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Outline of the thesis
Inherited arrhythmia syndromes are associated with an increased risk for arrhythmias 
and sudden cardiac death. They are linked to mutations in genes encoding for cardiac 
ion channels or their accessory proteins. However, 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 phenotype. Consequently, it remains difficult to 
identify individuals at the highest risk, and this 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 disease-
causing 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 electrical activity 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. Chapters 2 describes in more detail the 
structure and function of the cardiac sodium (Na+) channel and its various accessory 
subunits, and summarizes major cardiac sodium channel diseases. 

Part II focuses on the role of SCN5A mutations and the non-genetic factors fever 
and exercise in Brugada syndrome (BrS). In Chapter 3, we report a novel SCN5A 
mutation in a male patient with BrS. Since the mutation is located in a segment of 
the ion-conducting pore of the cardiac Na+ channel, which putatively determines ion 
selectivity, we study whether the mutation results in BrS by affecting ion selectivity 
properties of the Na+ channel. In Chapter 4, we systematically assess the association 
between fever and arrhythmic episodes and typical electrocardiographic (ECG) changes 
in BrS. In chapter 5, we assess ECG responses to exercise in BrS and determine whether 
these responses are affected by the presence of an SCN5A mutation. In chapter 6, we 
systematically examine the relation between SCN5A mutations and atrial fibrillation 
in BrS. 

Part III focuses on long QT syndrome type 1 (LQT1) and type 2 (LQT2), which are 
linked to mutations in KCNQ1 and HERG, respectively. In Chapter 7, we investigate 
the repeated occurrence of fever-induced polymorphic ventricular tachycardia and 
ventricular fibrillation in two LQT2 patients with the same mutation in HERG. In 
chapter 8, we describe the phenomenon of “nonsense-mediated decay” (NMD) as 
a disease-modifying mechanism in LQT2. NMD is a surveillance mechanism that 
selectively degrades mRNA transcripts with a premature termination codon resulting 
from nonsense or frameshift mutations. In chapter 9, we describe the effects of a 
homozygous novel splice acceptor site mutation in intron-1 of the KCNQ1 gene (c.387 
-5 T > A) on the phenotype in two consanguineous families with history of sudden 
death of several children. Homozygous carriers of a KCNQ1 mutation suffer from Jervell 
and Lange-Nielsen syndrome (JLNS), characterized by QT interval prolongation, 
severe arrhythmias and congenital deafness; the latter since KCNQ1 is also expressed 
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in the inner ear where it enables endolymph secretion required for normal hearing. 
However, although homozygously affected members in our two consanguineous 
families experienced severe cardiac events, none of them had any hearing impairment. 
In chapter 10, we study the effects of single nucleotide polymorphisms (SNPs) in 
KCNQ1’s 3'untranslated region (3'UTR) on the disease severity in LQT1. The 3'UTR 
is known to play an important regulatory role in gene expression. We hypothesize 
that SNPs in KCNQ1’s 3'UTR affect 3'UTR function, and thereby modify the disease 
phenotype in an allele-specific fashion. 

Chapter 11 summarizes the major novel findings reported in this thesis, and suggests 
future studies to increase our understandings of the mechanisms of arrhythmogenesis 
in inherited arrhythmia syndromes and genetic and non-genetic factors modifying the 
phenotype in these disorders.
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Abstract
Cardiac electrical activity depends on the coordinated propagation of excitatory 
stimuli through the heart and, as a consequence, the generation of action potentials 
in individual cardiomyocytes. Action potential formation results from the opening 
and closing (gating) of ion channels that are expressed within the sarcolemma of 
cardiomyocytes. Ion channels possess distinct genetic, molecular, pharmacologic, 
and gating properties and exhibit dissimilar expression levels within different cardiac 
regions. By gating, ion channels permit ion currents across the sarcolemma, thereby 
creating the different phases of the action potential (e.g., resting phase, depolarization, 
repolarization). The importance of ion channels in maintaining normal heart rhythm 
is reflected by the increased incidence of arrhythmias in inherited diseases that are 
linked to mutations in genes encoding ion channels or their accessory proteins and 
in acquired diseases that are associated with changes in ion channel expression levels 
or gating properties. This chapter discusses ion channels that contribute to action 
potential formation in healthy hearts and their role in inherited and acquired diseases.

CHApTer 1
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Introduction
Cardiac electrical activity starts by the spontaneous excitation of “pacemaker” cells in 
the sinoatrial node (SAN) in the right atrium. By traveling through intercellular gap 
junctions, the excitation wave depolarizes adjacent atrial myocytes, ultimately resulting 
in excitation of the atria. Next, the excitation wave propagates via the atrioventricular 
node (AVN) and the Purkinje fibers to the ventricles, where ventricular myocytes 
are depolarized, resulting in excitation of the ventricles. Whereas on the surface 
electrocardiogram, atrial and ventricular excitation are represented by the P wave and 
the QRS complex, respectively, depolarization of each atrial or ventricular myocyte is 
represented by the initial action potential (AP) upstroke (phase 0), where the negative 
resting membrane potential (approximately -85mV) depolarizes to positive voltages. 
Restitution of the resting membrane potential during AP phases 1, 2, and 3 results in 
atrial and ventricular repolarization (Figures 1A and 1B). 

APs constitute changes in the membrane potential of cardiomyocytes. The membrane 
potential is established by an unequal distribution of electrically charged ions across the 
sarcolemma (electrochemical gradient) and the presence of conducting ion channels in 
the sarcolemma. Opening and closing (gating) of ion channels enable transmembrane ion 
currents and, as a result, AP formation. Ion channels consist of pore-forming α-subunits and 
accessory β-subunits.1 Commonly, α-subunits and β-subunits are members of large protein 
families that evolutionary possess comparable amino acid sequences. This is reflected in the 
names of the subunits and their genes. For example, the gene encoding the α-subunit of the 
cardiac Na+ channel is called SCN5A: sodium channel, type 5, α-subunit. The α-subunit is 
termed Nav1.5: Na+ channel family, subfamily 1, member 5; the subscript “V” means that 
channel gating is regulated by transmembrane voltage changes (voltage-dependent). 

The direction of ion currents (into the cell [inward] or out of the cell [outward]) 
is determined by the electrochemical gradient of the corresponding ions. The current 
amplitude (I) depends on the membrane potential (V) and the conductivity (G) of the 
responsible ion channels. This relation is expressed in equation form as I = V · G (as 
resistance [R] is the reverse of conductivity: I = V/R [Ohm’s law]), implying that the 
current amplitude reacts linearly (“ohmically”) in response to membrane potential 
changes. However, some currents do not act ohmically (so-called rectifying currents). 
The conductivity of channels carrying such currents is not constant but alters at different 
membrane potentials. Rectifying currents in the heart are the inward rectifying current 
(IK1) and the outward rectifying currents (see below). Channels carrying outward rectifying 
currents preferentially conduct K+ ions during depolarization (potentials positive to 
K+ equilibrium potential [approximately -90 mV]) when the currents are outwardly 
directed. Channels carrying IK1 preferentially conduct K+ ions at potentials negative 
to K+ equilibrium potential when the currents are inwardly directed. Nevertheless, IK1 
channels also conduct a substantial outward current at membrane potentials between -40 
and -90 mV. Within this voltage range, outward IK1 is larger at more negative potentials. 
Because membrane potentials negative to the K+ equilibrium potential are not reached in 
cardiomyocytes, only the outward IK1 plays a role in AP formation.

CArdiAC ioN CHANNeLS iN HeALTH ANd diSeASe
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Cardiac AP
In general, the resting potential of atrial and ventricular myocytes during AP phase 
4 (resting phase) is stable and negative (approximately -85 mV) due to the high 
conductance for K+ of the IK1 channels. Upon excitation by electrical impulses from 
adjacent cells, Na+ channels activate (open) and permit an inward Na+ current (INa), 

Figure 1. Cardiac electrical activity. (A) Schematic representation of the electrical conduction system and its 
corresponding signal on the surface electrocardiogram (eCG). (B) relationship between eCG and action potentials 
(Aps) of myocytes from different cardiac regions. (C, d) Schematic representation of inward and outward currents 
that contribute to action potential formation in ventricular myocytes (C) and sinoatrial node (d).
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which gives rise to phase 0 depolarization (initial upstroke). Phase 0 is followed by 
phase 1 (early repolarization), accomplished by the transient outward K+ current (Ito). 
Phase 2 (plateau) represents a balance between the depolarizing L-type inward Ca2+ 
current (ICa,L) and the repolarizing ultra-rapidly (IKur), rapidly (IKr), and slowly (IKs) 
activating delayed outward rectifying currents. Phase 3 (repolarization) reflects the 
predominance of the delayed outward rectifying currents after inactivation (closing) of 
the L-type Ca2+ channels. Final repolarization during phase 3 is due to K+ efflux through 
the IK1 channels (Figure 1C). In contrast to atrial and ventricular myocytes, SAN and 
AVN myocytes demonstrate slow depolarization of the resting potential during phase 
4. This is mainly enabled by the absence of IK1, which allows inward currents (e.g., 
pacemaker current [If]) to depolarize the membrane potential. Slow depolarization 
during phase 4 inactivates most Na+ channels and decreases their availability for phase 
0. Consequently, in SAN and AVN myocytes, AP depolarization is mainly achieved by 
ICa,L and the T-type Ca2+ current (I Ca,T; Figure 1D).2 

Substantial differences in the expression levels of ion channels underlie substantial 
heterogeneity in AP duration and configuration between cardiomyocytes located in 
different cardiac regions.1 Changes in expression levels or gating properties of ion 
channels in pathologic conditions may aggravate such regional heterogeneities, thereby 
generating spatial voltage gradients that are large enough to initiate excitation waves 
from regions with more positive potentials to regions with less positive potentials. 
Such excitation waves may travel along a constant or variable circuit to excite cells 
repeatedly (reentry); this represents the arrhythmogenic mechanism of many inherited 
and acquired cardiac diseases.1 

Na+ current (INa)
By enabling phase 0 depolarization in atrial, ventricular, and Purkinje APs, INa 
determines cardiac excitability and electrical conduction velocity. The α-subunit of 
cardiac Na+ channels (Nav1.5, encoded by SCN5A) encompasses four serially linked 
homologous domains (DI–DIV), which fold around an ion-conducting pore (Figure 
2A). Each domain contains six transmembrane segments (S1-S6). S4 segments are held 
responsible for voltage-dependent activation. At the end of phase 0, most channels 
are inactivated and can be reactivated only after recovery from inactivation during 
phase 4. Some channels remain open or reopen during phases 2 and 3, and they carry 
a small late Na+ current (INaL).3 Despite its minor contribution in healthy hearts, INaL 
may play an important role in diseased hearts. Cardiac Na+ channels are blocked 
by high concentrations of tetrodotoxin. Their gating properties usually are studied 
by expression of SCN5A in heterologous systems (e.g., Xenopus oocytes or human 
embryonic kidney cells). INa amplitude increases and its gating properties accelerate 
when SCN5A is co-expressed with its β-subunits (Table 1). Nav1.5 also interacts with 
several regulatory proteins that can alter its expression or function.3-5

