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Sudden cardiac death (SCD) may occur in individuals with or without structural abnor-
malities in the heart and it is largely attributed to lethal ventricular arrhythmia. Cardiac ion 
channelopathies are heritable diseases with structurally normal heart that are caused by 
mutations in cardiac ion channel-encoding genes as well as mutations in genes encod-
ing for associated proteins. Because SCD is often the first disease manifestation in these 
disorders, it is imperative to identify patients at risk of SCD during the pre-symptomatic 
period. Although clinical and genetic studies using linkage analysis and candidate gene 
approaches in the last 20 years have greatly advanced the knowledge to diagnose and 
treat high-risk patients in some of the ion channelopathies (e.g. long QT syndrome 
[LQTS]), in others (e.g. Brugada syndrome [BrS]), we still lag behind in discovery of risk 
determinants. More detailed knowledge about the underlying genetic architecture and 
molecular pathways as well as environmental factors involved in disease development 
and arrhythmia susceptibility in such disorders is expected to contribute to improve risk 
stratification in patients with cardiac ion channelopathies. Indeed, their identification is 
actively pursued in the field.

This thesis has focused on the identification of genetic factors and on investigation of 
environmental factors involved in heritable arrhythmia disorders with particular focus 
on two areas. In Part I of the thesis we focused on sodium channelopathies where we 
have searched for genetic modifiers of electrocardiographic (ECG) manifestations in a 
particular category of sodium channelopathy namely ‘overlap syndrome’. In this disorder 
mutations in SCN5A (encoding the pore-forming alpha-subunit of the cardiac sodium 
channel, Nav1.5) present with clinical characteristics of sodium channel gain of function 
(LQTS) and loss of function (cardiac conduction disease [CCD] and BrS). In Part II we have 
focused on BrS, a disorder that is at least in part caused by rare genetic variation in the 
SCN5A gene. Apart from the clear involvement of SCN5A, the genetic basis of this disor-
der has largely defied elucidation. In this thesis we investigated the genetic architecture 
of this disorder by testing for the first time at the genome-wide level the role of common 
genetic variation as well as the contribution of non-genetic factors.

Part I: Sodium channelopathies

Sodium channelopathy entails a wide spectrum of diseases and the majority is caused 
by mutations in the SCN5A gene. In the minority of cases, mutations are reported in 
other genes that code for proteins that modify sodium channel function. Although the 
primary genetic defect (SCN5A mutation) plays an important role in determining risk for 
arrhythmia particularly in familial cases, reduced penetrance and variable expressivity, 
typical features of Mendelian disorders, hampers us from correctly determining the risk 
of the individual patient. As discussed in chapter 2, observations from genetic and clini-
cal studies imply that in addition to the primary SCN5A mutation with large effect size, 
the inheritance of additional genetic factors (likely common variants with small effect 
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and/or rare variants with moderate to large effect) as well as environmental factors are 
most likely involved in determining disease variability among patients.

