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Heart rhythm results from the organized propagation of electrical stimuli through 
the heart and, as a consequence, the generation of action potentials in individual 
cardiomyocytes. Action potential formation depends on the coordinated opening and 
closing of ion channels within the sarcolemma of cardiomyocytes. The importance 
of normal ion channel expression and functioning for proper cardiac electrical 
activity is reflected by the increased incidence of arrhythmias in inherited arrhythmia 
syndromes that are linked to mutations in genes encoding for ion channels or their 
accessory proteins. The recognition of single mutations underlying life-threatening 
arrhythmias has been the basis for the rapidly increasing numbers of individuals and 
families worldwide counselled for inherited arrhythmia syndromes and treated based 
on finding possible disease-causing mutations. However, treating patients is greatly 
hampered by the growing awareness that carriership of a mutation often fails to predict 
clinical outcome, since many carriers never develop clinically relevant disease while 
others are severely affected at a young age. It is largely elusive what determines this 
large variability in disease severity, where even family members that carry an identical 
mutation may display large differences in disease severity. Consequently, it remains 
difficult to identify individuals at the highest risk, which hampers critical decisions 
on most appropriate therapy. The research described in this thesis aims to elucidate 
the role of potential genetic and non-genetic factors that may, in conjunction with 
a mutation, modify the phenotype in inherited arrhythmia syndromes, and thereby 
determine, at least partially, the large variability in disease severity.

Part I of this thesis introduces cardiac ion channels and their accessory proteins 
that contribute to action potential formation in healthy hearts and their role in 
inherited and acquired diseases. Chapter 1 reviews the genetic, molecular, gating, and 
pharmacologic properties of major cardiac ion channels, including channels responsible 
for the cardiac Na+ current (INa), the cardiac Ca2+ current (ICa), the transient outward K+ 
current (Ito), the ultra-rapidly activating delayed outward rectifying current (IKur), the 
rapidly activating delayed outward rectifying current (IKr), the slowly activating delayed 
outward rectifying current (IKs), the inward rectifying current (IK1), and the pacemaker 
current (If). Chapter 1 also summarizes arrhythmogenic diseases, including different 
genetic subtypes of long QT syndrome (LQTS) and short QT syndrome (SQTS), 
Brugada syndrome (BrS), progressive cardiac conduction disease (PCCD), idiopathic 
ventricular fibrillation (IVF), dilated cardiomyopathy (DCM), sick sinus syndrome 
(SSS), and atrial fibrillation (AFib).1 Chapters 2 describes in more detail the structure 
and function of the cardiac Na+ channel and its various accessory subunits. The major 
cardiac sodium channelopathies and the current knowledge concerning their genetic 
background and underlying molecular mechanisms are summarized.2 

Part II of this thesis focuses on the role of SCN5A mutations and the non-genetic 
factors fever and exercise in BrS patients. In Chapter 3, we report a novel SCN5A 
mutation (D1714G), which has been found in a 57-year-old male patient with BrS.3 
Since the mutation is located in a segment of the ion-conducting pore of the cardiac 
Na+ channel, which putatively determines ion selectivity, we hypothesized that the 
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mutation may affect ion selectivity of the Na+ channel. In vitro electrophysiological 
analysis at room temperature (21°C) and physiological temperature (36°C) revealed 
that D1714G channels yielded nearly 80% reduction of INa density compared to wild-
type (WT) channel. Although ion selectivity was not affected by the mutation, D1714G 
channel exhibited more slow inactivation at 36°C, but not at 21°C. We conclude that 
the profoundly decreased INa density associated with the mutation may explain the BrS 
phenotype in our patient, and speculated that this decreased INa density resulted from 
defective trafficking of mutant channel proteins to the sarcolemma. In addition, more 
slow inactivation of D1714G mutant channels at 36°C, suggested more INa reduction at 
higher temperatures, and was consistent with several anecdotal reports suggesting that 
fever is associated with cardiac arrest and aggravation of electrocardiographic (ECG) 
changes in BrS patients.4-5 

In Chapter 4, we systematically assessed the association between fever and cardiac 
arrest and ECG changes in BrS patients.6 We retrospectively assessed the prevalence 
of fever-triggered ventricular tachycardia, ventricular fibrillation, or sudden death in 
111 consecutive index patients with BrS, analyzed fever-induced ECG changes in 24 
patients with BrS, and studied whether the prevalence of cardiac arrest during fever 
was modified by timely acetaminophen use. We found that fever seemed to aggravate 
typical BrS ECG changes and was present in almost 18% of cases of cardiac arrest. 
Importantly, acetaminophen use before admission seemed to reduce the risk for fever-
triggered cardiac arrest. 