CArdiAC ioN CHANNeLS iN HeALTH ANd diSeASe
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Inherited diseases
Na+ channel dysfunction is linked to several inherited arrhythmia syndromes, emphasizing 
the important role of this channel in cardiac electrical activity. Long QT syndrome (LQTS) 
is a repolarization disorder with QT interval prolongation and increased risk for torsades 
de pointes ventricular tachycardia and ventricular fibrillation. In LQTS type 3 (LQT3), 
mutations in SCN5A delay repolarization, mostly by enhancing INaL (Figure 3). Delayed 
repolarization may trigger early afterdepolarizations (EADs; abnormal depolarizations 
during phase 2 or 3 due to reactivation of L-type Ca2+ channels). EADs are believed 
to initiate torsades de pointes.5 Accordingly, drugs that block INaL (e.g., ranolazine, 
mexiletine) may effectively shorten repolarization in LQT3 patients.6 Moreover, mutations 
in genes encoding Na+ channel regulatory proteins may cause rare types of LQTS (Table 
2), indicating the importance of these proteins for normal channel function.4-5 

Brugada syndrome (BrS) is traditionally linked to mutations in SCN5A that reduce 
INa by different mechanisms (Figure 4). BrS is characterized by prolonged conduction 
intervals, right precordial ST-segment elevation, and increased risk for ventricular 
tachyarrhythmia. Prolonged conduction intervals are attributed to conduction slowing 
due to INa reduction (Figure 5). ST-segment elevation is hypothesized to be due to 
preferential conduction slowing in the right ventricle and/or aggravation of transmural 
voltage gradients (AP shortening in epicardial but not endocardial myocytes).3 Recently, 

Figure 2. α-Subunits of cardiac ion channels. (A) α -Subunits of Na+ and Ca2+ channels consists of four serially linked 
homologous domains (di-diV), each containing six transmembrane segments (S1-S6). (B, C) α-Subunits of channels 
responsible for ito, iKur, iKr, iKs, iK1, and if consist of one single domain with six (B) or two (C; iK1) transmembrane 
segments. Four subunits (domains) co-assemble to form one functional channel.

CHApTer 1
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BrS has also been linked to mutations in genes encoding Na+ channel β-subunits or a 
protein involved in intracellular Nav1.5 trafficking (Table 2).7-10 Of note, use of Na+ 
channel blocking drugs may evoke or aggravate BrS (see http://www.brugadadrugs.
org) and is discouraged in patients (suspected of) having BrS. 

Cardiac conduction disease is manifested by progressive conduction defects at 
the atrial, atrioventricular, and/or ventricular level and is commonly associated with 
SCN5A mutations that are also linked to BrS. How a single mutation may cause different 
phenotypes or combinations thereof is often not known.3 Dilated cardiomyopathy is 
a familial disease with ventricular dilation and failure. The few reported cases with 
SCN5A mutation display atrial and/or ventricular arrhythmia. Dilated cardiomyopathy-
linked SCN5A mutations cause divergent changes in gating, but how such changes 
evoke contractile dysfunction and arrhythmia is not understood.11 Finally, mutations 
in SCN5A have occasionally been linked to sick sinus syndrome, which includes sinus 
bradycardia, sinus arrest, and/or sinoatrial block. SCN5A mutations may impair sinus 
node function by slowing AP depolarization or prolonging AP duration in SAN cells.12

Table 1. Genetic and molecular basis of cardiac ion currents. 

Current α subunit Gene
β subunit(s)/

accessory proteins Gene Blocking agent

INa Nav1.5 SCN5A

β1
β2
β3
β4

SCN1B
SCN2B
SCN3B
SCN4B

Tetrodotoxin

Ito,fast Kv4.3 KCND3

MiRP1
MiRP2
KChIPs
DPP6

KCNE2
KCNE3

Multiple genes
DPP6

4-aminopyridine
Heteropoda spider toxins

Ito,slow Kv1.4 KCNA4

Kvβ1
Kvβ2
Kvβ3
Kvβ4

KCNB1
KCNB2
KCNB3
KCNB4

4-aminopyridine

ICa,L Cav1.2 CACNA1C Cavβ2
Cavα2δ1

CACNB2
CACNA2D1

Cations (Mg2+, Ni2+
,
 Zn2+)

Dihydropyridines 
Phenylalkylamines 
Benzothiazepines

ICa,T
Cav3.1
Cav3.2

CACNA1G
CACNA1H

Similar as ICa,L 
(Potency may differ.)

IKur Kv1.5 KCNA5 Kvβ1
Kvβ2

KCNAB1
KCNAB2 4-aminopyridine

IKr Kv11.1 KCNH2 MiRP1 KCNE2 E-4031

IKs Kv7.1 KCNQ1 MinK KCNE1 Chromanol-293B

IK1 Kir2.1 KCNJ2 Ba2+

If 
(pacemaker 
current)

HCN1-4 HCN1-4 Cs+

CArdiAC ioN CHANNeLS iN HeALTH ANd diSeASe
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Acquired diseases
INa reduction and/or INaL increase may 
contribute to arrhythmogenesis in 
acquired diseases. In atrial fibrillation 
(AFib), chronic tachyarrhythmia 
alters expression levels of several ion 
channels in atrial myocytes, which 
may promote and maintain AFib 
(“electrical remodeling”). Nav1.5 
expression is reduced as part of this 
process, leading to INa reduction.13 
Moreover, AFib (either familial or 
secondary to cardiac diseases [non-
familial]) is linked to both SCN5A 
loss-of-function mutations and 
gain-of-function mutations.14 INa loss 
of function may provoke AFib by 
slowing atrial electrical conduction, 
whereas gain of function may induce 
AFib by enhancing spontaneous 
excitability of atrial myocytes.15 In 
heart failure, peak INa is reduced, while 
INaL is increased. Decreased SCN5A 
expression may underlie peak INa 
reduction. INaL increase is attributed 
to increased phosphorylation of Na+ 
channels, when intracellular Ca2+ in 
heart failure rises.13 In myocardial 
infarction, myocytes in the surviving 
border zone of the infarcted area 
exhibit decreased INa due to reduced 
Na+ channel expression and altered 
gating.13 Moreover, Na+ channel 
blocking drugs increase the risk 
for sudden death in patients with 
ischemic heart disease, possibly 
by facilitating the initiation of 
reentrant excitation waves. Finally, 
INaL increases during myocardial 
ischemia, explaining why INaL 
inhibition may be an effective 
therapy for chronic stable angina.6 

Figure 3. Long QT syndrome (LQTS). (A) Typical 
electrocardiographic (eCG) abnormalities in LQTS 
type 2. (B) QT prolongation corresponds to prolonged 
action potential duration, which may induce early 
afterdepolarizations (eAds). (C) ion current dysfunctions 
linked to different types of LQTS.
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Table 2. Genetic basis of inherited cardiac diseases.

Type
Occurrence 
(or % of genotyped) Gene Protein Protein function Affected current

Long QT syndrome

1 42-54% KCNQ1 Kv7.1 α-subunit IKs channel IKs decrease

2 35-45% KCNH2 Kv11.1 α-subunit IKr channel IKr decrease

3 1.7-8% SCN5A Nav1.5 α-subunit Na+ channel INaL increase

4 <1% ANK2 Ankyrin-B Adaptor protein None

5 <1% KCNE1 minK β-subunit IKs channel IKs decrease

6 <1% KCNE2 MiRP1 β-subunit IKr channel IKr decrease

7 Rare KCNJ2 Kir2.1 α-subunit IK1 channel IK1 decrease

8 Rare CACNA1C Cav1.2 α-subunit Ca2+ channel ICa,L increase

9 Rare 
(1.9% in one study) CAV3 Caveolin-3

Component of caveolae 
(co-localizes with Nav1.5 at 
sarcolemma)

INaL increase

10 <0.1% SCN4B β4 β-subunit Na+ channel INaL increase

11 Rare 
(2% in one study) AKAP9 Yotiao Mediates IKs channel 

phosphorylation

Inadequate IKs 
increase during 
β-adrenergic 
stimulation

12 Rare
(2% in one study) SNTA1 α1-syntrophin Regulates Na+ channel  

function INaL increase

13 Rare KCNJ5 Kir3.4 Subunit KACh channel IK-ACh decrease

Short QT syndrome

1 Three families KCNH2 Kv11.1 α-subunit IKr channel IKr increase

2 Two case reports KCNQ1 Kv7.1 α-subunit IKs channel IKs increase

3 One family 
(two members) KCNJ2 Kir2.1 α-subunit IK1 channel IK1 increase

Brugada syndrome

- 10-30% SCN5A Nav1.5 Na+ channel (INa) INa decrease

- Rare (One family) GPD1-L GPD1-L Regulates intracellular 
Nav1.5 trafficking INa decrease

- <1% SCN1B β1 β-subunit Na+ channel INa decrease

- <1% SCN3B β3 β-subunit Na+ channel INa decrease

- <1% MOG1 MOG1 Regulates membrane 
expression of Nav1.5 INa decrease

- ~2% KCND3 Kv4.3 α-subunit Ito,fast channel Ito,fast increase

- <1% KCNE3 MiRP2 β-subunit Ito,fast channel Ito,fast increase

- <8.5% CACNA1C Cav1.2 α-subunit Ca2+ channel ICa,L decrease

<8.5% CACNB2 Cavβ2 β-subunit Ca2+ channel ICa,L decrease

- <2.0% KCNJ8 Kir6.1 Subunit KATP channel IK-ATP increase

Table 2 continues on page 22.
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Transient outward K+ current (Ito)
Ito supports early repolarization during phase 1. The transient nature of Ito is secondary 
to its fast activation and inactivation upon depolarization. Ito displays two phenotypes. 
Ito,fast recovers rapidly from inactivation, and its α-subunit (Kv4.3) is encoded by KCND3. 
Ito,slow recovers slowly from inactivation; its α-subunit (Kv1.4) is encoded by KCNA4.1 Like 
other members of the voltage-gated K+ channel family (Kv family; Table 1), Kv4.3 and 
Kv1.4 contain one domain with six transmembrane segments (Figure 2B). Four subunits 
co-assemble to form one channel. Kv4.3 is abundantly expressed in the epicardium and 
is responsible for shorter AP duration there compared to endocardium, where Kv1.4 is 
expressed to a much lesser extent. This creates a transmural voltage gradient between 
epicardium and endocardium. Ito is blocked by 4-aminopyridine, whereas Ito,fast is 
selectively blocked by Heteropoda spider toxins.16 Heterologous expression of KCND3 
or KCNA4 does not fully recapitulate native Ito phenotypes unless co-expressed with 
their accessory proteins. For Kv1.4, four β-subunits have been identified (Table 1). For 
Kv4.3, gating properties are modulated by MiRP1 and MiRP2 (encoded by KCNE2 
and KCNE3), intracellular Kv channel interacting proteins (KChIPs), and dipeptidyl-
aminopeptidase-like protein-6 (DPP6; encoded by DPP6).16-17

Inherited diseases
Gain-of-function mutations in KCND3 are found in a few patients with BrS. Increased 
Ito,fast due to these mutations is believed to induce ST-segment elevation in BrS by 
aggravating the transmural voltage gradients in the right ventricle, where KCND3 
expression is highest.18

Mutations in KCNE3 are also linked to inherited arrhythmia. An KCNE3 mutation 
was found in five related patients with BrS. When expressed with Kv4.3, the mutation 
increased Ito,fast.