In chapter 3, we have investigated genetic modifiers in a family with overlap sodium 
channelopathy (114 mutation carriers and 153 non-carriers). In this family individuals 
harbouring the familial ‘Dutch-founder’ mutation SCN5A-1795insD develop manifesta-
tions of gain and/or loss of function sodium channelopathy, namely, LQT3 and CCD/
BrS. Electrophysiological studies in heterologous expression systems on Nav1.5 channels 
carrying this mutation have provided convincing evidence that the multiple biophysical 
defects of the mutant channel (consistent with both a gain and loss of channel function) 
underlie the diverse clinical manifestations in this family. However why some individu-
als present primarily with prolonged QT interval whereas other present primarily with 
conduction disease and others with features of both, remains unresolved. In an effort to 
identify the genetic factors that may modulate the ECG manifestations among mutation 
carriers, we have conducted a GWAS on heart rate and ECG parameters of depolarization 
and repolarization in this large family. We have specifically searched for genetic modifi-
ers that act independently of SCN5A-1795insD mutation carriership (‘main effect model’) 
as well as those that show modulatory effects exclusively in mutation carriers (using 
a statistical model testing for possible SNP*mutation interaction, ‘interaction model’). 
Although no genome-wide significant associations were detected in any of the analyses, 
21 SNPs were suggestively associated with an ECG trait using an arbitrary P value thresh-
old of < 6.3 × 10-6. We investigated these further in a replication phase that we conducted 
in three groups of patients, namely a group of SCN5A mutation carriers and their non-
carrier relatives from multiple families. These consisted of patients with LQT3, patients 
with CCD/BrS and patients with overlap sodium channelopathy (in total 980 individuals 
from 249 families). Two SNPs detected from the main effect model and one SNP from the 
interaction model in the SCN5A-1795insD family displayed nominal association (P < 0.05) 
in the replication study in the overlap group. Also, the direction of effect was the same as 
that observed in the SCN5A-1795insD family. The overlap group of the replication study 
consisted solely of carriers of the SCN5A-E1784K mutation and their non-carrier relatives. 
Interestingly, one of the three SNPs with nominal association in the replication study, 
rs2701853 at chromosome 13, which was associated with QRS duration, is located close 
to FOXO1. FOXO1 encodes forkhead box  transcription factor 1 (FOXO1), a transcription 
factor that has been linked to transcriptional control of SCN5A. These results illustrate 
the potential of the GWAS approach in uncovering genetic modifiers particularly in large 
families such as the one we studied. However, clearly a number of limitations need to 
be acknowledged. First, although family-based association studies provide advantages 
such as the avoidance of population substructure which may lead to spurious associa-
tion, the number of included individuals even in an extended family such as the one we 
have studied is still small in comparison to the number of individuals that are typically 
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used in GWAS investigating the effects of common variants in common diseases. The 
limited patient number leads to low statistical power for uncovering associations and 
may on the other hand favor spurious associations. Therefore, our findings will need to 
be examined further in additional independent sets of patients and in functional studies 
in the future. Furthermore, it remains unclear why the three SNPs were replicated only in 
overlap group and not in the LQT3 or CCD/BrS groups. The overlap group in the replica-
tion harboured solely the SCN5A-E1784K mutation and this homogenic background with 
respect to the type of SCN5A mutation could have created a sensitized setting for uncov-
ering genetic modifiers in spite of the small number of patients. Another explanation 
could be that the pathophysiology of overlap sodium channelopathy may constitute a 
distinctive susceptible to the effect of these SNPs that may not be operative when only 
depolarization or repolarization are disturbed. As families with overlap sodium chan-
nelopathy are actually very rare, replication efforts in a similar set of patients’ cohort 
may be challenging. We envisage that modulatory genetic variants such as the ones we 
potentially identified in this work could in the future serve as risk stratifiers in the form 
of algorithms that besides these variants also incorporate the primary genetic defect 
(e.g. SCN5A mutation), additional modulatory genetic variation as well as non-genetic 
factors such as gender, age, and environmental factors. All in all our results support ef-
forts to identify modulatory loci involved in cardiac rhythm disorders and provide new 
candidate pathways to functionally test to explore the mechanisms of disease.

Part II: Brugada Syndrome

BrS is an inherited arrhythmia syndrome that has attracted much interest of research-
ers in the field due to a number of reasons. These include the fact that its genetics has 
remained largely unresolved, as is its mechanism, and, importantly, the fact that arrhyth-
mia risk stratification in asymptomatic patients presenting with the ECG manifestations 
of this disorder is ill-defined and therefore remains a major problem.

In chapter 4, we reviewed the genetic, electrophysiological and clinical perspectives 
of BrS. We commented on the two long-disputed mechanistic hypotheses (the depo-
larization and repolarization theories) and proposed the depolarization theory as the 
mechanism of arrhythmogeneity based on a number of studies amongst which studies 
that demonstrated that ablation of fractionated electrograms recorded on the pericar-
dium of the right ventricular outflow tract (RVOT) eliminate the type1 BrS ECG pattern. 
With regard to the genetics of BrS, linkage analyses approaches have largely been un-
successful in uncovering the underlying genes and approximately 80% of patients with 
BrS remain genetically elusive. Studies in familial BrS with SCN5A mutations have shown 
that, apart from low penetrance and variable expressivity, there are even cases with BrS 
that do not carry the familial SCN5A mutation. Actually, in a relatively large study specifi-
cally addressing this issue, this was the case in 5/13 of the large families (defined as ≥4 
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carriers) with involvement of a putative SCN5A mutation.1 All this points to the plausible 
possibility that BrS may be oligogenic or even polygenic and this has prompted us to 
search for common and rare variants that may play a role.

