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Chapter 1

1.1 GENERAL INTRODUCTION

Cardiovascular diseases are a major cause of health problems and death worldwide1. 
Among them, cardiac arrhythmias have been linked to striking morbidity and 
mortality rates2–6. Cardiac arrhythmias predominantly affect older adults experiencing 
complications of coronary artery disease, namely myocardial infarction, ischaemia or 
their consequences, such as myocardial scarring and cardiomyopathy3,4,7,8. In addition 
to coronary artery disease, other common acquired disorders, both cardiac as well as 
extra-cardiac, such as heart failure, hypertension, diabetes, and obesity, predispose 
to cardiac arrhythmias9–14. In younger individuals, cardiac arrhythmias usually develop 
in those with rare inherited cardiac disorders, such as inherited cardiomyopathies and 
primary electrical disorders4,15–17.

Cardiac arrhythmias are subdivided into ventricular and supraventricular, depending on 
the affected part of the heart. Ventricular fibrillation (VF) results in sudden cardiac death 
(SCD) if not immediately treated4,7. Sudden cardiac death from ventricular fibrillation 
is the important contributor to mortality in Western countries, accounting for up to 
20% of total mortality and up to 50% of all cardiovascular mortality3,4. Ventricular 
arrhythmias, such as ventricular tachycardia (VT), may also cause heart failure18. Atrial 
fibrillation, the most prevalent (supraventricular) arrhythmia, occurs in up to 10% of 
individuals in the general population19. Supraventricular arrhythmias such as atrial 
fibrillation are not instantly fatal, but may lead to life-threatening conditions, such as 
heart failure and stroke5. Current anti-arrhythmic therapeutic options for arrhythmias 
are limited, often ineffective and associated with adverse events, while the development 
of new therapeutic strategies is impeded by insufficient understanding of mechanisms 
underlying cardiac arrhythmias.

Cardiac arrhythmias arise from disturbances of the electrical function of the heart. 
Regular contraction relies on the proper formation and propagation of electrical 
impulses (action potentials) in the heart muscle (myocardium). These electrical 
impulses travel through the myocardium, activating (depolarizing) the cardiac chambers. 
Following depolarization, the cardiac chambers repolarize in preparation for the next 
cycle. This electrical activity within the heart can be measured at the body surface by 
means of the electrocardiogram (ECG)20,21. On the ECG, depolarization and repolarization 
are represented by ECG indices of conduction (P wave, PR-interval and QRS duration) 
and repolarization (QTc interval), respectively (Figure 1A). Aberrant formation of 
electrical impulses or their abnormal propagation, which may indicate predisposition 
to cardiac arrhythmia22, can be detected as ECG abnormalities20. Not surprisingly, ECG 
parameters are considered endophenotypes for cardiac diseases and arrhythmias4,7,23,24. 
For instance, QTc prolongation on the ECG, indicative of prolonged repolarization, is 
associated with an increased risk of polymorphic ventricular tachycardias, known as 
torsades de pointes arrhythmias4,20,24–26. PR- and QRS-interval prolongation reflect 
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conduction slowing, which predisposes to re-entrant arrhythmias7,27. Therefore, 
identification of pathways modulating ECG parameters may facilitate the identification 
of mechanisms underlying cardiac arrhythmogenesis.

Over the last decades the different ion channels underlying the distinct phases of 
the cardiac action potential (AP) have been discovered and studied intensively20. The 
ventricular cardiac AP consists of 5 phases (0-4), and each phase is the result of specific 
ion channel activity21,28 (Figure 1B, C). Phase 0 is a depolarization phase, triggered 
by an inward sodium current (INa) through sodium channels. This phase is followed 
by a repolarizing phase 1, which is a consequence of activation of the Ito (transient 
outward potassium current) causing potassium ions to exit the cardiomyocyte. The next 
phase is a plateau phase 2, resulting from the opening of L-type calcium channels and 
consequently the influx of calcium through these channels (ICa,L, L-type calcium current). 
This calcium influx initiates the release of calcium from the sarcoplasmic reticulum 
through ryanodine receptors (RYR2). The released calcium subsequently contributes to 
the shortening of the sarcomere (muscle contractile element) and hence cardiac muscle 
contraction (Figure 1C). The rapidly activating delayed rectifier potassium current (IKr) 
and the slowly activating delayed rectifier potassium current (IKs), contribute to phase 
3, during which further repolarization of the membrane occurs. Due to activation of 
the inward rectifier potassium current (IK1), cardiomyocytes eventually enter phase 4 
with a stable resting membrane potential at around -85mV21,28. Regional and transmural 
differences in expression of ion channels cause variability in ion current densities and 
consequently, in action potential profiles in different cardiac compartments, and this 
guarantees the coordinated contraction and pumping of the heart20,29,30.