17 Another KCNE3 mutation was identified in one patient with familial 
AFib.19 The mutation was found to increase Ito,fast and postulated to cause AFib by 
shortening AP duration and facilitating atrial reentrant excitation waves. 

Table 2. Genetic basis of inherited cardiac diseases.

Type
Occurrence 
(or % of genotyped) Gene Protein Protein function Affected current

Familial atrial fibrillation

- One (small) family KCNE3 MiRP2 β-subunit Ito,fast channel Ito,fast increase

- Three families KCNA5 Kv1.5 α-subunit IKur channel IKur increase

- One family KCNH2 Kv11.1 α-subunit IKr channel IKr increase

- Two families KCNE2 MiRP1 β-subunit IKr channel
(may modulate IKs channel) IKs increase

- One family KCNQ1 Kv7.1 α-subunit IKs channel IKs increase

- One family KCNJ2 Kir2.1 α-subunit IK1 channel IK1 increase
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Recently, a genome-wide haplotype-sharing study associated a haplotype on 
chromosome 7, harboring DPP6, with idiopathic ventricular fibrillation in three 
distantly related families. Risk-haplotype carriers had increased DPP6 mRNA levels.20 
Although, in vitro, DPP6 decreases Ito and modulates its gating,17 how potential DPP6 
overexpression causes ventricular fibrillation is yet unresolved.

Acquired diseases
Ito is reduced in AFib, myocardial infarction, and heart failure.13 In myocardial 
infarction, Ito is down-regulated by the increased activity of calcineurin, a phosphatase 
that regulates gene transcription by dephosphorylating transcription factors.2,13 
Sustained tachycardia in heart failure reduces Ito, probably through a similar 
mechanism.13 However, Ito may be increased in the hypertrophic phase preceding heart 

Figure 4. Common molecular mechanisms responsible for ion channel loss of function or gain of function in 
inherited and/or acquired cardiac diseases.
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Figure 5. Brugada syndrome (BrS). (A) Typical eCG 
abnormalities in Brugada syndrome. (B) Brugada 
syndrome is often linked to iNa loss of function, 
leading to slowed action potential depolarization.

failure. Accordingly, Kv4.3 mRNA and protein levels decrease during progression of 
hypertrophy to heart failure. Finally, Ito may be reduced and contribute to QT interval 
prolongation in diabetes. Importantly, with certain delay, insulin therapy partially 
restores Ito, maybe by enhancing Kv4.3 expression.16

Cardiac Ca2+ current (ICa) and intracellular Ca2+ transients
The L-type (long-lasting) inward Ca2+ current (ICa,L) is largely responsible for the AP 
plateau. Ca2+ influx by ICa,L activates Ca2+

 release channels (ryanodine receptor [RyR2]), 
located in the sarcoplasmic reticulum membrane. Sarcoplasmic reticulum Ca2+ release 
(Ca2+ transients) via RyR2 channels couples excitation to contraction in myocytes.1 
CACNA1C encodes the α-subunit (Cav1.2) of L-type channels (Figure 2A). Cav1.2 
gating is voltage-dependent. ICa,L is blocked by several cations (e.g., Mg2+, Ni2+, Zn2+) 
and drugs (dihydropyridines, phenylalkylamines, benzothiazepines). Its amplitude 
increases markedly during β-adrenergic stimulation and in the presence of CACNB2-
encoded Cavβ2 (β-subunit) and CACNA2D1-encoded Cavα2δ1 (accessory protein). 
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Beside ICa,L, T-type (tiny) Ca2+ current (ICa,T) is identified in SAN and AVN myocytes.1 
ICa,T is believed to contribute to AP formation in pacemaker cells.

Inherited diseases
CACNA1C mutations are linked to Timothy syndrome, a rare multisystem disease with 
QT interval prolongation (LQTS type 8), ventricular tachyarrhythmia, and structural 
heart disease. In Timothy syndrome, CACNA1C mutations delay repolarization by 
increasing ICa,L (Figure 3C).21 Reversely, in one study, loss-of-function mutations in 
CACNA1C or CACNB2 were found in 7 of 82 patients with BrS, three of whom had 
mildly shortened QT intervals. It was speculated that these mutations cause BrS by 
aggravating transmural voltage gradients.8 

RyR2 mutations cause catecholaminergic polymorphic ventricular tachycardia, 
a disease associated with exercise and emotion-induced arrhythmia. Mutant RyR2 
channels permit Ca2+ leakage from the sarcoplasmic reticulum into the cytoplasm.22 
Ca2+ leakage induces extrusion of Ca2+ to the extracellular matrix by the Na+/Ca2+ 
exchanger, which exchanges one Ca2+ ion for three Na+ ions (Figure 6). By doing so, 
the Na+/Ca2+ exchanger generates an inward Na+ current, which underlies delayed 
afterdepolarization (abnormal depolarization during phase 4 due to activation 
of Na+ channels). Delayed afterdepolarizations are believed to cause ventricular 
tachyarrhythmia. 

Acquired diseases
Abnormalities in Ca2+ currents and/or intracellular Ca2+ transients in acquired diseases 
may induce both arrhythmia and contractile dysfunction. In AFib, Cav1.2 mRNA and 
protein levels are down-regulated, resulting in ICa,L reduction, which contributes to AP 
shortening.2,23 In heart failure, Cav1.2 expression is reduced but ICa,L density remains 
unchanged due to increased phosphorylation and, consequently earlier activation, of Ca2+ 
channels.13 Despite unchanged ICa,L, sarcoplasmic reticulum Ca2+ transients are smaller 
and slower in heart failure, causing contractile dysfunction.23 In myocardial infarction, 
ICa,L is reduced in the border zone of the infarcted area.13 Additionally, acute ischemia 
inhibits ICa,L via extracellular acidosis and intracellular Ca2+ and Mg2+ accumulation.2

Ultra-rapidly activating delayed outward rectifying current 
(IKur)
KCNA5 encodes the α-subunit (Kv1.5) of the channel carrying IKur. Kv1.5 is mainly 
expressed in the atria, and IKur is detected only in atrial myocytes. Thus, IKur plays a role 
in atrial repolarization. It activates rapidly upon depolarization but displays very slow 
inactivation.16 Inactivation accelerates when Kv1.5 is co-expressed with its β-subunits 
(Table 1). IKur is highly sensitive to 4-aminopyridine and is completely blocked by much 
lower concentrations than is Ito.
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Inherited diseases
Genetic studies identified KCNA5 mutations in individuals with familial AFib. 
Heterologous expression of these mutations revealed complete IKur loss of function, 
which may cause AFib through AP prolongation and EAD occurrence.24 Interestingly, 
KCNA5 missense mutations were found in two patients with long QT intervals and 
cardiac arrest. Because both of these mutations did not change Kv1.5 expression and/or 
channel gating and because IKur is detected only in the atria, the contribution of KCNA5 
mutations to ventricular arrhythmogenesis remains controversial.25

Figure 6. in catecholaminergic polymorphic ventricular tachycardia, (A) mutant ryr2 channels permit Ca2+ leakage 
from the sarcoplasmic reticulum into the cytoplasm, thereby inducing Ca2+ extrusion to the extracellular matrix 
by the Na+/Ca2+ exchanger. (B) The Na+/Ca2+ exchanger generates an inward Na+ current, which underlies delayed 
afterdepolarization (dAd).
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Acquired diseases
IKur may be affected in myocardial ischemia. Decreased Kv1.5 mRNA levels were reported 
for the epicardial border zone of infarcted hearts.13 Moreover, ischemic damage disrupted 
the normal location of Kv1.5 in the intercalated disks.16 Whereas IKur defects may be 
arrhythmogenic in ischemia, IKur block may act therapeutically in AFib. Because IKur is 
atrium-specific, a drug specifically targeting Kv1.5 channels could terminate AFib by 
preventing reentry through atrial AP prolongation. However, because Kv1.5 mRNA and 
protein levels are down-regulated in AFib, the beneficial effect of IKur block becomes 
less certain. Furthermore, because Kv1.5 is also expressed in other organs (e.g., brain), 
discovery of drugs that selectively inhibit atrial Kv1.5 channels remains necessary.16 

Rapidly activating delayed outward rectifying current (IKr) 
KCNH2, also called the human-ether-a-go-go-related gene (hERG), encodes the 
α-subunit (Kv11.1) of the channel carrying IKr. Belying its name, IKr activation upon 
depolarization is not rapid, but inactivation thereafter is very fast, resulting in a 
small outward K+ current near the end of the AP upstroke. However, during early 
repolarization, the channel rapidly recovers from inactivation to produce large IKr 
amplitudes during AP phases 2 and 3. Next, the channel deactivates (closes) slowly 
(in contrast to inactivation, deactivation is a voltage-independent process).26 Under 
normal conditions, IKr is largely responsible for repolarization of most cardiac cells.1 
Interaction of Kv11.1 with its β-subunit MiRP1 (encoded by KCNE2) induces earlier 
activation and accelerates deactivation. IKr is blocked by E-4031.

Inherited diseases
LQTS type 2, the second most prevalent type of LQTS, is caused by KCNH2 loss-of-
function mutations (Figure 3C). This translates into AP and QT interval prolongation 
and may generate EADs to trigger torsades de pointes. KCNH2 mutations reduce IKr, 
mostly by impairing the trafficking of Kv11.1 proteins to the sarcolemma (Figure 4). 
Moreover, mutations in KCNE2 also reduce IKr and cause the less prevalent LQTS type 6.5

Short QT syndrome is a rare disease associated with short QT intervals and 
increased risk for atrial and ventricular fibrillation. A gain-of-function mutation in 
KCNH2 is linked to short QT syndrome type 1.5 The resulting IKr increase achieved by 
altered gating hastens repolarization, thereby shortening AP duration and facilitating 
reentrant excitation waves to induce atrial and/or ventricular arrhythmia. Accordingly, 
gain-of-function mutations in KCNE2 have been found in two families with AFib.14

Acquired diseases
IKr may not be changed in AFib or heart failure.13 In myocardial infarction, Kv11.1 
mRNA levels and IKr are reduced, and AP duration is prolonged. Conversely, 
during acute ischemia, IKr is increased and APD is shortened. Such changes may 
be arrhythmogenic during ischemia. In diabetes, IKr reduction contributes to QT 
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interval prolongation. Accordingly, Kv11.1 levels are down-regulated; this may be 
due to reduced protein synthesis, as KCNH2 mRNA levels are normal. Importantly, 
hyperglycemia depresses IKr, whereas insulin therapy prevents or restores IKr function 
and shortens QT intervals.27

Finally, by blocking IKr, a large variety of drugs prolong QT interval and increase 
the risk for torsades de pointes (see http://www.azcert.org/medical-pros/drug-lists/
drug-lists.cfm).16 Typical structural features of the IKr channel are held responsible for 
its remarkable susceptibility to be blocked by drugs. Particularly, individuals with pre-
existing repolarization defects (e.g., patients with LQTS or diabetes) may be at risk 
when using such drugs.

