN5A in humane ventrikels. Hieruit bleek dat,
evenals in het muizenhart, de regulatoire elementen RE1 en RE9 contact maken met
de SCN5A promoters. Tevens zagen we een sterke interactie tussen de SCN5A
promoter en de 3’UTR van het naastgelegen gen, EXOG. In dit gebied zagen we 
tevens een toename van het aantal genetisch varianten dat geassocieerd is met een
veranderde QRS duur op het ECG. In hoofdstuk 4 identificeerden we reeds 4 regula-
toire elementen in dit gebied en we veronderstelden dat de overlap met QRS-duur
geassocieerde genetisch variatie impliceert dat dit gebied belangrijk is voor regulatie
van het cardiale geleidingssysteem. Om dit te testen verwijderden we het niet-
coderende gebied tussen Scn5a en Exog uit het muizengenoom met behulp van een
nieuwe techniek genaamd TALEN. Dit resulteerde in een 50% verlies van Scn5a
expressie. Analyse van de geleidingstijden in deze muizen met behulp van ECG lieten
een verlengde P-, PR- en QRS duur zien. Deze resultaten zijn gelijk aan de effecten



216 | Samenvatting

die we vonden in Scn5a heterozygote muizen. Hieruit kunnen we afleiden dat de 
niet-coderende regio tussen Scn5a en Exog noodzakelijk is voor regulatie van Scn5a
in vivo. Daarnaast blijkt hieruit dat de regulatoire elementen in het Scn5a locus op 
synergistische wijze met elkaar samenwerken, aangezien de aanwezigheid van RE1
– waarvan we in hoofdstuk 6 aantoonden dat dit element verantwoordelijk is voor
12% van de normale Scn5a expressie – onvoldoende is om Scn5a expressie te redden
in afwezigheid van het regulatoire gebied tussen Scn5a en Exog. Analyse van embryos
waarin dit gebied op beide allelen is verwijderd overlijden vroeg in de embryonale
ontwikkeling. Het phenotype van deze embryos is veel ernstiger dan dat van embryos
die helemaal geen Scn5a tot expressie brengen. Dit wekt de suggestie dat het regula-
toire gebied tussen Scn5a en Exog tevens betrokken is bij de regulatie van andere
genen. Uit analyse van alle andere genen in het regulatoire gebied van Scn5a bleek
echter geen van deze genen te zijn aangedaan door verlies van het regulatoire gebied.
Mogelijk is dit gebied dus betrokken bij regulatie van verder weg gelegen genen. 

Om de individuele effecten van regulatoire elementen uit het gebied tussen
Scn5a en Exog verder te onderzoeken selecteerden we een element dat overlap
toonde met een QRS-duur geassocieerde variant. Evenals de variant in RE1, ligt deze
variant – rs6781009 in RE6 – in een consensus bindingselement voor T-box factoren.
Aanwezigheid van het minor allel van deze variant resulteert in een verminderde 
constitutieve activiteit van het element en een verminderde activatie door TBX5. 
Analyse van transgene embryos met het major allel in RE6 toonde robuuste expressie
in het interventriculaire septum. Wanneer we RE6 testten met het minor allel bleek
deze expressie volledig verloren te gaan. Vervolgens testten we het effect van verlies
van RE6 in vivo, door het regulatoire element uit het muizengenoom te verwijderen
met behulp van TALEN. In tegenstelling tot wat we verwachtten blijkt verlies van RE6
geen effect te hebben op Scn5a expressie of geleidingssnelheid. Zelfs wanneer we
RE6 testten in combinatie met Scn5a heterozygotie bleek er geen additioneel effect
te zijn van verlies van dit regulatoire element. Hieruit zouden we kunnen afleiden dat
RE6 niet belangrijk is voor Scn5a expressie, maar het is ook mogelijk dat andere 
regulatoire elementen in het locus kunnen compenseren voor het verlies van RE6. 
Al met al laten onze resultaten zien dat de regulatie van Scn5a een complex en delicaat
proces is. 