In chapter 5, we have conducted a GWAS in 312 BrS cases of European decent and 1115 
controls. This resulted in the identification of three loci associated with BrS type1 ECG, 
two within the SCN5A-SCN10A locus at chromosome 3 and one at chromosome 6 in vicin-
ity of the HEY2 gene. These three signals were further replicated in two independent rep-
lication cohorts (a European cohort [594 cases and 806 controls]) and a Japanese cohort 
([208 cases and 1016 controls]). These findings provided the first evidence in support 
of our hypothesis of complex inheritance in BrS. While the associations of SNPs at the 
SCN5A-SCN10A locus were not unexpected, HEY2, which encodes a basic helix-loop-helix 
(bHLH) transcriptional repressor that is expressed in the cardiovascular system, had not 
been previously implicated in cardiac electrical function or arrhythmia. Electrophysi-
ological studies we conducted in homozygous Hey2-null embryos have shown that the 
transmural gradient of expression of Nav1.5 that is typically observed across the ven-
tricular wall (with greater expression subendocardially compared to subepicardially) is 
lost in these mice. Additional experiments in adult heterozygous Hey2 mice (Hey2+/-) also 
revealed that conduction in the RVOT was affected. This work therefore also uncovered 
a novel gene that controls cardiac electrical function.

As for the mechanism of the SNPs at the SCN5A-SCN10A locus, recent functional studies 
performed using an integrative approach of high-throughput methods including chro-
matin immunoprecipitation followed by sequencing (ChIP-seq) and RNA sequencing 
(RNA-seq) provided convincing evidence that these common genetic variants modulate 
risk for the BrS ECG by affecting the level of expression of SCN5A. This mechanism has 
been particularly delineated for the rs6801957 variant (associated not only with the BrS 
ECG but also with longer QRS duration and PR interval2) that resides in an enhancer ele-
ment in the SCN10A gene which neighbours SCN5A. Through a series of studies in mice 
van den Boogaard and co-workers3,4 demonstrated that this enhancer is fundamental 
for the expression of Scn5a and that the minor (risk) allele of rs6801957 reduces expres-
sion of SCN5A in mice and humans.4

In order to increase statistical power to identify additional loci in chapter 6 we ex-
tended the GWAS in BrS to 877 probands. Besides confirming the previous three signals 
at the SCN5A-SCN10A and HEY2 loci, this study identified two new additional signals at 
the SCN5A-SCN10A locus. Of note, the cumulative effect of the 5 loci on BrS ECG sus-
ceptibility reached an odds ratio of 59 in the presence of ≥ 8 risk alleles versus ≤ 2. This 
is surprisingly large and suggests the possibility that the BrS ECG in individuals carry-
ing >8 risk alleles may for a large part be explained by the co-inheritance of common risk 
variants. However, while these studies have allowed us to start dissecting the genetic 
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underpinnings of the BrS ECG explaining risk of arrhythmia in the disorder has so far 
remained elusive.

In Chapter 7, we took a candidate gene approach to further investigate the genetic 
underpinnings of BrS in SCN5A mutation negative patients, this time addressing the 
role of rare genetic variants. Because rs11708996 (SCN5A) and rs10428132 (SCN10A), two 
BrS-associated signals in chapter 5 and 6, were also implicated in several GWAS of PR 
interval and QRS duration in the general population, we hypothesized that loci associ-
ated with QRS duration in the general population may also contribute to inheritance of 
BrS. Seven candidate genes associated with cardiac pathologies were therefore selected 
from a meta-analysis of GWAS of QRS duration in the general population (SCN10A, HAND1, 
CASQ2, TKT, PLN, TBX5, TBX3) and were screened for rare genetic variants in 156 BrS cases 
in a collaborative effort. Rare non-synonymous (NS) variants were found in only 18 of the 
156 patients (11.5%). Of these 11 cases had a rare variant(s) in the SCN10A gene and in 8 
of these carried the SCN10A variant was predicted to be pathogenic by computational 
methods. However, when enrichment of rare NS SCN10A variants in BrS patients versus 
controls was tested, no significant enrichment was found thereby not supporting the 
involvement of this gene in the disorder contrary to another report5. Rare NS variants 
in the other genes (TBX5, PLN, CASQ2 and TKT) were observed only in a minority of 
patients, indicating that rare NS variants in these genes are unlikely to be involved in the 
pathogenesis of BrS.