Slowly activating delayed outward rectifying current (IKs)
Kv7.1, encoded by KCNQ1, is the α-subunit of the channel responsible for IKs. However, 
only co-expression of KCNQ1 with minK-encoding KCNE1 yields currents that resemble 
IKs: a K+ current that activates slowly upon depolarization, displays no inactivation, and 
deactivates slowly during repolarization.1 IKs is markedly enhanced by β-adrenergic 
stimulation through channel phosphorylation by protein kinase A (requiring A-kinase 
anchoring proteins [AKAPs]) and protein kinase C (requiring minK).16 This implies 
that IKs contributes to repolarization, especially when β-adrenergic stimulation is 
present. Accordingly, selective blocking of IKs by chromanol-293B prolongs AP duration 
minimally under baseline conditions but markedly under β-adrenergic stimulation.16 
Interestingly, KCNQ1 and KCNE1 are also expressed in the inner ear, where they enable 
endolymph secretion.

Inherited diseases
The most common type of LQTS, type 1 (LQT1), is caused by loss-of-function mutations 
in KCNQ1 (Figure 3C). The resulting IKs reduction is responsible for prolonged AP 
durations and QT intervals.5 Arrhythmia usually occurs during exercise or emotional 
stress, probably because mutant IKs does not increase sufficiently during β-adrenergic 
stimulation. Accordingly, β-adrenergic blocking drugs suppress arrhythmic events in 
LQT1. Individuals with the less prevalent LQTS type 5 carry loss-of-function mutations 
in KCNE1 and display a similar phenotype as LQT1 patients.5 A mutation in AKAP9, 
encoding Yotiao (AKAP9), was described in two related patients with LQTS type 11. 
The mutation inhibited the β-adrenergic response of IKs by disrupting the interaction 
between Yotiao and Kv7.1.28 Yotiao mediates phosphorylation of Kv7.1 by protein kinase 
A upon β-adrenergic stimulation. 

Loss-of-function mutations in both alleles of KCNQ1 or KCNE1 cause the very 
rare Jervell and Lange-Nielsen syndrome (JLNS) type 1 or 2, respectively.5 JLNS 
encompasses 1% to 7% of all genotyped LQTS patients and is characterized by, in 
addition to QT interval prolongation, arrhythmia and congenital deafness, the latter 
due to deficient endolymph secretion.
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KCNQ1 gain-of-function mutations are anecdotally linked to short QT syndrome 
(type 2).5 Moreover, an KCNQ1 gain-of-function mutation is reported to cause familial 
AFib by shortening atrial AP duration and facilitating reentry.14

Acquired diseases
Animal models of AFib-related sustained atrial tachyarrhythmia do not display 
alterations in IKs amplitude. However, genetic association studies in patients with 
non-familial AFib have linked increased risk for AFib to KCNE1 polymorphisms.14 
Heterologous co-expression of one such polymorphism with KCNQ1 resulted in IKs 
reduction. Such contradictory reports of KCNQ1 mutation causing familial AFib by 
increasing IKs and KCNE1 polymorphisms increasing AFib risk by decreasing IKs suggest 
that multiple mechanisms underlie AFib. Several studies reported that heart failure 
reduces IKs in atrial, ventricular, and SAN myocytes.13 Given that IKr is unchanged, IKs 
reduction may largely account for prolonged AP duration in heart failure. Finally, IKs 
density and KCNQ1/KCNE1 mRNA levels were decreased in myocytes from infarcted 
border zones 2 days post-infarction. However, KCNQ1 expression was restored 5 days 
post-infarction, while KCNE1 expression remained decreased.13,16

Inward rectifying current (IK1)
IK1 stabilizes the resting membrane potential of atrial and ventricular myocytes during 
phase 4 and contributes to the terminal portion of phase 3 repolarization (Figure 
1C). IK1 channels are closed during AP phases 1 and 2. Voltage-dependent block 
by intracellular Mg2+ underlies channel closing, while unblocking enables channel 
opening.16 IK1 is almost absent in SAN and AVN myocytes. Its α-subunit (Kir2.1) is 
encoded by KCNJ2 and consists of one domain with two transmembrane segments 
(Figure 2C). Blocking IK1 by extracellular Ba2+ results in depolarization of the resting 
potential and mild AP prolongation.29

Inherited diseases
Loss-of-function mutations in KCNJ2 are linked to Andersen-Tawil syndrome, a rare 
disease characterized by skeletal developmental abnormalities, periodic paralysis, and 
usually non-sustained ventricular arrhythmia, often associated with prominent U 
waves and mild QT interval prolongation (LQTS type 7; Figure 3C).29 KNCJ2 mutations 
reduce IK1 by encoding defective Kir2.1 subunits, which generate non-functional 
channels and/or bind to normal subunits to disrupt their function (“dominant-negative 
effect”). IK1 reduction may trigger arrhythmia by allowing inward currents, which 
are no longer counterbalanced by the strong outward IK1, to gradually depolarize the 
membrane potential during phase 4. Membrane depolarization during phase 4 induces 
arrhythmia by facilitating spontaneous excitability.5 Alternatively, IK1 reduction may 
trigger arrhythmia by prolonging AP duration and triggering EADs.
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To date, one KCNJ2 gain-of-function mutation, found in one small family, is 
linked to short QT syndrome type 3. When expressed heterologously, the mutation 
increased IK1 and was predicted to shorten AP duration and QT interval by accelerating 
the terminal phase of repolarization.5 Another KCNJ2 gain-of-function mutation 
was described in one single family with AFib. The affected members had normal QT 
intervals. The mutation was speculated to cause AFib by shortening atrial AP duration 
and facilitating reentrant excitation waves.14

Acquired diseases
In chronic AFib, IK1 is increased and Kir2.1 mRNA and protein levels are elevated. 
Increased IK1 corresponds to more negative resting potentials and, together with 
reduced ICa,L, accounts for AP shortening in AFib.13 Reduced IK1 densities are reported in 
animal models of ventricular failure.16 This may be secondary to increased intracellular 
Ca2+ because Ca2+ blocks the outward component of IK1.

30 Reduced IK1 densities are 
also measured in myocytes of animal hearts post-infarction. Moreover, various factors 
during ischemia (e.g., intracellular Ca2+, Mg2+, and/or Na+ accumulation, and acidosis) 
may inhibit IK1.

2 IK1 reduction in heart failure or ischemia may facilitate spontaneous 
excitability and trigger arrhythmia.

Pacemaker current (If)
The pacemaker current enables spontaneous initiation of cardiac electrical activity. It is 
also called the funny current (If) because it displays unusual gating properties. If is a mixed 
Na+/K+ current, which activates slowly upon hyperpolarization and inactivates slowly 
in a voltage-independent manner (deactivation) upon depolarization. If conducts an 
inward current during phases 3 and 4 and may underlie slow membrane depolarization 
in cells with pacemaker activity (i.e., cells with If and little or no IK1).31 If activation 
is accelerated when intracellular cyclic adenosine monophosphate (cAMP) levels are 
increased. Thus, If mediates heart rate regulation by sympathetic and parasympathetic 
activity, which control synthesis and degradation of intracellular cAMP, respectively. 
Accordingly, channels responsible for If are named hyperpolarization-activated cyclic 
nucleotide-gated (HCN) channels.2 Four α-subunit isoforms are described (HCN1-4, 
encoded by HCN1-4), which are preferentially expressed in SAN and AVN myocytes, 
and Purkinje fibers (Figure 2B). HCN channels are blocked by Cs+. Their intracellular 
C-terminus contains cyclic nucleotide-binding domains (CNBDs), which enable direct 
cAMP binding. HCN isoforms differ in the extent of voltage-dependent gating and 
sensitivity to cAMP, and HCN4 channels are considered the best candidate to carry If.

Inherited diseases
Heterozygous HCN4 mutations were found in individuals with mild to severe sinus 
bradycardia.32 Heterologous expression revealed that these mutations decrease HCN 
channel expression, decelerate If activation, or, when located in CNBDs, abolish 
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sensitivity of HCN channels to cAMP. These effects imply that HCN4 mutations cause 
bradycardia by reducing If and the speed of membrane depolarization during phase 4; 
this results in slower pace-making rates in SAN myocytes.

Acquired diseases
Increased HCN expression in atrial or ventricular myocytes in pathologic conditions 
could initiate arrhythmia by triggering spontaneous excitation of non-pacemaker 
myocytes.2 Indeed, increased HCN2/HCN4 mRNA and protein levels are found in atria 
of patients with AFib and in ventricular tissues of heart failure patients. Accordingly, 
larger If amplitudes were recorded in myocytes that were obtained from failing hearts.13

If recently has become a target for pharmacologic studies aimed at discovering 
drugs to decrease heart rates in patients with ischemic heart disease. Elevated heart 
rates in these patients are associated with increased risk for mortality. Whereas current 
heart rate lowering drugs adversely affect cardiac contractility, selective If inhibition is 
believed to lower heart rate without impairing contractility. To date, ivabradine is the 
only If blocker registered for treatment of chronic stable angina.31

Study limitations and future research
This chapter has focused on important ion channels that contribute to AP formation 
in normal adult hearts. We have not discussed inherited diseases that are linked to ion 
channels of which the pathophysiological relevance for cardiac electrical activity is less 
well understood, such as LQTS type 13 that is recently linked to a mutation in KCNJ5, 
which encodes a subunit of the G protein-coupled, inwardly rectifying K+ channel 
current (IK-ACh channel).33 We have also not discussed ion channels that play only a 
role in disease or during early development. For example, the adenosine triphosphate 
(ATP)-sensitive K+ (KATP) channel is responsible for an inwardly rectifying potassium 
channel current (IK-ATP) during hypoxia or ischemia, when the intracellular ATP 
concentration or the ATP/adenosine diphosphate (ADP) ratio decline. Recently, a 
mutation in KCNJ8, encoding the pore-forming subunit (Kir6.1) of the cardiac KATP 
channel, was found in a few patients with BrS.34 The mutation caused gain-of-function 
in IK-ATP during normal conditions probably due to reduced sensitivity of the channel 
to intracellular ATP.