In dit proefschrift hebben we verschillende regulatoire elementen ontdekt en 
gekarakteriseerd die van belang zijn voor de regulatie van genen die coderen voor
ionkanalen. We hebben laten zien dat verlies van deze regulatoire elementen kan 
leiden tot verminderde expressie van genen die coderen voor ionkanalen en dat dit
kan leiden tot veranderde geleidingssnelheid in hartspiercellen. Daarnaast hebben
we laten zien hoe genetische variatie in regulatoire elementen kunnen bijdragen aan
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verminderde genexpressie van ionkanalen en veranderde geleidingstijden bij mensen.
Met dit onderzoek hebben we een begin gemaakt aan het ontrafelen van het 
ingewikkelde transcriptionele netwerk dat betrokken is bij regulatie van genen die
coderen voor ionkanalen. Onze resultaten bieden een solide basis voor verder onder-
zoek naar de transcriptionele regulatie van genen die coderen voor ion kanalen en
hun rol in erfelijke hartritmestoornissen. 
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with the legendary words ‘Hi, I’m that other guy’, and right then I knew I wanted to
invite you to be part of my dissertation committee. It was a pleasure working with you
on the Scn5a regulation paper and it’s an honor to have you in the committee. Thank
you for being part of this. Professor Blom, beste Nico, nog niet zo heel lang 
geleden liep ik mijn keuze coschap Kindercardiologie in het AMC. Met 
bewondering heb ik gekeken naar de invulling van jouw dag: ’s ochtends wat 
percutane sluitingen, daarna geef je op geduldige wijze uitleg aan patiënten en ouders
op de ritmepoli, en vervolgens vind je ook nog ergens tijd om op hoog niveau 
wetenschappelijk onderzoek te doen. Ik kan alleen maar dromen dat me dat op een
dag ook lukt. Hartelijk dank dat je deel uit wil maken van mijn commissie! Professor
van der Harst, beste Pim, sinds een hele koude Dutch-German Meeting in Rolduc,
Kerkrade zijn we erachter dat een gedeelte van ons onderzoek goed op elkaar aansluit
en dat heeft inmiddels geresulteerd in een mooie paper in JACC. Hartelijk dank voor
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het beoordelen van mijn proefschrift, jammer dat het niet gaat lukken om er bij de 
verdediging ook bij te zijn. Professor de Laat, beste Wouter, lang geleden mocht ik 
in het Hubrecht komen oefenen met 4C-seq, een techniek waar we de afgelopen jaren
veel aan gehad hebben. Bij vragen of problemen stond er altijd iemand van het ‘de Laat
lab’ voor ons klaar. Fijn dat we op zo’n ongedwongen manier met elkaar konden samen-
werken. Hartelijk dank daarvoor en natuurlijk ook voor het bijwonen van mijn 
verdediging. Beste professor Versteeg, helaas de enige die ik nog niet persoonlijk ken,
maar ik heb goede verhalen gehoord over uw deelname aan de corona, dus ik verheug
me op de mooie vragen die ik van u ga krijgen.

Mijn paranimfen Tom en Lucas van den Boogaard
Wie anders dan mijn twee grote kleine broer(tjes) zouden mij kunnen bij staan op
deze bijzondere dag. Lieve Tommy, de afgelopen 20 jaar ben je van een klein irritant
broertje uitgegroeid tot een knappe kerel. Helaas begrijp ik van jouw vakgebied net
zoveel als jij van dat van mij, maar het lijkt er op dat het je voor de wind gaat. Met een
daarnaast prachtige vrouw en dochter om je bij te staan, heb je alles goed voor elkaar.
Ik bewonder het ogenschijnlijke gemak waarmee je alle in de ballen in de lucht houdt,
zodat jullie naast jullie drukke gezins- en werkleven ook nog een uitgebreid sociaal
leven in stand kunnen houden. Dat dat inhoudt dat je de agenda’s 3 maanden van 
te voren naast elkaar moet leggen om een afspraak te kunnen plannen, is dan helaas
onoverkomelijk. Gelukkig lag deze promotiedatum al wat langer vast en ik ben dan
ook verheugd dat je straks in vol ornaat naast me staat. 
Lieve Luc(ie), met bewondering kijk ik naar de persoon die je de afgelopen jaren 
geworden bent. Van ons drieën ben je degene die zich het minst druk maakt en daar-
door altijd een ongedwongen sfeer creëert, maar ben je tegelijkertijd ook de meest
betrouwbare en betrokkene. Ik weet niet of het bewust is, maar je weet altijd op het
juiste moment even klein teken van genegenheid te geven. Dat maakt je de perfecte
paranimf om mij straks, als het moment daar is, ook weer even gerust te stellen dat
het allemaal we goed komt. Los daarvan hoop ik dat er de komende jaren nog vele
reisjes en bierfestivals samen mogen volgen. Ook al is ie nog niet geboekt, die reis
naar Canada samen gaat er komen en ik kijk er nu al naar uit.  

Afdeling Anatomie, Embryologie en Fysiologie 
Mijn avontuur op het lab begon aan de hand van Martijn Bakker. Niet lang nadat ik
aan mijn stage begon werden we al omgedoopt tot ‘Jut en Jul’, onafscheidelijk en 
beiden even enthousiast over het gebruik van Excel (want zeg nou zelf, met een 
excelletje wordt toch alles overzichtelijker). Vol geduld leerde je me alle handige lab
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ins en outs, en ik heb mezelf er de afgelopen jaren op betrapt dat ik veel van die dingen
nog steeds gebruik. Mijn introductie in de wondere wereld van de wetenschap had
niet beter kunnen verlopen, en ik denk dat je daarmee onbewust een belangrijke rol
in mijn keuze voor het vervolgtraject hebt gespeeld. Dank voor alle inzichten!