In addition to fever, exercise is also anecdotally reported to induce (further) ST-
segment elevation and (monomorphic) ventricular arrhythmia in BrS patients.7-9 
Furthermore, in vitro experiments indicate that tachycardia aggravates ST-segment 
elevation in BrS, and that BrS-linked mutations in SCN5A may reduce INa more at fast 
heart rates.3,10-11 In chapter 5, we aimed to assess the ECG responses to exercise in BrS 
and to determine whether these responses are affected by the presence of an SCN5A 
mutation.12 We analyzed ECGs at baseline, at peak exercise, and during recovery from 35 
male control subjects, 25 BrS men without SCN5A mutation (BrSSCN5A-) and 25 BrS men 
with SCN5A mutation (BrSSCN5A+). We found that exercise indeed aggravated the ECG 
phenotype in BrS, and resulted in an increase in the precordial peak J-point amplitude. 
The presence of an SCN5A mutation was associated with further conduction slowing at 
fast heart rates, as reflected by more QRS widening during exercise in BrSSCN5A+ versus 
BrSSCN5A- and versus control subjects.

In chapter 6, we examined the relation between SCN5A mutations and AFib in 
BrS. Next to ventricular arrhythmias, a high incidence of AFib has been reported in 
BrS.13 Electrophysiological studies have found slower intra-atrial conduction velocities 
in BrSSCN5A+ versus BrSSCN5A- patients.14-15 Nevertheless, despite slower intra-atrial 
conduction velocities, which can facilitate the maintenance of reentrant circuits, the 
presence of an SCN5A mutation is not associated with higher AFib prevalence.14-15 
We examined the relation between SCN5A mutations, atrial conduction velocity, and 
atrial ectopic activity in 214 BrS patients (78 BrSSCN5A+ and 136 BrSSCN5A-). Intra-atrial 

CArdiAC ioN CHANNeLS iN HeALTH ANd diSeASe

11

207



conduction velocity was assessed by measuring P-wave durations using ECGs. Atrial 
ectopic activity was assessed by determining the incidence of atrial ectopic beats using 
24-hour Holter recordings. We found that P-wave durations were longer in BrSSCN5A+ 
than in BrSSCN5A- patients, and that atrial ectopic beats occurred more often in BrSSCN5A- 

patients. Our data indicate that in BrS the presence of an SCN5A mutation may provide 
a plausible substrate for AFib maintenance by slowing intra-atrial conduction, but that 
it also inhibits the trigger for AFib initiation by reducing atrial ectopic activity.

Part III of this thesis focuses on LQTS type 1 (LQT1) and type 2 (LQT2), linked to 
mutations in KCNQ1 and HERG, respectively. In Chapter 7, we investigated the repeated 
occurrence of fever-induced polymorphic ventricular tachycardia and ventricular 
fibrillation in 2 LQT2 patients with A558P missense mutation in HERG.16 ECG analysis 
showed increased QTc with fever in these two patients. Biochemical and functional 
analysis revealed that A558P proteins disrupt intracellular trafficking. Coexpression of 
mutant and WT HERG showed that A558P exerts a dominant-negative effect on the 
intracellular trafficking of WT HERG proteins, and reduces the temperature-dependent 
increase of the WT HERG current. Thus, the WT-mutant current did not increase to 
the same extent as the WT current at higher temperatures. We postulate that the weak 
increase in the HERG current density in WT-mutant coassembled channels contributes 
to the development of QTc prolongation and arrhythmias at febrile temperatures and 
suggest that fever is a potential trigger of arrhythmias in LQT2. 