Emerging studies have indicated that ion channels function properly only in the 
presence of various regulatory molecules. Moreover, next to exonic mutations and 
polymorphisms, ion channel expression may be influenced by variants in intronic 
regions of the responsible genes and/or small non-coding RNAs (microRNAs) that 
control expression by regulating mRNA translation. Thus, ion channels act in close 
interaction with multiple genetic and non-genetic modifiers, which may contribute 
to inter-individual phenotype differences in individuals with the same disease. 
Nevertheless, the majority of the available literature about ion currents is obtained 
from electrophysiologic studies of the responsible channels in heterologous expression 
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systems, isolated myocytes from animal hearts, or, to a lesser extent, myocytes from 
explanted human hearts, where the effects of such modifiers is greatly lost. Exploring 
these effects on channel expression and function may provide novel mechanistic 
insights into the pathophysiology of diseases. Moreover, it may introduce new and 
more specific targets to treat arrhythmia, especially as currently used antiarrhythmic 
drugs are insufficiently effective and may cause serious adverse effects, including 
arrhythmias.
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Abstract
Cardiac sodium channel are protein complexes that are expressed in the sarcolemma of 
cardiomyocytes to carry a large inward depolarizing current (INa) during phase 0 of the 
cardiac action potential. The importance of INa for normal cardiac electrical activity is 
reflected by the high incidence of arrhythmias in cardiac sodium channelopathies, i.e., 
arrhythmogenic diseases in patients with mutations in SCN5A, the gene responsible 
for the pore-forming ion-conducting α-subunit, or in genes that encode the ancillary 
β-subunits or regulatory proteins of the cardiac sodium channel. While clinical and 
genetic studies have laid the foundation for our understanding of cardiac sodium 
channelopathies by establishing links between arrhythmogenic diseases and mutations 
in genes that encode various subunits of the cardiac sodium channel, biophysical studies 
(particularly in heterologous expression systems and transgenic mouse models) have 
provided insights into the mechanisms by which INa dysfunction causes disease in such 
channelopathies. It is now recognized that mutations that increase INa delay cardiac 
repolarization, prolong action potential duration, and cause long QT syndrome, while 
mutations that reduce INa decrease cardiac excitability, reduce electrical conduction 
velocity, and induce Brugada syndrome, progressive cardiac conduction disease, sick 
sinus syndrome, or combinations thereof. Recently, mutation-induced INa dysfunction 
was also linked to dilated cardiomyopathy, atrial fibrillation, and sudden infant death 
syndrome. This chapter describes the structure and function of the cardiac sodium 
channel and its various subunits, summarizes major cardiac sodium channelopathies 
and the current knowledge concerning their genetic background and underlying 
molecular mechanisms. It also discusses recent advances in the discovery of mutation-
specific therapies in the management of these channelopathies.
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Introduction
Cardiac sodium channels are transmembrane proteins that are located in the 
sarcolemma of atrial and ventricular myocytes and the Purkinje fibers. They enable a 
large and rapid influx of sodium ions (sodium current; INa) during the rapid upstroke 
(phase 0) of the cardiac action potential. INa underlies the initiation and propagation of 
action potentials, and, by doing so, it determines cardiac excitability and conduction 
velocity of electrical stimuli through the heart (Figure 1A, B).1 To a lesser extent, cardiac 
sodium channels are also present in the sinoatrial node and the atrioventricular node, 
where they contribute to pacemaker activity.2 The importance of sodium channels 
for normal electrical activity of the heart is emphasized in arrhythmogenic diseases 
caused by inherited or de novo (mostly heterozygous) mutations in SCN5A, the 
gene that encodes the cardiac sodium channel (“cardiac sodium channelopathies”). 
These diseases include long QT syndrome type 3 (LQT3), Brugada syndrome (BrS), 
progressive cardiac conduction disease (PCCD), dilated cardiomyopathy (DCM), sick 
sinus syndrome (SSS), atrial fibrillation (AFib), sudden infant death syndrome (SIDS), 
and overlap syndromes.3 In overlap syndromes, patients display overlapping clinical 
symptoms or arrhythmia forms of more than one disease.4 Although less prevalent, 
mutations in genes encoding proteins that regulate the expression or function of the 
sodium channel may also cause these diseases.3 

The effects of SCN5A mutations on the normal structure, expression, and function 
of cardiac sodium channels are routinely investigated by cloning and expression of 
channel proteins in heterologous systems (e.g., human embryonic kidney cells, Chinese 
hamster ovary cells, Xenopus oocytes). The effects of mutations in genes encoding the 
regulatory proteins are studied by co-expression of the mutant protein with the normal 
sodium channel protein. Additionally, genetically engineered mice carrying mutations 
in a specific gene of interest are increasingly used to study the effect of mutations in 
the native environment of the myocyte.5 These expression models, in conjunction 
with various experimental techniques (e.g., electron crystallography to study channel 
structure, polymerase chain reaction to study mRNA expression, Western blot and 
immunohistochemistry to study protein expression, co-immunoprecipitation to study 
protein-protein associations, and patch-clamp technique to measure currents), have 
greatly enhanced our understanding of the role of sodium channel dysfunction in the 
pathophysiology of cardiac sodium channelopathies. Furthermore, they have provided 
basic rationale for gene-specific and even mutation-specific approaches in the clinical 
management of subject with such channelopathies. This chapter describes the structure 
and function of the cardiac sodium channel and its modulation by regulatory proteins. 
Moreover, it discusses the well-recognized cardiac sodium channelopathies and the 
nature and the role of sodium channel dysfunction in the underlying mechanisms of 
these diseases. 
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The cardiac sodium channel
Voltage-gated sodium channels are dynamic transmembrane proteins in excitable cells 
(e.g., cardiomyocytes, skeletal muscle cells, neurons) that open and close to conduct 
ions. They are large molecular complexes containing a pore-forming ion-conducting 
α-subunit and ancillary β-subunits, and several regulatory proteins.1,6-12 The α-subunit 
is called Nav1.5, and is encoded by SCN5A. It is organized into a cytoplasmic 
N-terminus, four homologous domains (DI-DIV) that are connected to each other 
by cytoplasmic linkers, and a cytoplasmic C-terminus. Each domain consists of six 
transmembrane α-helical segments (S1-S6), connected to each other by alternating 
extracellular and cytoplasmic loops. The four domains fold around an ion-conducting 
pore, which is lined by the extracellular loops (P-loops) between S5 and S6 segments 
(Figure 2A, B). Some amino acids in the P-loops confer the selectivity for sodium ions. 
Gating represents time-dependent transitions between distinct conformational states 
of the channel protein due to molecular movements in response to membrane potential 
changes (“voltage-dependent gating”).1 When cardiomyocytes are excited by electrical 

Figure 1. The cardiac electrical activity and cardiac ion currents. (A) The electrical activity of the heart is represented 
on the surface electrocardiogram (eCG), and results from coordinated action potential generation in individual 
cardiomyocytes. The electrical activity starts by the spontaneous generation of action potentials in pacemaker cells 
in the sinoatrial node. propagation of these action potentials creates an excitation wave through the atria, leading 
to atrial depolarization. After traveling through the atrioventricular node, the excitation wave reaches the ventricles, 
and leads to ventricular depolarization. (B) The cardiac action potential is generated by transmembrane inwardly and 
outwardly directed ion currents. The inward (depolarizing) sodium and calcium currents are pointed downwards and 
colored blue. The outward (repolarizing) potassium currents are pointed upwards and colored green.

CHApTer 2

38



stimuli from adjacent cells or by artificially applied stimuli during patch-clamp 
experiments, their resting membrane potential (approximately -85 mV) depolarizes. 
This triggers an outward movement of the positively charged S4 segments (voltage 
sensors), which leads to channel activation (i.e., opening of the pore). Inactivation 
(closing of the pore) starts simultaneously with activation, but since inactivation is 
slower than activation, channels remain transiently open to conduct INa during phase 0 
of the action potential (Figure 3A, B). Inactivation comprises different conformational 
states, including fast, intermediate, and slow inactivation. Fast inactivation is coupled 
to activation and initiated by the outward movement of the S4 segment of DIV. This 
triggers the amino acids isoleucine, phenylalanine, and methionine (IFM motif; “the 

Figure 2. Molecular structure of the cardiac sodium channel. (A) Cartoon of the α-subunit (Nav1.5) and the β-subunit 
of the cardiac sodium channel. Nav1.5 consists of four domains (di-diV), each containing six transmembrane 
segments (S1-S6); S4 segments are positively charged and act as voltage sensors. The β-subunit consists of one 
single transmembrane segment. (B) The four domains of Nav1.5 fold around an ion-conducting pore, which is lined 
by the loops between the S5 and S6 segments. The expression and function of Nav1.5 is regulated by β-subunits 
and several directly or indirectly interacting regulatory proteins.
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lid”) and the neighboring glycine and proline (“the hinges”) in the DIII-DIV linker to 
occlude the pore by binding to multiple amino acids in the cytoplasmic loops between 
the S4 and S5 segments of DIII and DIV (“the dock”).9 The molecular movements leading 
to slow inactivation are less well understood. However, mutations in the P-loops, the 
S6 segments and the C-terminus have been reported to affect this state. In any case, 
more than 99% of sodium channels are inactivated at the end of action potential phase 
1, and can be reactivated only after recovery from inactivation during action potential 
phase 4. Slow inactivation requires much longer recovery times than fast inactivation. 

Figure 3. Voltage-dependent activation and inactivation of the cardiac sodium channel. (A) Using the patch-clamp 
technique, the membrane potential dependence of activation is studied by applying 50 ms depolarizing voltage 
steps from a holding potential of -120 mV (inset). The activation curve is obtained by dividing the amplitude of 
the resulting sodium current at each voltage step by the maximum peak sodium current amplitude, and plotting 
versus the corresponding voltage. (B) The membrane potential dependence of inactivation is studied by applying 
500 ms depolarizing voltage steps from a holding potential of -120 mV to inactivate the channels (prepulse). Next, 
the fraction of channels that is not inactivated by the prepulse is measured by applying a voltage step to -20 mV 
(test pulse). The inactivation curve is obtained by dividing the amplitude of sodium current at each test pulse by the 
maximum peak sodium current amplitude, and plotting versus the corresponding prepulse voltage. (C) The window 
current (gray area) arises when the sarcolemma reaches a potential that is depolarized sufficiently to reactivate some 
channels, but not enough to cause complete inactivation. d: The voltage range for the window current is normally 
narrow and achieved during phase 3 of the ventricular action potential.
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Finally, a very small fraction of sodium channels may reactivate during action potential 
phase 3. The current through these channels (<1% of the peak INa) is called the window 
current, since it arises when the sarcolemma reaches a potential that is depolarized 
sufficiently to reactivate some channels, but not enough to cause complete inactivation 
(Figure 3C, D). The voltage range for the window current is very restricted and narrow 
in healthy hearts, granting it a small role during the cardiac action potential.13 

Although Nav1.5 is sufficient to generate sodium current in heterologous 
expression systems, the obtained current is quite different from INa present in isolated 
cardiomyocytes. This may be due to the absence of ancillary β-subunits and regulatory 
proteins in heterologous systems (Figure 2B). So far, four β-subunits are known in 
the heart (β1 to β4), which are encoded by four genes (SCN1B to SCN4B).6-8,10-11 
The β-subunits are proteins with an extracellular N-terminus, one transmembrane 
segment, and a cytoplasmic C-terminus. They increase the expression of Nav1.5 in the 
sarcolemma, augment the amplitude of INa, modulate its gating properties, and play 
crucial roles in the interaction of Nav1.5 proteins to extracellular matrix molecules, 
cytoplasmic cytoskeleton apparatus, and components of cardiac intercellular junctions 
(e.g., cadherins, connexins). The β-subunits may also contribute to the preferential 
localization of Nav1.5 proteins in the intercalated disks. Nav1.5 proteins may also 
directly interact with several regulatory proteins, including enzymes involved in their 
glycosylation and phosphorylation (e.g., Ca2+/calmodulindependent protein kinase 
II),6,11 adaptor proteins that connect them to the cytoskeleton (e.g., ankyrins),11 and 
proteins that mediate their trafficking from the endoplasmic reticulum (ER) to the 
sarcolemma (e.g., glycerol-3-phosphate dehydrogenase 1-like protein).9 Of note, 
mutations in genes encoding β-subunits and regulatory proteins are occasionally 
found in patients with clinical phenotypes similar to arrhythmogenic diseases caused 
by SCN5A mutations. This reflects the importance of these proteins for the normal 
functioning of the cardiac sodium channel.3