Inherited and acquired alterations in ion channel activity can significantly affect 
cardiomyocyte electrophysiology and provoke depolarization and repolarization 
disturbances in the heart. For instance, a decrease in sodium channel activity can lead to 
cardiac conduction slowing31,32, whereas a gain of sodium or calcium channel function, 
or a loss of potassium channel function can cause prolongation of cardiomyocyte 
repolarization20. In the primary electrical disorders, ion channel dysfunction alone 
may result in cardiac arrhythmias and SCD. In contrast, in the cardiomyopathies, 
cardiac structural changes (e.g. fibrosis) are a key arrhythmogenic substrate7. In some 
disorders (arrhythmogenic cardiomyopathy, heart failure), both ion channel dysfunction 
and cardiac structural abnormalities together contribute to arrhythmogenesis33. In 
summary, cardiac electrical function can be disturbed by changes in cardiomyocyte 
electrophysiology (ion channels, calcium homeostasis), cardiac structure, or a 
combination of both. While some of these disorders have been attributed to genetic 
defects in genes encoding ion channels or structural/contractile proteins32,34,35, 
knowledge concerning pathways that modulate cardiomyocyte electrophysiology and 
cardiac structure, is currently incomplete. Defining novel modulators of cardiomyocyte 
electrophysiology and cardiac structure has the potential to deepen our understanding 
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of mechanisms underlying cardiac electrical function and arrhythmogenesis. Yet to 
be identified modulators of cardiac electrical function may, amongst others, include 
proteins that interact with ion channels or transcription factors that regulate ion 
channel expression. The identification of novel regulators of cardiac electrical function 
may provide insight into new therapeutic targets for cardiac arrhythmias or facilitate 
refinement of existing therapeutic approaches, and is hence of crucial importance.

Figure 1. Cardiac electrical activity and underlying currents. (A) A cartoon of the electrocardio-
gram (ECG) depicting indices of conduction (P wave, PR-interval and QRS duration) and repolariza-
tion (QTc-interval)20,21; (B) Phases of the action potential (measured in ventricular cardiomyocytes) 
and contributing currents. The 5 phases (0-4) of the action potential are shown. (C) A depiction of 
the ion channels mediating the different currents. The names of the ion channels are displayed in 
bold. The sodium current (INa) through sodium channels (NaV1.5) underlies cardiomyocyte depolar-
ization (phase 0 of action potential). The repolarizing phase 1 is a consequence of the opening of 
the potassium channels KV4.3 and KV1.4, resulting in Ito. The plateau phase 2 is triggered by entry of 
calcium (ICa,) through the L-type calcium channel CaV1.2. Calcium binds to ryanodine receptors (RYR2) 
and promotes the release of additional calcium from the sarcoplasmic reticulum, a phenomenon 
known as calcium-induced calcium release. The released calcium is essential for the shortening 
of sarcomere and therefore for cardiac muscle contraction. The phase 3 of the action potential 
results from activation of two potassium currents, IKr and Iks conducted through the KV11.1 and KV7.1 
channels, respectively. Activation of the potassium IK1 current through Kir2.1 channels underlies 
phase 4, with a stable resting membrane potential at around -85mV21,28.
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Nowadays, multiple approaches to uncover the essential players in cardiac electrical 
function are available. The identification of new players in cardiac electrical function 
may comprise biased (i.e. based on previous knowledge/hypothesis-driven) as well as 
unbiased approaches. For instance, genetic factors can be uncovered in genetic studies 
in humans or in model organisms such as rodents by means of unbiased genome-
wide studies. To gain insight into the molecular and cellular basis of cardiac electrical 
activity, proteins regulating ion channel localization and function can be identified using 
unbiased proteomic screens. Downstream molecular and functional electrophysiological 
studies can subsequently confirm the role of the identified genes/proteins and elucidate 
the underlying mechanisms.