In die lang vervlogen tijd waren daar tijdens mijn eerste stapjes op het lab ook nog de
volgende mensen die altijd klaar stonden voor raad en daad of gewoon een gezellig
kletspraatje. Wim Aanhaanen, de (vanuit Thomas?) doorgegeven wijze raad ‘BAC
is BAH’ circuleert nog steeds. Ik hoop je te mogen begroeten tijdens het feestje in 
januari 2017, dan kunnen we eens een gooi doen naar die reünie waar we het in 2014
(!) al over hadden. Tilly Mommersteeg, ik ben blij om te zien dat je keuze om te 
stoppen met je coschappen perfect voor je heeft uitgepakt. Dat je nu associate 
professor bent aan Oxford zegt genoeg over je kwaliteiten en ik wens je veel succes
bij de volgende stappen in je carrière. Elaine Wong, dank voor het sequencen van de
originele TBX3 ChIP. Kees Jan Boogerd, dank voor je TBX20 adviezen vanuit 
San Diego. Connie Wiese, Alex Postma en Thomas Horsthuis, ook jullie 
bedankt voor jullie hulp bij mijn eerste wankele stapjes op het lab. Daarnaast hoort
Bas Boukens eigenlijk ook nog in dit tijdperk thuis, maar gelukkig ben jij wel 
gebleven / weer terug gekomen. Bas, dank voor de wetenschappelijke discussies en
bijdragen aan het laatste Scn5a hoofdstuk van dit boek. Lekker kunnen discussiëren,
met of zonder bier erbij, kan met jou altijd en dat is een voorrecht. Oh en nog een
puntje: Bjarke heeft gelijk wat betreft de AV canal grap tijdens Weinstein 2010, Wim
was er gewoon bij… 

Vaste bakens van licht in het soms duistere lableven zijn Vincent Wakker en Corrie
de Gier. Wanneer je een probleem hebt dat met DNA te maken heeft, ga je naar 
Vincent. Als je een muis gemaakt wil hebben overigens ook. Een blauwe maandag
heb ik nog geprobeerd je te enthousiasmeren voor een combinatie van DNA en eiwit,
maar helaas hield je je toch liever bij puur DNA werk. Tijdens mijn laatste exercities
op het lab hebben we het TALEN protocol toch maar weer mooi werkend gekregen,
mede dankzij jou hulp! Voor een goed potje roddelen kon ik trouwens ook bij je 
terecht; waarom zijn we eigenlijk opgehouden met af en toe een blikje halen met een
goede roddel erbij? Corrie, de enige ware in situ koningin; altijd mocht ik nog last
minute een weefseltje bij je afleveren voor de paraplast-koe en nooit was een extra
coupe of kleuring je te veel. Heel wat blauwe harten heb je voor me opgesneden en
dat heeft prachtige platen opgeleverd. Ik zou het niemand anders hebben toever-
trouwd. Dank voor al je hulp en gezellige gesprekken over foto’s en technologische
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hoogstandjes! Daarbij is er dan ook nog Aho Ilgun, die je daadwerkelijk in het donker
tegen kan komen op het lab. Aho, we hebben uiteindelijk niet heel veel samen 
gewerkt, behalve dan dat prachtige filtratiesysteem dat we voor de 4C-seq hadden
bedacht. Ondanks dat was je op het lab altijd even behulpzaam, dank daarvoor. Vroe-
ger was daar dan ook nog Carol Verhoek-Pocock. Lieve Carol, jij hebt zoveel platen
met H10 en Cos7 cellen voor mij uitgeplaat dat dat nooit meer goed te maken is. 
Wat een geluk hebben we al die jaren met jou gehad! Eeuwige dank daarvoor. Anita
Buffing, dank voor de gezellige gesprekjes bij de koffieautomaat.

De tweede generatie op het lab Ileana ‘Ile’ Badi, pretty little Italian ballerina. Before
I met you I did not know there were so many curse words in Italian. It was hilarious
sitting behind you in the lab, hearing you talk to your samples (or actually cursing
them). Thank you for the fun times in the Efteling, Madrid, Cassis, Rome, and all the
other places that do not come to mind right now. Irina Sergeeva, oh what fun we had
in the lab. While in the beginning our collaboration was limited to one of many toe
duties and me singing the BAC song for you when BAC stuff was not working (Don’t
Speak by No Doubt, for reference), we eventually got to embark on a whole 
new adventure together, namely the optimization of the 4C protocol for adult 
cardio-myocytes. Although not always successful in the beginning, it turned out to
be a rewarding and hilarious trip. Plus, we had another song to go along with it, the
‘Ode to the Douncer’. Thank you for all the good times (the great trip to Madrid!)
and I hope to see you (and the Katushka pants) on many more occasions! Ingeborg
Hooijkaas, dank voor aanhoren van mijn geklaag de afgelopen maanden, en natuurlijk
ook voor het overnemen van zowel de muizenadministratie als het BAIO-schap. Sonia
Stefanovic, belly dancing partner in crime. Thank you for playing ‘Je ne veux pas 
travailler’ so many times in the lab and leading the way into sequencing small amounts
of stuff on a large scale. Rajiv Mohan, het zonnetje van het lab en tevens mijn 
ECG-held. Dank voor het last-minute opnieuw analyseren van de delE6-E9 ECGs en
uiteraard ook voor alle gezelligheid op borrels (cookie). Henk van Weerd, dank voor
de samenwerking op het Tbx3-Tbx5 project en veel succes met het afronden van je
promotie! Karel van Duijvenboden, in het begin nog even kort onder mijn hoede op
het lab, maar al snel besloot je dat de bioinformatica toch beter bij je paste. Een goede
keuze, want het heeft je geen windeieren gelegd. Gezien de technologische vooruit-
gang is er tegenwoordig denk ik geen project meer waar je niet bij betrokken bent en
ik hoop dan ook dat die afronding van je promotie binnenkort in zicht is. Jij vraagt me
altijd oprecht geïnteresseerd hoe het met me gaat als we elkaar tegen komen, en dat
wordt zeer gewaardeerd. Verder wens ik mijn nieuwere collega’s – Antoinette van
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Ouwerkerk, Joyce Man, Vincent van Eif en Marie Günthel – ook veel succes met
het afronden van hun PhD traject. Joyce, je hebt nu het mooiste project dat er is in
handen, zorg dat je er gebruik van maakt! The same thing goes for my new colleague
Suchit Ahuja; good luck with the Kcnh2 project. Based on our last conversation I con-
clude that you are making very rapid progress and I am looking forward to discussing
it in further detail. 