Long QT syndrome type 3
Long QT syndrome (LQTS) is a disease characterized by prolonged QT intervals on 
the surface electrocardiogram (ECG), and increased risk for sudden death due to 
ventricular tachyarrhythmias, in particular torsades de pointes. Prolonged QT intervals 
reflect increased action potential durations in ventricular myocytes, and correspond 
with delayed ventricular repolarization (Figure 4A, B). Heritable LQTS is classified 
into different types, and each type is linked to mutations in a gene encoding a protein 
that is directly (ion channel) or indirectly (β-subunit or regulatory protein) involved in 
repolarization.14 LQT3 is linked to mutations in SCN5A, and covers approximately 13% 
of all genotyped individuals with LQTS.15-16 So far, more than 80 SCN5A mutations 
have been identified in patients with LQT3, and nearly 50% of them have been studied 
heterologously.17 Most of these mutations are missense mutations, and are found to 
cause sodium channel gain-of-function, by disrupting fast inactivation and thereby 
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causing an abnormal sustained (or persistent) non-inactivating sodium current (Isus 
or Ipst; Figure 4C, D).18 Mutations causing Isus are mainly clustered in Nav1.5 regions 
that are involved in fast inactivation (i.e., S4 segment of DIV, the DIII-DIV linker, 
and the cytoplasmic loops between the S4 and S5 segments of DIII and DIV), or in 
regions that stabilize fast inactivation (e.g., the C-terminus).15,17,19-20 The C-terminus 
probably interacts with the DIII-DIV linker to stabilize the occlusion of the pore 
during inactivation.21 

Other less common mechanisms of SCN5A mutations to cause LQT3 include 
increased window current,22-23 slower inactivation,23-24 faster recovery from 
inactivation,25-26 and larger peak INa density.27 The window current increases when 
inactivation of mutant sodium channels occurs at more positive (depolarized) 
potentials (i.e., delayed inactivation), while activation is not changed. This widens the 

Figure 4. Long QT syndrome type 3. (A) 
prolonged QT intervals on the surface eCG of an 
individual with LQT3. (B) QT interval prolongation 
results from delayed repolarization of ventricular 
action potentials. (C) delayed repolarization in 
LQT3 is often due to the presence of abnormal 
sustained non-inactivating sodium current 
(grey area). (d) Sustained current results from 
incomplete inactivation of the sodium channels 
(grey circles).
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voltage range during which the sodium channel may reactivate without inactivation 
(Figure 5A).22-23 Slower inactivation allows longer channel openings, and causes a 
slowly inactivating sodium current (Figure 5B).23-24 To distinguish it from Isus (which 
does not inactivate), this current is called the late sodium current (INaL) here. However, 
in the literature, the terms Isus, Ipst, and INaL are often used interchangeably. Comparable 
to Isus, both the window current and INaL exert their effects during phases 2 and 3 of the 
action potential, where normally no or very small sodium current is present. However, 
the other two mechanisms (i.e., faster recovery from inactivation and larger peak INa 
density) involve increased influx of sodium ions during phase 0 of the action potential 
(Figure 5C). Faster recovery from inactivation leads to larger peak INa by increasing 
the fraction of channels available for activation during subsequent depolarizations. 
Finally, larger INa density may result from increased expression of mutant Nav1.5 
through enhanced mRNA translation or protein trafficking to the sarcolemma, 
decreased protein degradation, or altered modulation by β-subunits and regulatory 
proteins. Importantly, one single SCN5A mutation may cause several changes in the 
expression and/or gating properties of the resulting sodium channels. Regardless of the 
mechanism, increased sodium current (Isus, window current, INaL, or peak INa) upsets 
the balance between depolarizing and repolarizing currents in favor of depolarization. 
The resulting delay in the repolarization process triggers early afterdepolarizations (i.e., 
re-activation of L-type calcium channel during phases 2 or 3 of the action potential), 

Figure 5. Alternative mechanisms of sodium channel gain-of-function in long QT syndrome type 3. (A) increased 
window current due to delayed inactivation of cardiac sodium channels (grey circles). increased windows current is 
carried at potentials corresponding to phases 2 and 3 of the ventricular action potential (grey area), remote from the 
peak sodium current during phase 0 (white area). (B) Slower inactivation creates a late sodium current (grey area). 
(C) increased peak sodium current.
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especially in Purkinje fiber myocytes where action potential durations are intrinsically 
longer.28-29 Early afterdepolarizations are believed to induce torsades de pointes.30

Arrhythmic events in LQT3 usually occur at rest or during sleep when the heart 
rate is slow. Accordingly, Isus is larger at slower stimulus frequencies, suggesting that 
the degree of Isus may be a strong determinant for arrhythmias to occur.31 This is 
confirmed by a report of homozygous carriers of an SCN5A mutation who displayed 
longer QT intervals and more frequent arrhythmias than heterozygous carriers of the 
same mutation. Consistently, homozygous expression of the mutation in heterologous 
system caused larger Isus densities than heterozygous expression of the mutation.32 The 
definite role of Isus in LQT3 is further reflected by the effectiveness of drugs that inhibit 
Isus in the treatment of patients with LQT3. Such drugs (e.g., ranolazine, mexiletine, 
flecainide) shorten QT intervals in patients with LQT3 by preferentially blocking 
Isus over peak INa.

33-35 However, this effect may be mutation specific. Mexiletine has 
been shown to be especially effective in patients with SCN5A mutations that shift 
inactivation toward more negative potentials (i.e., earlier inactivation).24 Moreover, in 
high concentrations these drugs may also block peak INa, and exert pro-arrhythmic 
effects by decreasing cardiac excitability and slowing electrical conduction velocity. 
Finally, beta-blockers (the cornerstone therapy in most long QT syndrome patients, 
particularly those with LQTS type 1 and, somewhat less so, in LQTS type 2) seem to be 
less effective in LQT3.31 This may be due to their proarrhythmic effect by slowing the 
heart rate and consequently increasing Isus, which opposes their antiarrhythmic effect 
(i.e., preferential block of Isus by direct binding to Nav1.5). The antiarrhythmic effect of 
beta-blockers in LQT3 may also be mutation-specific (e.g., when inactivation occurs 
at more negative potentials), and limited to some agents (propranolol, carvedilol, but 
not metoprolol).36 

LQTS and mutations in sodium channel regulatory proteins
Three less common types of LQTS are caused by mutations in genes encoding proteins 
that regulate the expression or function of Nav1.5 proteins. A mutation in SCN4B, 
encoding the β4-subunit, has been linked to LQTS type 10. When co-expressed 
heterologously with SCN5A, the mutation shifted the inactivation toward more positive 
potentials, but did not change the activation. This resulted in increased window 
currents at membrane potentials corresponding to the phase 3 of the action potential.10 
Mutations in CAV3, encoding caveolin-3, are linked to LQTS type 9 (LQT9). Caveolin-3 
co-localizes and interacts with Nav1.5 proteins at the sarcolemma of cardiomyocytes 
(Figure 2B). When co-expressed with SCN5A, the mutant caveolin-3 proteins induce 
Isus.

37 Finally, a mutation in SNTA1 has been linked to LQTS type 12. SNTA1 encodes 
α1-syntrophin, a cytoplasmic adaptor protein that enables the interaction between 
Nav1.5, nitric oxide synthase (NOS), and sarcolemmal calcium ATPase (PMCA). PMCA 
inhibits nitric oxide synthesis by NOS. By inducing nitrosylation of Nav1.5 proteins, 
nitric oxide decreases channel inactivation and increases Isus densities. The mutation in 
SNTA1 disrupted the interaction between Nav1.5 and PMCA, and consequently caused 
increased Nav1.5 nitrosylation and Isus densities.11
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Brugada syndrome
BrS is diagnosed in subject with high risk for sudden death due to ventricular 
tachyarrhythmias (polymorphic ventricular tachycardia and ventricular fibrillation), 
accompanied by typical coved-type ST segment elevation in the right-precordial 
ECG leads V1 to V3.

38 The ECG changes are often concealed, but can be unmasked 
by a drug challenge test using Class 1A or 1C anti-arrhythmic drugs (e.g., ajmaline, 
flecainide, pilsicainide), which block the cardiac sodium channel (Figure 6A).39 This 
indicates the crucial role of INa inhibition in the pathophysiology of BrS. Accordingly, 
10-30% of subject with BrS carry a mutation in SCN5A, including missense mutations, 
nonsense mutations, and nucleotide deletions or insertions.17,39 The latter may alter 
mRNA splicing or create a premature stop codon by shifting the open reading frame, 
and result in truncated Nav1.5 proteins. More than 100 SCN5A mutations are linked 
to BrS. Virtually all mutations that are heterologously expressed (<50%) lead to 
sodium channel loss-of-function (i.e., reduced peak INa; Figure 6B). The underlying 
mechanisms include decreased expression of Nav1.5 proteins,40 expression of non-
functional channels,41 and altered gating properties.42-45 Decreased sarcolemmal 
expression of Nav1.5 proteins results from premature degradation of the mutant 

Figure 6. Brugada syndrome. (A) Coved-type ST-segment elevation in the right-precordial eCG leads V1 and V2 after 
intravenous (i.v.) administration of sodium channel blocking drug ajmaline in an individual with BrS. (B) BrS-linked 
SCN5A mutations often lead to peak sodium current reduction. (C) reduced peak sodium current decreases the 
upstroke velocity of action potential phase 0, which slows cardiac electrical conduction.
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proteins by the quality control system in the ER (Figure 7A).40 Expression may also 
be decreased because mutant Nav1.5 proteins fail to interact with β-subunits or 
regulatory proteins, which mediate their normal localization on the sarcolemma. Some 
mutant Nav1.5 proteins pass the ER quality control system and traffic normally to the 
sarcolemma, but form channels that conduct no or very small INa (non-functional).41 
The third mechanism (altered gating properties) comprises delayed activation (i.e., 
activation at more positive potentials),45 earlier inactivation (i.e., inactivation at more 
negative potentials),43 faster inactivation,44 and enhanced slow inactivation.42 Delayed 
activation, earlier inactivation, and faster inactivation reduce INa by decreasing the 

