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Sudden cardiac death (SCD) is defined as unexpected death due to a cardiac cause that 
occurs within 1 hour of onset of symptoms or within 24 hours of last being observed in 
normal health. It accounts for 100 deaths per 100,000 individuals in the United States1 
and is largely attributed to fatal ventricular arrhythmias. In adults, cardiomyopathies 
and cardiac ion channelopathies, along with coronary heart disease (CHD), are the most 
common conditions that predispose individuals to SCD. Epidemiological studies of 
SCD in Western countries have reported that CHD, cardiomyopathies, and cardiac ion 
channelopathies are diagnosed in ~75%, 10 - 15%, and 1 - 2% of SCD cases, respectively.1,2 
In children or adults younger than 35 years of age cardiomyopathies and ion channelo-
pathies account for a significant proportion of SCDs.3 Because SCD cases have a low 
survival rate unless witnessed (~10%,),1,4 it is crucial to identify the factors predisposing 
to SCD to enable the pre-symptomatic identification of patients at risk of SCD.

Sodium channelopathy

Sodium channelopathy, one of the ion channelopathies, is a collective term for dis-
eases caused by mutations in genes that encode sodium channel subunits or sodium 
regulatory proteins. Most patients with a sodium channelopathy harbour a mutation 
in the SCN5A gene that encodes the pore-forming voltage-gated α (alpha)-subunit of 
the channel (Nav1.5). Electrophysiological studies in heterologous expression systems 
revealed that mutations in SCN5A typically disrupt sodium channel function either 
by increasing the inward sodium current (i.e. ‘gain of sodium channel function’) or by 
decreasing the inward sodium current (i.e. ‘loss of sodium channel function’). The first 
mechanism entails an increase in sustained inward sodium current by various mecha-
nisms, which delays cardiomyocyte repolarization and leads to a prolonged cardiac 
action potential evidenced by a prolonged QTc interval on the ECG.5 This genetic sub-
type of inherited prolonged QTc interval is called Long QT Syndrome Type 3 (LQT3). The 
other mechanism involves decreased sodium current through disrupted sodium chan-
nel gating (once again by various mechanisms) or through a lower expression level of 
the sodium channels on the surface membrane of cardiomyocytes. This decreases the 
rate of cardiomyocyte depolarization and leads to hampered conduction in the heart.5 
This is manifested as cardiac conduction disease (CCD) in different compartments of 
the heart (prolonged PR interval, prolonged HV interval, prolonged QRS duration) and/
or Brugada syndrome (BrS) that presents with the hallmark ST-segment elevation in the 
right precordial leads of the ECG. However, despite this classical disease classification 
of sodium channelopathy, family studies have also uncovered other possible complex 
mechanisms of sodium channel disease. Amongst others this includes SCN5A mutations 
that lead to overlapping phenotypes.6 The first such mutation is the SCN5A-1795insD 
mutation dealt with in this thesis, which causes an overlap phenotype comprising LQT3, 
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CCD and BrS that occur either in isolation or in combinations thereof. Another one is the 
E1784K leading to a similar combination of phenotypes.7

Modifiers in Mendelian rhythm disorders

Similar to other Mendelian disorders, genotype-phenotype studies in families with 
inherited rhythm disorders including the sodium channelopathies have made it clear 
that they are associated with variable disease severity. In essence not all carriers of 
the familial mutation display symptoms of the disease, a phenomenon referred to as 
reduced penetrance, and the severity of the disease varies among those who do display 
symptoms (variable expressivity). These phenomena are best evaluated in large families 
with multiple carriers of the same (familial) mutation. One such example is the SCN5A-
1795insD family. In this family a large variability in ECG manifestations is observed and 
while some mutation carriers develop symptoms (either by bradycardic or tachycardic 
events), others remain free of symptoms. This decreased penetrance and variable ex-
pressivity is likely modulated by known modifiers of disease severity in the inherited 
cardiac rhythm disorders such as sex,8 age9 and use of medication.10,11 However, besides 
these and other unknown environmental factors, the inheritance of modulatory genetic 
factors alongside the primary genetic defect is also expected to contribute to disease 
variability.

Is there a more complex genetic architecture in some inherited rhythm 
disorders?

While it is clear that some of the inherited cardiac rhythm disorders have a strong mono-
genic component (e.g. the Long QT Syndrome), the genetic architecture of others has 
on the other hand been questioned in recent years.12 This has been done in particular 
for BrS where it has been prompted by a number of observations. Studies in families har-
bouring SCN5A mutations have demonstrated low disease penetrance13,14 and, in some 
instances, even absence of the familial SCN5A mutation in affected family members.13 
Furthermore, many BrS cases are sporadic,15 and familial linkage analyses have largely 
been unsuccessful in uncovering new disease-causing genes. This led to the suggestion 
that BrS may have a more complex genetic architecture than previously thought. In re-
cent years genome-wide association studies have uncovered multiple loci that modulate 
electrocardiographic parameters,12 which represent plausible intermediate phenotypes 
in the search of genetic factors that impact on rhythm abnormalities. This indicates that 
common genetic variation may also contribute to the genetic architecture of rhythm 
disorders with complex inheritance such as BrS. Environmental factors inarguably play 
an important role in modulating the ECG manifestations of this disorder as clearly evi-
denced by the important roles of sex16 and sodium channel blockade.10 Although type 1 
BrS ECG predisposes patients to arrhythmia, the ultimate instigator of arrhythmic events 



13

Outline of the thesis

in BrS remains elusive. In this thesis, we aimed at identifying genetic and environmental 
modifiers of sodium channelopathy. Part I consists of chapters which discuss sodium 
channelopathies and in particular, genetic modifiers of overlap sodium channelopathy. 
Part II focuses on genetic and environmental factors in BrS.