Jettie ‘Jetteketet’ Kanon, jij krijgt een klein hoofdstukje voor jezelf. Dank voor al je hulp
in de afgelopen jaren. Even snel een stickertje, envelopje, mailtje of tips over de beste
manier van verzenden externe post via de interne AMC brievenbus, er is volgens mij
niets waar je geen trucje voor hebt. Hoe druk je het ook hebt, je staat altijd voor iedereen
klaar en dat is een bijzondere gave. Daarnaast kan iedereen altijd bij je terecht voor een
gezellig kletspraatje of wanneer je gewoon even je ei kwijt wilt. Zodra je dit leest weet
je dat de grote doos die zojuist bij je op de stoep is bezorgd wéér niet van Zalando is.
Sorry!

Maurice van den Hoff, ik denk dat er in de laatste jaren niemand is geweest die mij
vaker de vraag ‘is het al af?’ heeft gesteld. Je verbazing toen ik een paar maanden 
geleden met ‘ja’ kon antwoorden, was dan ook een prachtig gezicht. Dank voor je
bulderende Limburgse lach en je hulp waar nodig! 
Jan Ruijter, dank voor je oprechte interesse in mijn dagelijkse bezigheden. 
Ik waardeer je kritische blik tijdens presentaties, die er voor zorgt dat wel allemaal
scherp blijven. Je welwillendheid om rustig te gaan zitten om alle statistiek van een
experiment eens even door te nemen hebben mij regelmatig geholpen om de juiste
vervolgstappen te zetten. Dank daarvoor! 
Antoon Moorman, alhoewel in eerste instantie op papier nog mijn promotor, werd
dat al snel omgezet. Ondanks dat was ik altijd welkom voor een praatje, overleg 
of gewoon voor de gezelligheid. Je ‘open deur beleid’ is al in vele dankwoorden 
geroemd en dat gaat hier niet anders zijn!

De oude garde van het vd Hoff/Moorman uur: Gert van den Berg, terug van weg-
geweest, dank voor je slechte grappen en je goede tips ten aanzien van het afronden
van mijn proefschrift. Helaas heb ik alleen niet geluisterd. Bram van Wijk, leuk om je
weer even terug te zien bij de CTC op G3Zuid. 
Marc Sylva, bij jou denk ik aan grapjes met droogijs en veel slechte muziek op de
radio. Tegelijkertijd heb je door mij toch wel een beetje liefde voor Bruce Springsteen
ontwikkeld, dus dat compenseerde veel. Daarnaast ben je iemand die altijd bereid is
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om te helpen, en dat is een pracht-eigenschap. Veel succes in je verdere carrière als
kinderarts. Bjarke ‘BJ’ Jensen, the boat trip towards the party of Weinstein 2010 was
hilarious. Thanks for all the enthousiastic scientific talks and also the less scientific
ones at other occasions. Your work on comparative cardiac anatomy and physiology
always intrigues me and I hope to see much more of it in the years to follow. 

De (semi-)nieuwe garde van het vd Hoff uur: Quinn ‘Queeny’ Gunst, de beste 
tenendiensten waren samen met jou. De sowieso al leukste taak van de week werd
een feestje met een op maat gemaakte playlist met de grootst mogelijk herrie, een
paar juweeltjes, en niet te vergeten, de verplichte wekelijkse dosis Monique 
Smit – een essentieel onderdeel voor het voltooien van een succesvolle tenendienst
(met dank aan Marc Sylva). Onze samenwerking liep als een goed geoliede machine,
niet in de laatste plaats doordat ik je daarnaast wekelijks op je neus mocht slaan tijdens
onze gezamenlijke kickboks training. Misschien hadden we het toch beter bij Project
Charlie kunnen houden, want daar waren de blauwe plekken in elk geval beperkt tot
mijn tenen. Dank voor al je hulp, gezelligheid en natuurlijk ook voor het overnemen
van mijn BAIO-schap, waardoor jij automatisch de nieuwe bierslaaf werd. Gelukkig
is die taak wel heel dankbaar. Andrea Mattioti, deary, thanks for all the hugs when
needed and the nice cakes that David bakes and you bring along for us. Stuti Prakash,
thanks for always asking me how I’m doing and paying interest in what happens in
my life. I wish you both a smooth and prosper last few months of your PhD projects. 

Verder ben ik ook een woord van dank verschuldigd aan Alexandre Soufan, Bouke
de Boer, Jaco Hagoort, Jan Zegers, Arie Verkerk, Ronald Wilders en Antonie van
Ginneken. Hartelijk dank voor jullie hulp in tijden van nood. Jan en Jaco, een 
zegevierend top team dat alles wat met elektronica te maken heeft voor je oplost 
binnen de kortst mogelijke tijd. Dank daarvoor! Bouke, veel dank voor je efforts bij
het verwerken van de eerste ChIP-seq en RNA-seq datasets. Andre de Graaf, excuses
dat je zo vaak hebt moeten tekenen voor mijn veel te dure bestellingen.