Figure 7. Mechanisms of sodium channel loss-of-function in Brugada syndrome, progressive cardiac conduction 
disease, and sick sinus syndrome. (A) decreased sarcolemmal expression of Nav1.5 due to premature degradation 
of mutant channel proteins by the quality control system in the endoplasmic reticulum. (B) delayed activation of 
cardiac sodium channels (grey circles). (C) earlier inactivation of cardiac sodium channels (grey circles).
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probability of the channels to reside in the activated state (Figure 7B, C). Enhanced slow 
inactivation means that mutant channels preferentially enter into the slow inactivation 
state. As mentioned earlier, the slow inactivation state requires relatively long recovery 
times during the action potential phase 4. At fast heart rates, phase 4 becomes too 
short for such channels to recover completely from slow inactivation. This leads to an 
accumulation of the channels in the slow inactivation state, and INa reduction. Although 
BrS-linked SCN5A mutations are in general randomly located in various regions of 
Nav1.5, mutations that cause enhanced slow inactivation are mainly located in the 
P-loops, the S6 segments, and the C-terminus.17 INa reduction decreases the upstroke 
velocity of action potential phase 0, and, as a result, slows atrial and ventricular 
electrical conduction (Figure 6C). This is often reflected by prolonged atrioventricular 
and ventricular conduction intervals (PR and QRS intervals, respectively) on the ECGs 
of BrS patients with an SCN5A mutation (Figure 6A).39 During electrophysiological 
studies in such patients, electrical conduction is particularly delayed between the His 
bundle and the ventricles (HV interval prolongation), indicating the importance of 
INa for the initiation and propagation of action potentials in Purkinje fiber myocytes 
and the ventricular conduction system.46 The right-precordial ST segment elevation is 
less well understood, and explained by two hypotheses. The first hypothesis focuses on 
the presence of transmural voltage gradients due to heterogeneity in action potential 
duration between the right ventricular epicardium and endocardium. Indeed, action 
potential durations are shorter in the epicardium, where the repolarizing transient 
outward potassium current (Ito) is more prominently expressed. INa reduction would 
further shorten epicardial action potential durations, and facilitate reentrant excitation 
waves between depolarized endocardium and prematurely repolarized epicardium.47 
The second hypothesis involves preferential conduction slowing in the right ventricular 
outflow tract. Regional differences in conduction velocity in the right ventricular 
epicardium would be aggravated by INa reduction, and trigger the occurrence of 
epicardial reentrant excitation waves.48 This hypothesis is supported by the increased 
prevalence of mild (subclinical) structural abnormalities in the right ventricles of 
BrS patients (e.g., inflammation, fatty tissue replacement, and fibrosis).49 Regardless 
of the mechanism, since ST segment elevation is equally seen in SCN5A mutation 
carriers and non-carriers, other genetic variants (e.g., in genes encoding ion channels 
or regulatory proteins) and exogenous factors (e.g., electrolyte imbalances, hormones, 
body temperature) may contribute to the pathophysiology of BrS.50-53 

Arrhythmic events in BrS occur more frequently in men, and at rest or during sleep. 
Experimental studies suggest that the effects of gender on the BrS phenotype may be due 
to intrinsic differences in ion channel expression between men and women (e.g., higher 
Ito densities in men) or due to differences in hormone levels (e.g., higher testosterone 
levels in men).47,53 The latter is confirmed by the disappearance of typical BrS ECG 
changes after castration.52 The occurrence of arrhythmias during sleep may be due to an 
increased vagal activity and/or decreased sympathetic activity. This is confirmed in BrS 
patients by right-precordial ST-segment elevation following intracoronary injection of 
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acetylcholine, and decreased levels of norepinephrine in the synaptic cleft on positron 
emission tomography.54-55 Moreover, the typical ECG changes and arrhythmias in BrS 
may also be triggered by fever.50 Although the mechanism is not fully understood, 
some SCN5A mutations have been shown to alter the gating properties of cardiac 
sodium channels in a temperature-dependent manner, e.g., more slow inactivation at 
higher temperatures.42,44 Finally, the BrS ECG changes are reported to worsen during 
exercise. This may be partially attributed to an enhanced slow inactivation in mutant 
channels, leading to an accumulation of the mutant channels in the slow inactivation 
state at fast heart rates. However, other factors (e.g., autonomic nervous system, ion 
current imbalances) may also play a role.56 

So far, no mutation-specific therapy is available for BrS. Decreased sarcolemmal 
expression of mutant Nav1.5 proteins can be restored with cardiac sodium channel 
blocking drugs (e.g., mexiletine). Such drugs bind to mutant proteins, and act as 
molecular chaperones to rescue their trafficking from the ER to the sarcolemma.40 
However, it is questionable whether these drugs can be used as therapy, because (once 
expressed on the sarcolemma) the mutant proteins display arrhythmia-causing gating 
defects (e.g., Isus).57 Moreover, since sodium channel blocking drugs reduce INa, they 
may aggravate ECG changes or trigger arrhythmias in BrS, and should therefore be 
avoided.51,58 An implantable cardioverter defibrillator and adequate treatment of fever 
are currently the only effective therapies to prevent sudden death in BrS. 

BrS and mutations in sodium channel regulatory proteins 
INa reduction in BrS may also be due to mutations in genes encoding β-subunits or 
regulatory proteins of the cardiac sodium channel. A mutation in SCN1B was found 
in one family with BrS. When heterologously expressed, the mutation resulted in 
formation of truncated β1-subunits, which failed to interact with Nav1.5 proteins and to 
increase INa densities as normal β1-subunits did.12 A missense mutation in SCN3B was 
found in one subject with BrS. The mutation reduced INa by disrupting the trafficking 
of Nav1.5 proteins from the ER to the sarcolemma, and by altering the gating properties 
(e.g., earlier and faster inactivation).7 A mutation in GPD1-L, encoding glycerol-3-
phosphate dehydrogenase 1-like protein (GPD1-L), was found in a family with BrS.9 
Recently, GPD1-L was shown to inhibit the phosphorylation of Nav1.5 proteins at 
residues where phosphorylation would lead to INa reduction (probably by decreasing 
the sarcolemmal expression of Nav1.5 proteins). The mutant GPD1-L failed to inhibit 
the phosphorylation of Nav1.5 proteins, and resulted in reduced INa densities.59 Finally, 
a mutation in MOG1, encoding the human MOG1 (multicopy suppressor of Gsp18), 
is found in one female patients with BrS.  MOG1 interacts with the intracellular loop 
between domains II and III of Nav1.5 and co-localizes with the channel proteins at 
intercalated disks. In vitro, co-expression of MOG1 with SCN5A results in an increase 
in INa, probably by increasing the sarcolemmal expression of Nav1.5.60 The BrS-linked 
mutation in MOG1 disrupted the ability of MOG1 to increase the surface expression 
of Nav1.5, leading to relatively lower INa densities in the presence of mutant MOG1 
compared to normal MOG1.61
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Progressive cardiac conduction disease
PCCD (also called Lev or Lenègre disease) manifests as progressive prolongation of 
the conduction parameters (P wave, PR, and QRS intervals), and right or left bundle 
branch block, without ST segment elevation or QT interval prolongation (Figure 
8). A complete atrioventricular block may develop and cause syncope or sudden 
death. The ECG changes indicate slowing of electrical conduction through the atria, 
atrioventricular node, His bundle, Purkinje fibers, and ventricles, accompanied by an 
age-related degenerative process, in which fibrosis affects only the cardiac conduction 
system. In heritable PCCD, conduction slowing may be attributed to loss-of-function 
mutations in SCN5A. The mutations are reported to reduce INa by decreasing the 
expression of channel proteins on the sarcolemma, expressing non-functional channels, 
or altering the gating properties (e.g., delayed activation, earlier inactivation, enhanced 
slow inactivation, or slower recovery from inactivation).17,62-64 These loss-of-function 
mechanisms are also described for BrS-linked SCN5A mutations (Figure 7). Moreover, 
a single SCN5A mutation may cause PCCD alone (isolated) or PCCD combined with 
BrS (overlap syndrome).41,45 This suggests that, in addition to INa reduction, which is 
enough to cause conduction slowing in PCCD or BrS, other factors are required for the 
development of the typical right-precordial ST segment elevation in BrS. 

Whether the age-dependent fibrosis of the conduction system is a primary 
degenerative process in PCCD, or a physiologic process that is accelerated by INa 
reduction remains to be investigated. However, the latter is suggested by histological 
studies, in which fibrosis was found in cardiac biopsies of BrS patients,49 and animal 
studies in heterozygous SCN5A knockout mice (50% INa reduction), in which 
conduction defects and myocardial fibrosis that deteriorated progressively with age 
were observed.65 So far, no molecular therapy for PCCD exists and the implantation of 
a pacemaker is the most effective treatment. 

Figure 8. prolonged conduction parameters (p wave, pr and QrS intervals), and right bundle branch block in an 
individual with progressive cardiac conduction disease.
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PCCD and mutations in sodium channel regulatory proteins
Two loss-of-function mutations in SCN1B have been identified in patients with PCCD 
who carried no mutation in SCN5A. One mutation resulted in truncated β1-subunits 
that failed to interact with Nav1.5 proteins, to increase INa densities and to alter the 
gating properties as normal β1-subunits did. The other mutation decreased the ability 
of normal β1-subunits to increase INa densities and to facilitate the activation of the 
co-expressed sodium channels.12 Interestingly, normal and mutant β1-subunits were 
expressed to a higher degree in the Purkinje fibers than in the ventricles. This indicates 
that INa reduction in Purkinje fiber myocytes may underlie prolongation of PR and QRS 
intervals, and right or left bundle branch block in PCCD.

Dilated cardiomyopathy
DCM is characterized by ventricular dilatation and impaired systolic function, which 
may proceed into congestive heart failure. Although DCM is a final common pathway 
of various acquired diseases, up to 50% of cases are reported to be idiopathic (i.e., 
without any obvious aetiological trigger). Approximately 20% of idiopathic DCM cases 
display familial prevalence, and have been linked to mutations in various genes that 
encode proteins involved in the contractile apparatus and the cytoskeleton. Initially, 
linkage analysis in a large family with DCM mapped the disease locus to a region on the 
short arm of chromosome 3 (3p22-p25), which harbors the SCN5A gene.66 Afterwards, 
a missense mutation in SCN5A was associated with the disease phenotype in this 
family.67 Since then, several other missense and truncation mutations in SCN5A have 
been linked to DCM.68-70 Remarkably, most of these mutations are found in patients 
who display multiple phenotypes, including DCM, sinoatrial node dysfunction, atrial 
flutter, atrial fibrillation, atrioventricular block, bundle branch block, ventricular 
tachycardia, and/or ventricular fibrillation. When expressed heterologously, DCM-
linked SCN5A mutations usually do not disrupt the sarcolemmal expression of channel 
proteins, but cause diverse loss-of-function and gain-of-function changes in their 
gating properties (e.g., earlier or delayed activation, earlier inactivation, disrupted fast 
inactivation, and increased INaL or window current).68-69 Although it remains unclear 
how such divergent gating changes lead to DCM, it is speculated that SCN5A mutations 
in DCM disrupt the interactions between cardiac sodium channels and intracellular 
(or extracellular) proteins that are essential for normal cardiomyocyte structure and 
architecture. However, it must be noted that mutations linked to DCM cases with 
conduction defects often cause INa reduction. This is supported by reduced SCN5A 
gene transcription and INa densities in a mouse model with DCM that also displayed 
prolonged conduction parameters.71 No molecular therapy for DCM exists, and the 
standard therapy for congestive heart failure is applied.
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Sick sinus syndrome
SSS encompasses various forms of arrhythmia that result from sinoatrial node 
dysfunction. Arrhythmias may be transient, are diagnosed electrocardiographically, 
and include sinus bradycardia, sinus arrest, and atrial tachycardia-bradycardia 
syndrome (i.e., atrial tachycardia alternating with episodes of sinus bradycardia; 
Figure 9). Patients may suffer from syncope and require lifelong pacemaker therapy. 
Heritable SSS is associated with loss-of-function mutations in SCN5A, and often linked 
to compound heterozygous mutations in patients with severe symptoms at relatively 
young age.72 INa reduction results from decreased sarcolemmal expression of mutant 
channel proteins, expression of non-functional channels, and altered gating properties 
(e.g., delayed activation, earlier inactivation; Figure 7).72-73 Not surprisingly, SSS may 
manifest concomitantly with other phenotypes that are linked to SCN5A loss-of-
function mutations (i.e., BrS, PCCD).45,73-74 