Genetic studies in humans
Different approaches are used for the identification of genetic variation underlying 
cardiac electrical (dys)function and arrhythmia risk in human rare arrhythmia-
associated disorders. The choice of specific approach depends on the suspected disease 
inheritance pattern (Mendelian or complex) and the predicted frequency of disease-
associated alleles in the population together with their effect size4. Predisposition to 
Mendelian (monogenic) disorders is mainly determined by a single rare genetic variant 
(mutation), transmitted in a family across generations, that carries a large effect on the 
phenotype4,7,36. Classically, rare pathogenic variants in pedigrees segregating particular 
rare disorders were identified using linkage analysis and subsequent Sanger sequencing 
of candidate genes within the linked genomic interval. In this way, for instance, 
mutations in genes encoding ion channels or their regulators have been related to 
different primary electrical disorders37–39. Nowadays next generation sequencing (e.g. 
whole exome sequencing) in affected families provides unprecedented opportunities 
for the identification of new disease-causing genetic variants and linking new genes to 
arrhythmia-associated disorders.

In families with primary electrical disorder, individuals who test positive for the familial 
causal rare pathogenic variant may differ in disease manifestations, exhibiting no 
symptoms (incomplete penetrance) or displaying variable disease severity (variable 
expressivity)4. This suggests the presence of modulatory factors, including the 
inheritance of additional genetic factors, commonly referred to as genetic modifiers. 
The observation of very low disease penetrance and the high proportion of sporadic 
cases (i.e. absence of family history of the disorder) reported for some primary 
electrical disorders, led to the suggestion that a subset of these disorders may actually 
be genetically more complex34,40,41. In these latter disorders inheritance is thought to 
be oligogenic or polygenic wherein multiple susceptibility variants together conspire 
to determine disease risk7. Among the rare primary electrical syndromes, Brugada 
syndrome is regarded as an oligogenic/polygenic disorder7. Brugada syndrome is 
characterized by a specific ECG pattern, namely ST segment elevation with negative 
T wave in the right precordial leads, and is associated with increased risk of life-
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threatening VF42. Approximately twenty percent of patients with Brugada syndrome 
carry loss-of-function mutations in the SCN5A gene40,41,43,44, encoding the cardiac sodium 
channel NaV1.5, which is the only clinically-relevant gene in Brugada syndrome34,45. In 
2013, a genome-wide association study comparing the prevalence of common gene-

Figure 2. A representation of the case-control GWAS strategy (as used in the Brugada syn-
drome GWAS) for identification of genetic variants underlying particular traits and follow-up 
strategies for causal gene identification. First, genetic variants with a statistically significant 
differential frequency in cases compared to controls are identified by GWAS. Cis-eQTL analysis 
is used to prioritize genes at associating loci. Functional studies on candidate causal gene/s are 
conducted to unravel the underlying molecular and electrophysiological mechanisms. In this figure, 
examples of functional electrophysiological studies (ECG measurements in mice, action potential 
measurements in cardiomyocytes) are provided4,7. The association eQTL plot is adapted from Koop-
mann et al. PLoS One 201493.
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tic variants in cases with Brugada syndrome to controls uncovered three independent 
susceptibility loci for the disorder46 (Figure 2). The lead single nucleotide polymorphism 
(SNP) rs11708996 at one of these loci resides in an intron of SCN5A at chromosome 3. 
rs11708996 or another genetic variant, highly correlated with it (i.e. occurring on the 
same haplotype), could be responsible for the association of the identified locus with 
Brugada syndrome. This causal variant most likely contributes to Brugada syndrome 
susceptibility by affecting NaV1.5 expression. The second identified haplotype is tagged 
by the SNP rs10428132, located in an intron of SCN10A, which resides next to SCN5A. 
One of the SNPs of this haplotype, rs6795970, is a nonsynonymous variant in SCN10A, 
encoding the sodium channel NaV1.847. A number of independent studies demonstrated 
that this nonsynonymous variant affects NaV1.8 function48–50. Moreover, the SNP 
rs6801957, which also belongs to the same haplotype as rs6795970 and rs10428132, has 
been shown to influence the expression of SCN5A in the heart51. These findings suggest 
that SCN10A, SCN5A, or both genes, may be causal candidate genes at the rs10428132 
locus. The third identified haplotype is one tagged by the SNP rs9388451 overlapping 
the HEY2 gene on chromosome 646, but the gene responsible for the association of this 
common variant with Brugada syndrome susceptibility was as yet unresolved.