Van de ‘echte’ Anatomie kant wil ik ook graag nog mijn dank uitspreken richting Kees
de Jong. Dank dat je speciaal voor mij zitting wilde nemen in de artsuitslagzittings-
ronde van april 2016. De afgelopen jaren heb ik altijd genoten van onze ganggesprek-
ken, die ik dan ook erg zal missen! Veel succes met je bezigheden in China, ik ben
benieuwd of het lukt om daar een mooi Anatomie curriculum op te zetten. Roeland
Kleipool, er gaat niets boven een ochtendje 1e jaars studenten uitleggen dat de kip
geen placenta heeft, dus als je in de komende jaren nog eens iemand nodig hebt voor
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een embryologie werkgroep houd ik me aanbevolen. Datzelfde geldt overigens voor
het Aangeboren Hartafwijkingen practicum, Roelof-Jan Oostra. 

Experimentele Cardiologie 
Yigal Pinto, dank voor je eeuwige enthousiasme en de hulp die je me geboden hebt
bij het regelen van mijn oudste coschap bij de cardiologie en later ook weer in voor-
bereiding op de sollicitatieronde. Nogmaals sorry dat ik alleen maar langs kom als ik
iets nodig heb. Volgende keer kom ik gewoon een keer goeiedag zeggen! Esther
Creemers, het eerste wat bovenkomt drijven als ik aan je denk is de grap met het 
telefoontje vanuit het Oude Gasthuis over de kapotte standpijp, toen je net naar 
Amsterdam verhuisd was. Mooi was die tijd! Dank voor al je positieve woorden en
gezelligheid de afgelopen jaren. Nina ‘Pluis’ de Groot, die andere lieve pluis, dank
voor je altijd en eeuwige enthousiasme. Yolan Reckman, ik heb je op het lab onder
de vleugels van Anke zien opgroeien van een echte geneeskunde student tot een 
volwaardige, moleculair onderlegde lab-assistent. Voor ons was het al lang duidelijk
dat je prima als promovendus bij ons op het lab zou passen, en ik ben blij om te zien
dat je uiteindelijk zelf ook tot dat inzicht bent gekomen. Leander ‘Lebber’ Beekman,
zo’n beetje de enige die de bijnaam ‘Louder’ nog bezigt. Mooi was de goede oude
tijd dat we gezellig koffie gingen drinken of naar een concert van Thomas Dybdahl.
Dank voor alle gesprekjes met een kopje koffie op het stenen bankje bij collegezaal
5. Ik wacht nog steeds op je telefoontje voor een nieuwe koffiedate!

De volgende huidige en oud collega’s van de experimentele cardiologie 
wil ik ook graag bedanken voor hun gezelligheid op borrels, praatjes bij de koffie-
automaat, hulp op het lab en ver daarbuiten: Joost Leenders, Monika Hiller, Stephanie
van den Oever, Margriet Westerveld, Amalia Halliani, Arlin Smits, Ies Elzenaar,
Amin Damanafshan, Krystien Lieve, Fleur Tjong, Roos Marsman, Marieke Blom,
Abdenasser Bardai, Shirley van Amersfoort, Christiaan Veerman, Gerard Marchal,
Marieke Veldkamp, Maaike Hoekstra, Appie Beqqali, Ralph van Oort, Svitlana
Podliesna, Isabella Mengarelli, Rianne Wolswinkel, Diane Bakker, Carol-Ann
Remme, Brandon Scicluna, Mio Campian, Tamara Koopmann, Hanno Tan, Geert
Boink, Amin, Ruben Coronel, Doris Skoric, Najim Lahrouchi, Nicoline Smit, 
Berend de Jonge, Vincent Portero, Mischa Klerk en Lucia Cócera Ortega.

Medewerkers van het ARIA
Heel veel dank aan alle dierverzorgers die de afgelopen jaren voor mijn vele muizen
hebben gezorgd. Zonder jullie had een groot deel van dit proefschrift niet tot stand
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kunnen komen. Een speciaal woord van dank voor de dames van het vroegere 
Algemeen 3: Nicole, Frances, Karen en Lianne. Sorry voor alle keren dat jullie voor
mij door de bakken hebben moeten speuren naar een spookmuis. Karen, dank voor
het echoën van al die drachtige muizen, dat was een mooi projectje. 

Mijn studenten
Lisa Dreizehnter (Nr 13, although not entirely true), dear Lisa, you were the first 
student I guided and I was very lucky to get such a bright, talented German girl with
a very Californian accent. I think the fact your name appeared on the 2012 JCI paper
reflects how hard you worked during your internship. I was very happy to hear that
you started your PhD in Germany on a similar topic as the one you worked on during
your internship with me. I wish you all the best in finishing up your PhD!
Amira Bawazeer, my dearest Amira, thank you for all the hard work and countless
hours you put in the Kcnh2 project. You are a truly amazing person and no one should
ever doubt that (and that includes you). I believe you can do anything you set your
mind to, and so should you. I have never met any other student that picked up on hard-
core molecular biology as quickly as you did. I hope your new plans for your future in
Indonesia will work out for you. Let’s do our best to keep in touch!