In chapter 8, we describe the phenomenon of “nonsense-mediated decay” (NMD) 
as a disease-modifying mechanism in LQT2.17 NMD is a surveillance mechanism 
that selectively degrades mRNA transcripts with a premature termination codon 
resulting from nonsense or frameshift mutations.18 We studied the occurrence of 
repeated early miscarriages and intrauterine fetal losses due to persistent arrhythmias 
in a consanguineous Arabian family with Q1070X mutation in HERG C-terminus.17 
Biochemical and functional analysis showed that although Q1070X proteins had the 
ability to traffic to the plasma membrane and to form functional channels, their mRNA 
transcripts were destroyed by the NMD pathway before translation. Thus, the NMD 
pathway rendered HERG Q1070X functionless before it could form a functional channel. 
Our data indicate that NMD leads to near absence of HERG in homozygous Q1070X 
mutation carriers in this consanguineous family, causing debilitating arrhythmias in 
homozygous carriers but no apparent phenotype in heterozygous carriers.

In chapter 9, we describe the effects of a novel splice acceptor site mutation in 
intron-1 of the KCNQ1 gene (c.387 -5 T > A) on the phenotype in two Arabian 
consanguineous families with history of sudden death of several children.19 Homozygous 
carriers of a KCNQ1 mutation suffer from Jervell and Lange-Nielsen syndrome 
(JLNS), which is characterized by QT interval prolongation, severe arrhythmias and 
congenital deafness;20 the latter since KCNQ1 is also expressed in the inner ear where 
it enables endolymph secretion required for normal hearing.21-22 However, although 
homozygously affected members in our two consanguineous families experienced 
severe cardiac events, none of them had any hearing impairment. Molecular analysis 
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revealed that the splice site mutation caused transcriptional aberration, but 10% of 
KCNQ1 still could escape this aberrant transcription, and effectively rescue the 
hearing. We speculate that a small amount (as low as 10%) of KCNQ1 current can 
effectively maintain the hearing function, but fails to maintain cardiac repolarization 
in homozygously affected members.

As mutations in non-coding regions of a gene can cause severe arrhythmic 
phenotypes (as described in chapter 9), one may speculate that naturally genetic 
variants in non-coding regions of a gene may modulate phenotype. In chapter 10, we 
hypothesized that single nucleotide polymorphisms (SNPs) in KCNQ1’s 3'untranslated 
region (3'UTR) modify the relative expression of normal versus LQT1-mutation-
containing allele and thereby contribute to disease variability.23 The 3'UTR is known 
to play an important regulatory role in gene expression.24-25 Heterozygosity for SNPs 
in the 3'UTR may alter the regulatory effects of the 3'UTR on gene expression in an 
allele-specific manner, and this is expected to be especially relevant when one allele 
contains a disease-causing mutation. In the case of LQT1, 3'UTR SNP variants residing 
on either the healthy or the mutated allele may alter the relative number of KCNQ1-
encoded channel subunits stemming from either allele. We therefore hypothesized 
that SNPs in KCNQ1’s 3'UTR could affect 3'UTR function, and thereby modify the 
phenotype in an allele-specific fashion. We tested this hypothesis in 168 LQT1 patients, 
and found that 3’UTR SNPs were indeed associated in an allele-specific manner with 
QTc and symptom occurrence. Patients with derived SNP variants on their mutant 
KCNQ1 allele had shorter QTc and fewer symptoms, while patients with derived SNP 
variants on their normal KCNQ1 allele had longer QTc and more symptoms. Our data 
indicate that 3'UTR SNPs potently modify disease severity in LQT1 in an allele-specific 
manner, most probably by directly altering the expression of the allele on which they 
reside, and thereby influence the balance between proteins stemming from either the 
normal or the mutant KCNQ1 allele. 