Genetic factors also significantly contribute to variability in ECG parameters between 
individuals52–54. Previously, genome-wide association studies performed in the general 
population have identified common variants that affect ECG parameters55. Because ECG 
parameters are regarded as endophenotypes of cardiac arrhythmias, these common 
variants may have an effect on arrhythmia and SCD risk in specific patient groups or in 
the general population. They may act as genetic modifiers of disease penetrance and/or 
expression in some primary electrical disorders, for example influencing the severity of 
the ECG defect or the occurrence of arrhythmia. The identification of genes underlying 
these common variant associations with ECG parameters could therefore open roads 
to the discovery of new pathways that are relevant for cardiac electrophysiology and 
arrhythmia.

From GWAS locus to gene
Genome-wide association studies identify haplotypes, associated with particular trait, 
rather than specific genes, and genes responsible for the effect of GWAS loci often need 
to be resolved in extensive follow-up studies. Sometimes, the haplotype identified in 
GWAS contains one or more nonsynonymous genetic variants, leading to an amino acid 
change in a particular protein, which may impair protein function and thereby affect 
the phenotype. The gene, encoding this protein, represents a possible candidate for the 
effect of the GWAS locus55. However, in most cases, common variants and haplotypes 
uncovered in GWAS are located in introns or intergenic regions of the genome where 
they change features of cis-regulatory elements (e.g. promotors and enhancers) that 
govern the expression of proximate genes36,55 In this way they influence the phenotype 
through an effect on gene expression. Therefore, one strategy for discovery of genes 
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underlying GWAS loci is the incorporation of eQTL (expression quantitative trait locus) 
data obtained in tissue of relevance to the phenotype, which identifies genetic loci 
affecting gene expression (Figure 2). If a haplotype associated with the trait also 
regulates the dosage of one of the genes at the locus (cis-eQTL effect), then that gene 
becomes the most likely effector at the locus. Currently, a few databases (e.g. GTEx) 
provide data on genome-wide expression quantitative trait loci, which affect mRNA 
abundance in different tissues, including human cardiac tissue, and despite being of 
limited size, it may be exploited for identification of causal genes at GWAS loci56–58. 
After a candidate gene has been uncovered at a particular GWAS locus, functional 
studies aiming at confirming causality and unraveling the mechanism by which the gene 
contributes to the phenotype are usually performed in genetically modified animal 
models or cellular systems (e.g. cells lines, isolated mouse cardiomyocytes and human 
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs))4 (Figure 2). The 
described strategies can be applied for prioritization of causal genes at loci identified 
in ECG and arrhythmia disorder GWAS.