Mijn kamergenoten (de echte leukste kamer). 
De eeuwige strijd om de leukste kamer bestond eigenlijk helemaal niet, want dat was
gewoon L2-109. Lief en leed heb ik hier met velen mogen delen, maar vooral met
Wino, Anke, Sameer, Maarten en Mathilde. Zoals Anke in haar dankwoord aan 
aanhaalde, werd met de komst van Maarten naar deze kamer de verdeling Brabander
– Niet Brabander gelijkgetrokken. Met een Rotterdammer, een Limburger en een
little Frenchie erbij was het daarmee best aardig te doen. Anke ‘Ànkie’ Tijsen, inmid-
dels hoor jij niet meer bij het lijstje kamergenoten te staan, maar eigenlijk gewoon
samen met Sander onder het kopje vrienden. Tijdens onze PhD trajecten maakten we
vaak soortgelijke situaties en problemen mee, en het was erg fijn om daarin een 
klankbord te hebben. Ik ben blij dat je weer lekker terug in Nederland bent, en we nu 
regelmatig samen wat leuks kunnen gaan ondernemen. Ik verheug me op de komende
jaren heerlijk discussiëren over wetenschap (en zeiken over alles wat niet lukt). Wino
‘WiW’ Wijnen, dat laatste is ook zeker op jou van toepassing, want man, wat kon jij
zeiken zeg. Gelukkig was e.e.a. altijd weer goed te maken met een grote fruitschaal
(met snoep banaantjes, snoep kersjes, snoep etc) of een megazak M&Ms. Gelukkig
haalde je er altijd 2, 1 voor de kamer en 1 voor jezelf, die je vervolgens allebei zelf op
at. We hebben genoeg hoogtepunten samen meegemaakt, met natuurlijk als toppunt
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het tripje naar New York. Net als bij Anke schaar ik jou en Melania inmiddels gewoon
onder het kopje vrienden en ik hoop dan ook binnenkort eindelijk eens een keertje
op bezoek te komen in Zurich! Sameer ‘Smear’ Rana, fijn dat we ook tijdens het 
laatste stukje van onze opleiding in hetzelfde schuitje zaten. Ik heb genoten van de
diepgaande gesprekken en ik hoop dat er binnenkort wat moois op je pad komt. 
Wellicht komt dat na je US avonturen als je USMLE gehaalde hebt? Maarten ‘Maartje’
van den Hoogenhof, met jou is het echt altijd gezellig en valt er vrij zelden een serieus
woord. Dank voor je relativerende slechte grappen en je sporadische, doch zeer 
bijdragende, wetenschappelijk inhoudelijke bijdragen aan mijn bestaan. Mathilde
‘Little Frenchie’ Rivaud, thank you for your enthousiasm. I have always been 
impressed by your wit and ability to pick up on so many things so fast. Already a few
months after you came to the Netherlands you could easily converse in our strange
little language, which I think says enough about your enormous intellect. I foresee a
bright scientific future for you, mademoiselle!  Although the times for ‘bloemenmeis-
jes op het lab’ are definitely over, I hope I will get to see you (and Doutzen, Nala and
Bas, of course) on many occasions! 

Mijn kamergenoot 2.0
Er waren eens 2 coassistentjes met een hele luxe tweepersoonskamer op het K-lab.
Lieve Bernadette de Bakker, wat een geluk hadden wij dat we zo een luxe kamer
met z’n tweetjes mochten delen. Ook al duurde het niet heel erg lang, tijdens onze
coschappen hebben we er toch regelmatig de weekenden samen gespendeerd. Ook
dat bleek weer een goede uitlaatklep, lekker even stoom afblazen over irritante pro-
motiedingen en vervelende coschap problemen. Daarnaast waren er natuurlijk ook
de positieve momenten, met bijvoorbeeld onze twee tijdelijke extra kamergenoten
ergens eind 2013. Jij bent het toonvoorbeeld dat ‘hard work does pay off’, en dat wordt
maar weer mooi geïllustreerd door die prachtige Science paper die deze week, tijdens
het schrijven van dit stukje, gaat verschijnen. Dat er maar vele mogen volgen!

National and international colleagues 
Lots of thanks to everybody that contributed to my thesis in one way or the other:
Henk Buermans, Peter-Bram ‘t Hoen, Petra Klous, Harmen van de Werken, Fed-
erico Tessadori, Jeroen Bakkers, Ivan Moskowitz, Ozanna Burnicka-Turek, Scott
Smemo, David Arnolds, David McKean, Jochen Muehlschlegel, Julia Moosmann,
Okan Toka, Xinan Yang, Cathy Jenkins, Michiel Adriaens, Christine Seidman and
Jon Seidman. Many thanks also to all the wonderful people I met at the many 
conferences I attended during my PhD period! 
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Coschappen
Lieve cogroep-genootjes – Bram, Karin, Lieve, Josephine, Robin, Noraly, Freya,
Leonie, Nienke, Esme, Lara, Ab, Müge, Noëlle en Vera – dank voor jullie interesse
en sorry voor alle keren dat ik het (te vaak) over dit boek heb gehad. Speciale dank
ook aan de mentor van ons cogroepje, dr. Paul van Trotsenburg, voor verhelderende
gesprekken met betrekking tot de toekomst. 
De afdeling kindercardiologie – dr. Bart Straver, dr. Irene Kuipers, dr. Sally Ann Clur,
drs. Ad Backx, Tilly, Pietsje, Ari en Ewoudt – wat een feest om bij jullie stage te
mogen lopen. Hartelijk dank voor alle uitleg, geduld, mijn eerste echo-stapjes en
vooral ook de mogelijkheid om mijn preklinische onderzoek eens vanuit een ander
perspectief te benaderen. 