In conclusion, the data presented in chapter 5-7 provided insights into the genetic 
architecture of BrS, supporting a more complex inheritance contrary to the Mendelian 
inheritance that had been previously considered. Furthermore, our methods proved 
valuable in providing targets of functional studies to advance our understanding of the 
molecular mechanisms underlying BrS. Given the likely oligogenic or polygenic nature 
of BrS and the fact that the genetic variation identified so far accounts only for a small 
percentage of the variance in disease susceptibility, additional searches in larger patient 
sets, also including genome-wide searches for rare and low-frequency variants (< 5%) 
are expected to add more insight into the genetic underpinnings of this disorder.

In chapters 8-10, environmental factors (fever, meals and drugs) that modulate expressiv-
ity of BrS and arrhythmia risk therein were investigated. In chapter 8, we retrospectively 
enrolled from referral centers worldwide 112 BrS patients who developed fever-induced 
type1 BrS ECG (F-type1) either at presentation or during follow-up and investigated 
their prognostic and electrocardiographic characteristics. In 88 asymptomatic patients, 
the arrhythmic event rate was 0.9%/year, which was higher than the arrhythmic risk 
of asymptomatic cases with drug-induced type1 ECG (D-type1) (~0.35%/year) reported 
in the literature. Electrocardiographic parameters responded differently to fever and 
drug: compared to baseline ECG, fever shortened PR interval whereas drug-challenge 
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prolonged PR interval and QRS duration. F-type1 occurred in the 4th intercostal space 
(IC) in the majority of patients (97.6%) whereas D-type1 occurred in the 4th IC in 78.0% 
and solely in the 3rd - 2nd IC in 22.0%. These results indicate that sodium channel blockers 
slowed conduction in heart globally while fever affected heart focally (only RVOT). One 
hypothesis to explain our observation is that fever has less sodium channel blocking 
effect than drugs and in fact, less sodium channel blocking effect may be enough to 
develop type1 ECG because the RVOT has developmentally lower Nav1.5 and connexin43 
levels compared to the rest of the right ventricle or the left ventricle, and thereby a 
lower conduction reserve.6,7 Another hypothesis could be that unknown factors related 
to acute infection or increased temperature are involved in F-type1. Because F-type1 is 
rarely observed in the clinical setting, we could include a smaller number of patients 
in this study compared to other prognostic studies. Further, because data were retro-
spectively collected and the protocol of drug-challenge testing was not standardized, 
we were not able to fully evaluate ECG characteristics during fever and drug. Therefore, 
our findings need to be evaluated further in a larger cohort of BrS with a standardized 
drug-challenge protocol including ECG recordings from complete RVOT leads (V1 and V2 
in the 4th to 2nd intercostal spaces).

In chapter 9, we investigated factors that may be involved in daily augmentation and 
decline of ST-segment in the right precordial leads, the hallmark ECG characteristic of 
BrS. Because maximal coved-ST elevation is observed just before and/or after ventricular 
fibrillation in BrS patients, analyzing factors involved in augmentation of ST-segment 
may lead to understanding the mechanism of arrhythmia in BrS. Here, we investigated 
the association between meals and fluctuation of ST-segment elevation by measuring 
ECG, serum potassium, glucose and insulin levels. We observed that ST segment, glucose 
and insulin elevated concurrently after meals while serum potassium level remained 
unchanged. We concluded that in addition to vagal tone, serum glucose and insulin 
level after meals could be involved in augmentation of the ST-segment.

In Chapter 10, we discussed false negative flecainide challenge tests in BrS. Flecainide 
testing is known to yield a lower percentage of positive tests compared to ajmaline or 
pilsicainide and this is explained, albeit probably in a small percentage, by late respond-
ers who show type1 BrS ECG after the normal protocol time period of 10 minutes. One 
plausible mechanism of a late response to flecainide is that polymorphisms in the he-
patic enzymes cytochrome P450 (CYP) 2D6 (CYP2D6) and 3A5 (CYP3A5) affect flecainide 
metabolism. Although CYP2D6 is known to be a major metabolizer of flecainide, not 
much is known about the effects of CYP2D6 polymorphisms and their interactions with 
other hepatic enzymes. Further, the results reported in literature are not consistent. It is 
an interesting however still developing field and requires improved knowledge before 
clinical implication is considered in BrS.
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Due to the dynamic nature of ST-segment in BrS, the environmental factors evaluated 
in chapter 8-10 are useful in detecting concealed BrS cases. Among them, fever-induced 
type1 ECG can potentially be a risk marker of lethal arrhythmia in BrS, although our 
results presented in chapter 8 are derived from an as yet small number of patients and 
clearly needs re-evaluation in a much larger BrS patient cohort in the future. Meanwhile, 
genome-wide searches for coding and non-coding variants with different effect sizes on 
the occurrence of the BrS ECG and its arrhythmic risk is a plausible approach to dissect 
the complex genetic components of BrS, to pave a way for functional studies and to 
ultimately identify high-risk cases with BrS.