Genetic studies in rodents
In theory, all genes regulating cardiac electrical (dys)function could be identified in 
human genetic studies. In practice, however, conducting genetic studies in humans may 
be challenging. For instance, human genetic studies typically require the recruitment of 
a large number of individuals, which is difficult to achieve, for instance, in the case of 
rare arrhythmogenic disorders36. Variability in environmental conditions that may affect 
the trait or phenotype of interest may also hinder genetic approaches in humans59. 
Furthermore, although methodologies to deal with this are being developed (e.g. 
by means of principal component analysis of common genetic variants60–62), human 
genetic studies may be hampered by unknown human population substructure59,63. 
Furthermore, due to the limited access to human cardiac tissue (especially of diseased 
origin) identification of genetic variants associated with the trait and eQTL analysis 
is difficult to integrate in a single study64. To overcome these drawbacks of human 
genetic studies, researchers have used rodents for the identification of genetic factors 
underlying particular traits.

Genetic studies in rodents allow us to circumvent to some extent the limitations faced in 
human genetic studies. The genetic composition of most commonly used inbred strains 
is known65,66, and the phenotypic differences existing between inbred strains are largely 
caused by differences in their genetic background36. These features of inbred strains 
of rodents can be exploited for the discovery of genetic loci associated with particular 
quantitative traits (genetic mapping of quantitative trait loci or QTL mapping)64. Specific 
breeding schemes between different inbred strains of rodents allow generation of 
genetically diverse offspring and recombinant inbred lines, in which genetic mapping 
can be performed64,67–72. For instance, the intercross of two or more different inbred 
strains generates F2 (filial generation 2) animals. Each F2 rodent possesses a unique 
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genotype, resulting from the re-arrangement of the genetic variations of the founder 
inbred strains. Furthermore, mating of sibling F2-animals for more than 20 generations 
creates a panel of homozygous recombinant inbred (RI) strains64. Unlike F2 rodents with 
their unique and unreproducible genotypes, the rodents within one RI strain all have 
the same genetic background and can be generated in larger numbers, while rodents

Figure 3. Phenotype-driven ENU-mutagenesis screen. Injection of the ENU (N-ethyl-N-nitro-
sourea) mutagen in a male mouse of strain 1 induces random point mutations in the sperm DNA. 
This male mouse is then crossed with a wild-type female mouse of strain 2. The offspring (G1) of this 
cross that exhibit compelling phenotypes are screened for identification of the underlying dominant 
mutation. G1 mice can undergo inbreeding resulting in G2 mice, which in turn can be crossed with 
the G1 father to generate G3 offspring that can be screened for the phenotype of interest and the 
underlying recessive mutations74–77.
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from different RI strains are genetically diverse. Genetic loci, identified in QTL mapping, 
usually exert their effects on phenotype by modulating mRNA levels of specific genes. 
These genes can be uncovered in eQTL analysis, linking genetic loci to gene expression. 
All relevant rodent tissues, including cardiac tissue for gene expression profiling, can be 
easily obtained. Moreover, in rodents, QTL and eQTL mapping can be integrated in one 
systems genetic study to reveal the specific molecular process driving the association 
of identified genetic loci with the phenotype64. Different strains of rats and mice have 
been successfully used in genetic mapping studies to identify genetic loci, underlying 
cardiovascular traits. Such systems genetic approaches, implemented by our group, 
have previously identified new (candidate) genes associated with ECG parameters in 
both mice and rats59,67,73.

The unique genetic makeup of inbred strains of mice also makes them suitable for 
phenotype-driven N-ethyl-N-nitrosourea (ENU)-mutagenesis screens (Figure 3). In this 
approach, random point mutations are introduced into the mouse genome by injecting 
the ENU mutagen in a male mouse from one of the strains (strain 1). This male is 
further mated to a wild-type female from another mouse strain (strain 2) to generate 
G1 offspring, which are heterozygous for any ENU-induced mutation74. Among the G1 
offspring, mice with interesting phenotypes can be identified by various phenotypic 
tests and further examined for dominant mutations. G1 males can be mated with wild-
type females from strain 2 to produce G2 animals. G3 mice can subsequently be derived 
from the backcross of a G2 daughter with the G1 father and may reveal homozygous, 
recessive mutations upon phenotypic analysis. The defined genetic background of 
founder mice allows genetic mapping in their progeny to identify genomic regions 
responsible for the observed phenotype (hetero/homozygous regions derived from 
the ENU-mutagen-treated male). The causal mutations are subsequently identified by 
DNA sequencing74–78. Phenotype-driven ENU-mutagenesis screens have resulted in the 
identification of new genes underlying various traits, including structure and function 
of the cardiovascular system79,80.