Afdeling Cardiologie
Een klein woord van grote dank aan mijn huidige collega’s van de afdeling cardiologie
die de afgelopen maanden mijn verhalen hebben moeten aanhoren over het wel en
wee van het afronden van dit proefschrift. Collega’s op F3Zuid en G3Zuid, dankzij
jullie loop ik iedere dag weer fluitend naar de afdeling en was de combinatie van 
overdag werken en ’s avonds schrijven aardig goed vol te houden. Dank voor jullie
enthousiasme, interesse en positiviteit. Ronak Delewi, dank dat je aan me dacht 
ergens in april van dit jaar. Na 10 onbeantwoorde sollicitatiebrieven had ik door jouw
mailtje ineens binnen 1 dag een baan, en nog wel op de best mogelijke plek! Eeuwige
dank, en die fles wijn volgt nog! Ammy van der Tol, dank dat je af en toe wilde 
bijspringen zodat ik nog wat ruimte had om wat laatste dingetjes af te ronden. Vanaf
nu (even) geen tot-diep-in-de-nachtelijke schrijfsessies meer, ik ben er weer! 
Collega-assistenten, dank dat jullie me in deze eerste periode nog een beetje ontzien
hebben. Vanaf nu ben ik echt volledig inzetbaar en mogen jullie me voor ieder praatje
of klusje vragen!

Vrienden, familie en alles daartussenin
Naast de mensen die op wetenschappelijke wijze aan dit boek hebben bijgedragen,
is er ook nog een heel scala aan mensen die op andere wijze een rol hebben gespeeld
in het verschijnen van dit boek. 

Allereerst Matched Media, en in het bijzonder Yvon van Dooren, dank voor de vorm-
geving en opmaak van dit boek. Dankzij jullie ziet het er ongetwijfeld prachtig uit! 

Mijn middelbare school vriendinnetjes Linda en Wendy, ondanks dat wel elkaar niet
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zo vaak meer zien als vroeger (namelijk iedere dag zo’n 6 uur en dan daarna nog bui-
ten school afspreken) is het altijd weer ouderwets gezellig. Dat we toevallig ook nog
allemaal ‘iets medisch’ zijn gaan doen, maakt dat ik de afgelopen jaren ook met jullie
goed heb kunnen babbelen over de inhoud van dit boek. 
Vanaf 2005 mijn vast clubje in de collegezaal: Tim, Inge, Hiltsje, Ruben en Bart.
Vanaf het tweede studiejaar hebben jullie me opgenomen in het ‘rij 6 van collegezaal
4’ clubje en zijn we samen opgegroeid in het medische wereldje. Gelukkig is iedereen
inmiddels aardig onder de pannen en vertegenwoordigen we een breed scala aan 
medische specialismen. Het is heerlijk te kunnen relativeren met een clubje dat aan
een half woord genoeg heeft. Daarbij zorgen Karlijn en Tim (die andere dus) gelukkig
voor de niet-medische noot, zodat we niet alleen maar aan het zeiken zijn. We hebben
samen mooie hoogtepunten, en helaas ook behoorlijke dieptepunten meegemaakt,
maar met de bijna verdubbeling van onze vriendengroep (oke, overdreven) met alle
babies die jullie in 2016 geproduceerd hebben lijkt het weer de goede kant op te gaan.
Op naar de volgende 10 jaar en oh ja, wanneer gaan we nou eindelijk skieën?!

Catelijne, dank voor alle gezellige etentjes de afgelopen jaren. Fijn om te kunnen
kletsen met iemand die echt in een totaal ander vakgebied werkt. Zo zie je toch maar
weer dat het overal hetzelfde is… 

Paul en Allard, doen jullie wel een beetje voorzicht met mijn lief? Dank voor alle
leuke middagen op (voor jullie) en naast (voor mij) de judo mat!

Saskia en Roelof-Jan, eigenlijk allebei in eerste instantie collega’s, maar inmiddels
schaar ik jullie onder het kopje vrienden, hoor. Af en toe een biertje onder het genot
van wat slap geouwehoer heeft het afronden van dit boek goed gedaan. 

Marlon en Patrick, het lukt misschien niet zo vaak als we graag zouden willen, maar
als het dan lukt is het altijd supergezellig. Thanks voor de tips en hulp ten aanzien van
de cover. 

Linda en Lauran, beiden bekend met dit schuitje en daardoor aan een half woord 
genoeg. Dank voor de relativerende concertavondjes, wanneer gaan we weer een
festivalletje doen? 