Part I: Sodium channelopathies

In chapter 2, we reviewed available literature on cardiac sodium channelopathies.17 This 
chapter introduces the structural and electrophysiological basis of the cardiac sodium 
channel. It further summarizes clinical, genetic and electrophysiological characteristics 
of diseases caused by mutations in SCN5A and discusses briefly the possible role of 
polymorphisms (common genetic variants) in disease expressivity. Chapter 3 comprises 
a genome wide association study on electrocardiographic traits in the large family with 
overlap sodium channelopathy caused by the SCN5A-1795insD mutation. While the basis 
of the overlapping disease manifestation has been explained by the multiple biophysi-
cal defect of the SCN5A-1795insD mutation,18,19 the reason why some individuals, carriers 
of this mutation, predominantly show signs of one disorder (e.g. LQT3) while others 
predominantly show signs of another (e.g. BrS) is yet unexplained. By studying the large 
Dutch family with this mutation, we aimed at uncovering common variants that could 
possibly underlie this variability. Associations that we uncovered in this family were 
subsequently tested in additional probands and families with mutations in SCN5A in an 
effort to extend further support. Three SNPs uncovered in the SCN5A-1795insD family 
were replicated in families with overlap syndrome harbouring the SCN5A-E1784K muta-
tion, suggesting a possible modulating role of the three loci, rs2701853, rs7340483 and 
rs12682519, of QRS duration, QTc interval and QTc interval, respectively.

Part II: Brugada Syndrome

Chapter 4 is an extensive review of BrS from genetic, electrophysiological and clinical 
perspectives.20 It discusses the depolarization and repolarization theories, the two theo-
ries aimed to explain the right precordial ST-segment elevation that have been disputed 
in the last 20 years and refers to a recent clinical study which provided strong supporting 
evidence for the depolarization theory. Chapters 5 and 6 present our efforts in provid-
ing evidence for a new genetic paradigm in BrS. In chapter 5, we performed a genome 
wide association study (GWAS) of the typical BrS ECG in 312 BrS probands.21 The study led 
to identification of three loci associated with BrS, two within the SCN5A-SCN10A locus 
and one in the vicinity of HEY2. Subsequent experiments supported a role of HEY2 in 
developing substrates susceptible to arrhythmia. This is probably the first study to show 
that common genetic variants can have a strong impact on the preposition to a rare 
disease. In chapter 6, we extended the GWAS approach in BrS to a larger patient set 
(n = 877). This confirmed the previous three signals at SCN5A-SCN10A and HEY2 loci and 
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identified two new signals at the SCN5A-SCN10A locus. The cumulative effect of the 5 
loci on disease susceptibility was remarkably large, reaching an odds ratio of 59 in the 
presence of  ≥ 8 risk alleles versus  ≤ 2. This suggests the intriguing possibility that the 
BrS ECG in individuals carrying  >8 risk alleles may for a large part be due to the co-
inheritance of common risk variants. In Chapter 7, we took a candidate gene approach 
to investigate the inheritance of BrS in SCN5A mutation negative patients.22 Seven genes 
(SCN10A, HAND1, CASQ2, TKT, PLN, TBX5, TBX3) that were hypothesized to play a role in the 
pathophysiology of BrS were selected from a genome-wide association meta-analysis 
of QRS interval in the general population and were analyzed primarily for the presence 
of rare coding-region genetic variation. This identified, however, rare variants in only a 
minority of patients (11.5%). In particular this work led to conclusion that rare variants in 
SCN10A are unlikely to cause BrS in contrast to this suggestion in another study.23

In chapters 8-10, environmental factors (fever, meals, drugs) that modulate expressivity 
of BrS and arrhythmia risk were examined. In chapter 8, a relatively large cohort of fever-
induced BrS (the largest cohort so far) was collected and the prognostic role of fever on 
asymptomatic individuals with type1 BrS ECG was evaluated.24 The result of this study in-
dicates a slightly increased risk of fever-induced BrS compared with drug-induced BrS. In 
chapter 9, daily augmentation and decline of ST-segment, a peculiar ECG characteristic 
observed in BrS, was studied.25 Here, we investigated an association between meal and 
fluctuation of ST-segment elevation and showed that serum glucose and insulin level el-
evate concurrently with ST-segment, indicating possible modulating effects of glucose 
and insulin on ST-segment. Chapter 10 focuses on drug-challenge testing, a diagnostic 
test performed in BrS.26 It discusses false negatives with the standard flecainide testing 
(2 mg/kg over 10 minutes) and possible ECG parameters that may predict late respond-
ers (after 10 minutes) of flecainide testing. The discussion extends further to hepatic 
enzymes (CYP2D6 and CYP3A5) that may potentially explain late responders of the tests.
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