Biology of cardiac sodium channel (NaV1.5) regulation
As described above, the cardiac sodium channel, NaV1.5, encoded by the SCN5A 
gene, is essential for phase 1 of the action potential and consequently for cardiac 
conduction. In addition to Brugada syndrome, mutations in SCN5A have been associated 
with various inherited arrhythmia syndromes, including Long QT syndrome type 3, 
cardiac conduction disease, atrial fibrillation, dilated cardiomyopathy, and overlap 
syndromes81–83. In cardiomyocytes, NaV1.5 does not function alone, but forms protein 
macromolecular complexes84, that regulate its localization at the cell membrane and 
biophysical properties (Figure 4A, B). However, most of the proteins within the NaV1.5-
associated protein complex still remain to be identified. Such interacting proteins can 
be identified by unbiased technologies such as the yeast two-hybrid screen and affinity 
enrichment coupled to mass spectrometry85–88.
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NaV1.5 is found at various locations of the sarcolemma (cardiomyocyte subcellular 
microdomains), namely intercalated disc and lateral membrane (including sarcolemmal 
crests and grooves/T tubules)81, while being enriched at intercalated disc region of 
cardiomyocytes89. These subcellular microdomains of cardiomyocytes contain 
microdomain-specific proteins, which interact with NaV1.590 (Figure 4B). Scientific 
research has largely focused on the characterization of interactions that are essential 
for localization of NaV1.5 at these subcellular domains90–92. However, the proteins 
implicated in the transport of NaV1.5 and particularly, its targeting to these specific 
membrane domains are still largely unknown. Knowledge about trafficking of NaV1.5 
and the involvement of specific proteins in the trafficking of other (sodium) channels in 
other cells allows identification of NaV1.5 regulators by hypothesis-driven approaches. 
Ultimately, the discovery of novel NaV1.5 interacting proteins and modulators of NaV1.5 
trafficking may provide new genes to be tested for involvement in predisposition to 
inherited arrhythmias, as well as potential therapeutic targets.

Figure 4. NaV1.5 and its interacting partners. 
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Figure 4. Continued. (A) The NaV1.5 macromolecular complex comprises proteins with various 
functions81,84,85,87,88,91,94–135. Proteins interacting with specific domains of NaV1.5 are denoted in grey. 
Proteins, for which the specific binding domain on NaV1.5 is not (yet) determined or which are known 
to interact with NaV1.5 indirectly, are denoted in green. β-subunits are denoted in pink. (B) NaV1.5 
resides at different locations of the sarcolemma (intercalated disc, sarcolemmal crest and T tubule 
region of lateral membrane). Note that only proteins regulating NaV1.5 at specific locations are 
displayed81,84,101,105,109–111,115,120,122–124,87,126,129,132,135–141,88,142–151,90,152,91,92,94,97,99. NaV1.5 is delivered to these 
locations via the ER-Golgi-vesicle system and microtubules137,153,154. Red arrows indicate anterograde 
trafficking, blue arrows indicate retrograde trafficking. MT – microtubules, ID – intercalated disc, 
LM – lateral membrane, SC – sarcolemmal crest.
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1.2. OUTLINE OF THE THESIS

The work in this thesis is dedicated to the identification of new players involved in 
cardiac electrical function by means of genetic and proteomic approaches, with 
particular focus on cardiomyocyte electrophysiology and the cardiac sodium channel.

In Chapter 2 we outline the usefulness of QTL mapping and systems genetics that 
integrates QTL and eQTL analyses, to uncover new genetic factors underlying 
cardiovascular traits in inbred mice and their progeny. We provided an overview of 
studies which successfully identified new genetic loci and genes using these approaches. 
Specifically, we presented F2 mice as a suitable model for genetic mapping and described 
in detail the best strategies to utilize these mice in systems genetic studies. Moreover, 
we showed the feasibility of identification of novel genetic factors that modulate cardiac 
electrical function in F2 mice by providing an example of the discovery of the Tnni3k 
gene, encoding troponin I-interacting kinase, as a modulator of PR-interval in mice.