Roosje, vanaf dag 1 mijn vriendinnetje in de collegebank. Alleen al terugdenkend aan
onze allereerste ontmoeting en alles wat zich daaromheen afspeelde komt er een
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brede glimlach op mijn gezicht. Helaas liet je me na 1.5 jaar studie in de steek, maar
de vriendschap bleef gelukkig bestaan. Wie had nou gedacht dat ik na al die dagen
poolen in de Epsteinbar uiteindelijk hier zou staan. Dank voor alle avondjes dat 
we mochten komen genieten van de kookkunsten van Bouke en van jullie mooie 
gezinnetje. Dat er nog maar vele etentjes en vakanties samen mogen volgen!

Lieve families van den Boogaard en Tullemans (en verwanten), dank voor jullie 
oprechte interesse in mijn dagelijkse bezigheden. We gaan eerst hier eens een mooi
feestje van maken.

Lieve Moniekske en Bertje, jullie moet ik toch even specifiek noemen. Dank voor al
jullie warmte en liefde. Het is altijd een feestje om met jullie de hort op te mogen.
Hetzelfde geldt voor jullie prachtige dochters. Joyce, van mijn lieve, kleine nichtje
ben je uitgegroeid tot een dame die weet wat ze wil en mij zelfs adviezen kan geven
over sollicitatiebrieven en SWOT-analyses. Je bent hartstikke gek dat je daarvoor een
avond op en neer rijdt naar Monnickendam. Wel eeuwige dank daarvoor! 
Kipnuggets?! Kim, ook jij staat altijd voor me klaar, zelfs als er last minute ‘even’ een
portretfoto geschoten moet worden en je eigenlijk geen tijd hebt. Jullie zijn de 
liefsten!

Dat geld ook voor mijn lieve opa en oma Tullemans, bedankt voor jullie lieve kaartjes
en berichtjes. Dank voor alle leuke tijden die we samen hebben meegemaakt. De 
laatste tijd heb ik mijn neus bij lange na niet vaak genoeg laten zien, maar daar gaat
hopelijk snel verandering in komen. 

Mijn schoonouders, Chris en Ina, dank voor jullie oprechte interesse in het wel en
wee van mijn studie, onderzoek en werk. Inmiddels kennen jullie me goed genoeg
om te weten dat ik nu eenmaal geen open boek ben, maar hopelijk weten jullie dat ik
alle hulp die we de afgelopen jaren van jullie gehad hebben ontzettend waardeer! 

Mijn paranimfen heb ik al genoemd, maar daarbij mag ik natuurlijk Hanneke en lieve
kleine Mila niet vergeten. Lieve Hanneke, ik ben blij dat je nu officieel mijn schoonzus
bent! Laten we proberen van mijn promotie net zo’n mooie dag te maken als jullie
bruiloft, als het er maar half op lijkt is het al een top feestje! Bedankt voor alle leuke
momenten samen, met als hoogtepunt natuurlijk de reis door de VS. Sinds kort zijn
jullie een lief klein meisje rijker en het is fantastisch om te zien hoe jullie daar mee om
gaan. Het kan niet anders dan dat ze opgroeit tot een prachtige, lieve meid. Daarnaast
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Linda; we hebben elkaar nog niet zo vaak gezien, maar van Lucas begrijp ik dat dat
niet aan ons ligt, maar dat je gewoon een ontzettend druk bestaan hebt. Ondanks dat
was je er bij mijn afstuderen meteen bij en werd meteen duidelijk dat je voldoende je
mannetje staat om bij ons in de familie te passen. Ik hoop dan ook dat er nog een gaatje
in je agenda is om bij mijn promotie aanwezig te zijn! 

Grote dank ben ik verschuldigd aan mijn ouders, Ed en Hanneke. Door jullie onbreek-
bare geloof en vertrouwen in mij hebben jullie mij zien opgroeien van een verlegen
meisje dat moest huilen wanneer ze haar spreekbeurt moest houden tot wie ik nu ben.
Mam, mijn liefde voor kunst, natuur en medische wetenschap heb ik aan jou te 
danken. Jij hebt me altijd voorgehouden dat met hard werken en voldoende doorzet-
tingsvermogen niets onmogelijk is, en daar geloof ik dan ook heilig in. Pap, ik ben je
dankbaar voor de ‘alles komt goed (en het wordt vanzelf weer Kerstmis)’-instelling
die je ons vanaf jongs af aan hebt aangeleerd, waardoor ik realistisch en relativerend
in het leven sta. Die eigenschappen zijn tijdens het maken van dit boek zeker van pas
gekomen. Uiteraard daarnaast dank voor de liefde voor goede muziek die ook met de
paplepel is ingegoten (alleen jammer dat het bij mijn broers niet gelukt is…), en voor
mij een van de belangrijkste uitlaatkleppen is wanneer de ‘alles komt goed’-instelling
even niet werkt. 

Allerliefste Inge, ik weet dat je inmiddels helemaal gek van me wordt omdat ik al 2.5
jaar roep dat het ‘echt bijna klaar is’, maar ik hoop dat je wil geloven dat - nu het boek
gedrukt voor je ligt- ik er echt niet meer omheen kan. Dank voor al je liefde, steun en
vertrouwen in mij de laatste 8 jaar. Ik weet dat ik het je niet altijd even gemakkelijk
heb gemaakt en dat het leven met een workaholic verre van ideaal is, maar ik heb er
vertrouwen in dat er een mooie toekomst voor ons in het verschiet ligt. Lieve Inge, 
ik hou van jou en ben blij dat jij dat ook nog steeds bij mij voelt! 
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