This thesis aimed to unravel the role of potential genetic and non-genetic factors 
that, in conjunction with a disease-causing mutation, may modify the phenotype in 
inherited arrhythmia syndromes. The major novel findings in BrS are that 1) a mutation 
in SCN5A (in our case the D1714G mutation) may change the electrophysiological 
properties of the cardiac Na+ channel in a temperature-dependent manner, with more 
severe loss-of-function effects (i.e., more slow inactivation) at higher temperatures, 2) 
fever increases the risk of cardiac arrest and seems to cause the typical BrS-like ECG 
changes, 3) exercise may aggravate the ECG phenotype and lead to further conduction 
slowing in BrSSCN5A+ versus BrSSCN5A- patients, and 4) the presence of an SCN5A 
mutation is associated with intra-atrial conduction slowing, which may facilitate AFib 
maintenance, and suppressed atrial ectopic activity, which may inhibit AFib initiation. 
The major novel findings in LQTS are that 1) fever may contribute to the development of 
QTc prolongation and arrhythmias in LQT2 patients, 2) degradation of mutant HERG 
mRNA with a premature termination codon by NMD may cause almost complete loss 
of HERG and severe exclusively cardiac phenotype in homozygous carriers, even when 
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mutant proteins resulting from such mRNAs can form HERG channels with near-
normal function, 3) an intronic mutation in KCNQ1 (in our case a splice acceptor site 
mutation in intron-1) may affect phenotype by jeopardising the homoeostasis in the 
exon-intron splicing leading to aberrant splicing and transcription, and 4) SNPs in 
KCNQ1’s 3'UTR may affect the function of the 3'UTR, and thereby modify the disease 
phenotype in an allele-specific fashion. 

Future directions
Future clinical and experimental studies are needed to further explore the role of fever 
in BrS and LQTS. In particular, the role of inflammatory cells and cytokines, often 
underlying a febrile episode, on cardiac ion channel expression and function merits 
further investigation. Furthermore, although timely acetaminophen use seemed to reduce 
the risk for fever-triggered cardiac arrest in BrS, it is unknown whether the (prophylactic) 
use of anti-inflammatory drugs may also play a protective role during fever. 

Future studies are also required to study the role of exercise in larger and more 
diverse cohorts of BrS patients. Furthermore, the possible diagnostic and/or prognostic 
values of an exercise test in the clinical management of BrS patients needs yet to be 
assessed.

Finally, most of our findings of the molecular mechanisms by which genetic and non-
genetic factors could modify phenotype in inherited arrhythmia syndromes originated 
from experimental studies in heterologous expression systems, where the effects of such 
modifiers are greatly lost. Since the native environment of cardiomyocytes is absent in 
heterologous expression models, the effects of intracellular molecules (e.g., accessory 
proteins and cytoskeletal proteins) and extracellular molecules (e.g., extracellular 
matrix, hormones, and [inflammatory] cytokines) on the expression and function of 
cardiac ion channels are greatly lost. In addition, the absence of environmental factors 
and co-inherited genetic variants (e.g., polymorphisms, mutations in non-coding 
genetic regions) remains a limitation. These limitations compel careful interpretation 
of our experimental data and their translation into clinical practice, and make it 
clear that future research is needed to design more appropriate expression systems 
(e.g., cardiomyocytes derived from induced pluripotent stem cells from patients with 
inherited arrhythmia syndromes). Such expression systems may also help to discover 
novel gene-specific therapies in the management of inherited arrhythmia syndromes. 
Examples of such therapies include interventions, 1) to increase the membrane 
expression of mutant channel proteins with a deficient trafficking but minor defects in 
gating, 2) to prevent degradation of mutant mRNA transcripts by NMD, 3) to rescue 
genes with intronic mutations at splice donor/acceptor sites from aberrant transcription, 
and 4) to prevent degradation (or increase translation) of normal mRNA transcripts 
with ‘suppressive’ SNP variants on their 3’UTR. In particular, the latter may be studied 
by exploring the role of microRNAs on ion channel expression. MicroRNAs are small 
non-coding RNAs which can bind to sites within the 3’UTR and, by doing so, induce 
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mRNA degradation or inhibit mRNA translation.24 Stronger binding of microRNAs 
to their binding sites in the 3’UTR due to the presence of ‘suppressive’ SNPs may 
increase their ability to induce mRNA degradation or inhibit mRNA translation.25 This 
may explain how 3'UTR SNPs can modify disease severity in LQT1. If true, specific 
targeting of microRNAs in LQT1 patients with the ‘suppressive’ SNP variants on the 
3’UTR of their healthy allele may increase the translation of this healthy allele, and 
thereby to less severe LQT1 phenotype. 
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