In Chapter 3 we highlight the utility of a phenotype-driven ENU-mutagenesis recessive 
screen for discovery of novel regulators of cardiac electrical function. Using such a 
screen, we identified a mouse line presenting with sudden death at young age and 
exhibiting elevated circulating levels of branched-chain amino acids (BCAAs) due to 
a nonsense mutation in the Bcat2 gene. Functional studies revealed that impaired 
BCAA catabolism in mutant mice is associated with a phenotype comprising cardiac 
conduction and repolarization abnormalities in addition to an increased predisposition 
to arrhythmias. In line with this, we demonstrated a correlation between plasma 
BCAA concentration and ECG indices of conduction and repolarization in the general 
population. Moreover, we observed abnormal repolarization, pro-arrhythmic events 
and impaired calcium homeostasis in cardiomyocytes isolated from the ventricles of 
mutant mice. Finally, we revealed a direct relationship between elevated BCAAs and 
pro-arrhythmic phenotype in human pluripotent stem cell-derived cardiomyocytes 
(hPSC-CMs) and implicated the mTOR pathway activation in the pro-arrhythmic effects 
of elevated BCAAs.

In Chapter 4 we present a next generation sequencing approach to identify genetic 
variants underlying the clinical phenotype of supraventricular tachycardias, conduction 
disease and cardiomyopathy in three independent multigenerational families. A gain-of-
function ultra-rare variant in the TNNI3K gene (c.2302G>A, p.Glu768Lys) was identified 
as the causal variant in all families. Furthermore, we demonstrated the effect of this 
variant, as well as other disease variants that had been associated with similar clinical 
characteristics in previous studies, on kinase activity of TNNI3K in HEK cells. Our study 
was the first to show that abnormal kinase activity of TNNI3K could lead to this complex 
phenotype in affected families.
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In Chapter 5 we present a functional follow-up study aimed at resolving the causal gene 
underlying the effect of the chromosome 6 haplotype tagged by rs9388451 that had 
been associated with Brugada syndrome in GWAS. eQTL analysis using human cardiac 
transcriptomic data provided strong evidence that the HEY2 gene mediates the effect of 
the haplotype on Brugada syndrome susceptibility. By integrating human cardiac gene 
expression analysis with functional data in Hey2 haploinsufficient mice, we revealed 
that Hey2 impacts on depolarization and repolarization gradients across the ventricular 
wall through effects on transmural ion channel expression and implicated this gene in 
the pathophysiology of Brugada syndrome.

In Chapter 6 we present an unbiased proteomic screen comprising affinity enrichment 
coupled to mass spectrometry, for discovery of NaV1.5-associated proteins. For 
prioritization of identified proteins, we exploited systems genetic data in F2 mice 
and RI rat strains as well as ECG genome-wide association data in humans. Using this 
strategy, we uncovered multiple novel candidate NaV1.5 interacting partners, which 
were previously implicated in intracellular trafficking.

Chapter 7 comprises a study of the role of microtubule (MT) protein complex proteins, 
namely the plus-end-tracking proteins End Binding 1 (EB1) and CLIP-associated protein 
2 (CLASP2), in regulation of NaV1.5 subcellular localization and function. In particular, 
we demonstrated the impact of EB1 on NaV1.5 trafficking and INa. Employing F2 mice 
and an EB1 loss-of-function zebrafish model, we provided evidence for a functional 
relevance of this protein in ventricular conduction. Moreover, we showed that the 
compound SB2, a known modulator of the EB1-CLASP2 complex, preferentially increases 
NaV1.5 levels and INa at the intercalated disc of cardiomyocytes, and that this effect of 
SB2 is absent in Clasp2-deficient mice. These results identified the EB1-CLASP2 protein 
complex as a potential pharmacological target for modulation of NaV1.5 localization in 
a microdomain-specific manner.
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