Concluding remarks

In the first part of this thesis, we have set out to identify genetic modifiers of ECG traits 
in overlap sodium channelopathy. We have uncovered genetic loci that modulate ECG 
traits in the family with the SCN5A-1795insD mutation and we subsequently replicated a 
subset of these in individuals with overlap sodium channelopathy caused by the SCN5A-
E1784K mutation (another ‘overlap’ SCN5A mutation). In the second part of the thesis, we 
sought to shed light on the genetic architecture of BrS and to evaluate environmental 
modifiers in this disorder. By performing GWAS in BrS, we have successfully proven our 
hypothesis that BrS has a complex genetic architecture and that common genetic vari-
ants in the form of single nucleotide polymorphisms contribute to the disease. In addi-
tion to genetic factors, environmental factors studied in this thesis, namely fever, meals 
and drugs, impact on the dynamic nature of ST-segment elevation and the development 
of type 1 ECG in BrS.

Our results constitute a step forward towards refined risk stratification of overlap sodi-
um channelopathy and BrS. However, the associations we describe are largely with ECG 
manifestations in the disorder; arrhythmic risk stratification in these disorders remains 
a major challenge. Concerning genetic studies in the inherited arrhythmia syndromes 
and in BrS in particular the realisation of a more complex genetic architecture provides 
a rational model to follow for the continued identification of the underlying genetic 
factors. As for the GWAS studies in this thesis, these studies will continue to require large 
and highly characterized patient sets to achieve the necessary statistical power. Given 
the rarity of these disorders, this is only possible through international collaboration of 
researchers from different countries (as was present in the studies presented in chapter 
3, 5-8). The recent developments in our ability to sequence the entire genome by whole 
genome sequencing is likely to usher us into a new era of arrhythmia locus discovery. 
This will inevitably bring with it the challenge of understanding the meaning of rare 
sequence variation in the non-coding part of the genome that is so far unexplored. 
Further, these studies will necessarily need to be intersected with other approaches to 
study the function of non-coding elements in the genome such as ChIP-Seq, chromatin 
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conformation capture (3C), RNA-seq and reporter assays8. Although handling of massive 
genomic data are expected to be a challenge, a rapid pace of advance in technology 
most likely ensures our ability to analyze data and it is expected to lead to fuel new 
discoveries of the genetic underpinnings of cardiac arrhythmia.

Developments on the clinical front are also expected to improve phenotyping in 
BrS and contribute to efforts aimed at ameliorating risk stratification. Now that the 
observation of the type 1 BrS ECG in the upper precordial leads (3rd and 2nd intercostal 
space) forms part of the BrS diagnostic criteria according to the most recent consensus 
report,9 some individuals previously diagnosed as drug-induced BrS solely with the 
leads in the 4th intercostal space may now fall into a category of spontaneous type1.10 
Re-analyzing the complete set of RVOT leads (V1-V2 in 4th to 2nd intercostal space) may 
aid in distinguishing individuals with spontaneous type1 (i.e. at high risk of arrhythmia) 
from individuals with drug-induced type1 (i.e. at low risk of arrhythmia). The absence of 
spontaneous type1 ECG in the 4th-2nd intercostal space may ensure extremely low risk of 
arrhythmia. While environmental factors described in this thesis are often final pathways 
to trigger VF in BrS and are useful for the life style advice to patients, it is difficult to use 
them as risk factors, at least when considered in isolation, because their sensitivity is 
not high. Whereas ECG parameters such as QRS fragmentation11 and ‘S’ wave in lead I12 
investigated in recent studies appear to be promising risk markers of arrhythmia. Future 
research should aim at investigating these ECG parameters in a large BrS cohort and 
at refining risk stratification in BrS by combining genetic, environmental factors and 
electrocardiographic traits.
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