Pacemaker cells in the sinoatrial node reach the voltage range for the sodium window 
current during action potential phase 4. The small inward window current contributes 
to the gradual depolarization of the sarcolemma of these cells, and allows spontaneous 
action potential generation, which underlies cardiac automaticity. In addition to their 
contribution to cardiac pacemaker activity, sodium channels also play an essential role 
in the propagation of action potentials from the central area of the sinoatrial node 
through its peripheral regions to the surrounding atrial muscle.73,75 Experimental 
studies in heterozygous SCN5A knockout mice suggest that the main mechanism 
of INa reduction to cause SSS indeed involves reduced automaticity, and conduction 
slowing or blocking of action potentials from the sinoatrial node to the surrounding 
atrial muscle.76 Interestingly, LQT3 patients with SCN5A gain-of-function mutations 
may also suffer from sinus bradycardia and sinus arrest. Computer simulation models 
showed that Isus in pacemaker cells may decrease sinus rate and induce sinus arrest by 
delaying the repolarization and prolonging action potential durations.77 

Figure 9. Sinus arrest in an individual with sick sinus syndrome. The patient also suffered from sinus bradycardia.
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Atrial fibrillation
AFib is the most prevalent clinically relevant cardiac arrhythmia, and is characterized 
by a disorganized electrical activation of the atria. It usually affects elderly patients 
with structural heart disease. However, AFib may also occur in young patients with 
structurally normal hearts (i.e., lone AFib), and display a familial occurrence. SCN5A 
mutations were first linked to lone AFib in patients with DCM.70 Next, a common 
polymorphism (H558R) in SCN5A was found more often in patients with lone AFib 
than matched controls. Of note, H558R is known to reduce INa in heterologous systems.78 
Subsequently, an SCN5A loss-of-function mutation was identified in a family with 
lone AFib.79 It was speculated that INa reduction may predispose to AFib by slowing 
the electrical conduction velocity. Conduction slowing is an essential determinant for 
maintaining reentrant excitation waves in the atria. This mechanism is supported by 
an increased prevalence of lone AFib, accompanied with prolonged atrial conduction 
intervals (e.g., P wave duration), in BrS patients.80 Nevertheless, two SCN5A gain-of-
function mutations have also been linked to lone AFib. Interestingly, both mutations 
were found to induce gain-of-function by delaying channel inactivation.81-82 In one 
mutation, larger INa densities corresponded with increased atrial excitability in mutation 
carriers.82 The other mutation induced spontaneous action potential formation when 
expressed in atrial cardiomyocytes.81 Thus, loss-of-function mutations in SCN5A 
predispose to AFib by facilitating the maintenance of reentrant excitation waves, while 
gain-of-function mutations may initiate AFib by increasing atrial excitability. 

Although both gain-of-function mutations discussed above did not prolong QT 
intervals, another SCN5A gain-of-function mutation has recently been described in a 
family with LQT3 and lone AFib. The mutation was shown to induce gain-of-function 
by causing Isus, suggesting that Isus may promote AFib by prolonging action potential 
duration and triggering EADs. Importantly, through inhibition of Isus, flecainide not 
only shortened the QT intervals in the affected family members, but also effectively 
restored the normal sinus rhythm.83 In contrast, flecainide therapy in patients with AFib 
due to SCN5A loss-of-function mutations may be contraindicated, because flecainide 
also blocks the peak INa, and therefore may aggravate INa reduction in these patients. 

AFib and mutations in sodium channel regulatory proteins
Recently, mutations in SCN1B and SCN2B (encoding the β1- and β2-subunits of the 
cardiac sodium channel, respectively) have been identified in patients with lone AFib. 
Interestingly, the reported patients with AFib and mutations in SCN1B or SCN2B often 
displayed an ECG pattern suspect for BrS. When heterologously co-expressed with 
SCN5A, the mutant β1-subunits failed to increase INa as normal β1-subunits did, and 
caused delayed channel activation. Mutant β2-subunits also induced loss-of-function, 
but only by delaying channel activation.84
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Sudden infant death syndrome
SIDS is diagnosed when an infant under the age of 1 year suddenly and unexpectedly 
dies, and when a detailed review of the clinical history, extensive examination of the 
death scene, and a complete medical autopsy fail to provide an explanation for the 
death. Although various exogenous factors are recognized to increase the risk for 
SIDS (e.g., tobacco and alcohol use by the mother, low socioeconomic status, prone 
sleeping), higher SIDS rates in some ethnicities suggest a role for genetic factors in the 
development of SIDS. Initially, this suggestion was reinforced when SIDS was linked to 
prolonged repolarization intervals as seen in LQTS.85 This was followed by anecdotal 
reports linking SIDS to gain-of-function mutations in SCN5A and to mutations that 
were previously associated with LQT3.23,86 Subsequently, post-mortem genetic testing 
in a population-based cohort indicated that gain-of-function mutations in SCN5A may 
be the most prevalent genetic cause of SIDS.87 SCN5A mutations in SIDS commonly 
increase Isus, mostly in combination with altered gating properties that result in INa 
gain-of-function (e.g., earlier activation, delayed inactivation, or increased window 
current). Interestingly, some SIDS-linked SCN5A mutations display only Isus under 
acidic conditions, supporting the role of exogenous factors (here acidosis) in the 
development of SIDS.88 Less frequently, SCN5A loss-of-function mutations have also 
been found in infants with SIDS.89 However, it may be possible that in these patients 
SIDS represents a severe form of BrS that manifests during early childhood.90 

SIDS and mutations in sodium channel regulatory proteins
Recently, post-mortem genetic testing in population-based cohorts identified mutations 
in CAV3 and GPD1-L as possible causative genetic factors in the development of 
SIDS.91-92 As mentioned earlier, mutations in CAV3 are linked to LQT9, and mutations 
in GDPL-1 are found in patients with BrS.9,37 When co-expressed heterologously with 
SCN5A, SIDS-linked mutations in CAV3 or GDPL-1 exerted similar effects on the 
cardiac sodium channel as their equivalents in LQT9 or BrS, respectively (i.e., increased 
Isus in the presence of mutant CAV3 proteins, and decreased peak INa in the presence of 
mutant GDPL-1 proteins). These data support the hypothesis that SIDS may be a severe 
form of LQTS or BrS during infancy.

Overlap syndromes
Overlap syndromes involve overlapping clinical symptoms or arrhythmias of various 
arrhythmogenic diseases (i.e., sodium channelopathies). The designation is also used 
when a mutation causes various arrhythmogenic phenotypes in different families or 
members of one family. Not surprisingly, SCN5A loss-of-function mutations have 
often been associated with overlapping phenotypes of BrS and PCCD or BrS and 
SSS.4,41,43,45,74,77 Since the underlying molecular mechanisms of these diseases implicate 
INa reduction, it is plausible that the clinical phenotype is determined by the degree of 
INa reduction, the nature of altered gating properties, the presence of exogenous factors 
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(e.g., electrolyte imbalance, drugs, hormones, body temperature, subclinical cardiac 
structural changes) and co-inherited genetic variants (e.g., polymorphisms in SCN5A 
or genes encoding regulatory proteins). 

More surprisingly, some SCN5A mutations cause symptoms of both LQT3 (INa gain-
of-function) and BrS (INa loss-of-function) in members of one family, or LQT3 in one 
family and BrS in another.4,43,93 Although exogenous and genetic factors discussed before 
may play a role, such mutations are believed to alter gating properties in a manner that 
results in both INa gain-of-function and loss-of-function. For example, the insertion of 
an aspartic acid residue at position 1795 of the Nav1.5 protein (1795insD) was the first 
mutation found in a multigenerational family with ECG signs of both LQT3 and BrS.43 
While QT interval prolongation was found to be caused by an increased Isus, BrS was 
shown to be the result of delayed activation, earlier inactivation, and slower recovery 
from inactivation of the mutant channels.94 Interestingly, while SCN5A mutations 
that are linked to LQT3 often lead to increased Isus levels, mutations linked to overlap 
syndromes (LQT3 and BrS with or without SSS) usually also induce earlier inactivation 
(i.e., inactivation at more negative membrane potentials) and enhanced tonic block 
by flecainide.4 Finally, administration of sodium channel blocking drugs may induce 
typical ECG signs of BrS in patients with LQT3, limiting the use of such drugs to 
inhibit Isus and restore delayed repolarization in these patients.95

Conclusion
Cardiac sodium channelopathies that are described in this chapter emphasize the 
importance of INa for normal cardiac electrical activity. The association of most 
channelopathies to mutations not only in SCN5A but also in genes encoding the 
β-subunits or regulatory proteins indicates that, for normal functioning of the cardiac 
sodium channel, the contribution of various channel subunits is required. Most of 
our understanding of the molecular mechanisms of cardiac sodium channelopathies 
originates from experimental studies in heterologous expression system and transgenic 
mouse models. Although these models have greatly increased our knowledge of the 
structure and function of the cardiac sodium channel in normal hearts, and the nature 
and role of INa dysfunction in diseased hearts, they have by and large failed to explain 
the mechanism of different phenotypes or diseases caused by one single mutation 
in SCN5A. Since the native environment of cardiomyocytes is absent, the effects of 
intracellular and extracellular molecules on the function of cardiac sodium channels are 
greatly lost in heterologous expression models. Although this shortcoming is remedied 
in transgenic mouse models, the absence of environmental factors and co-inherited 
genetic variants (e.g., polymorphisms, mutations in non-coding genetic regions) in 
mouse models remains a limitation. These limitations compel careful interpretation 
of the experimental data and their translation into the patient phenotypes, and make 
it clear that future research is needed to design more appropriate expression systems 
(e.g., cardiomyocytes derived from induced pluripotent stem cells). Future research 
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is also needed to discover novel gene-specific and mutation-specific pharmacological 
therapies in the management of cardiac sodium channelopathies. Currently, molecular 
therapy for cardiac sodium channelopathies due to INa loss-of-function is lacking, and 
the efficiency of sodium channel blocking drugs to restore QT intervals in patients with 
LQT3 seems to be limited to mutations that induce earlier inactivation of the sodium 
channels.
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Abstract
Aim: Brugada syndrome is an inherited cardiac disease with an increased risk of 
sudden cardiac death. Brugada syndrome has been linked to mutations in SCN5A, the 
gene encoding the a-subunit of cardiac Na+ channel. In this study, a novel SCN5A gene 
mutation (D1714G) is reported, which has been found in a 57-year-old male patient. 
Since the mutation is located in a segment of the ion-conducting pore of the cardiac 
Na+ channel, which putatively determines ion selectivity, it may affect ion selectivity 
properties.
Methods: HEK-293 cells were transfected with wild-type (WT) or D1714G α-subunit 
and β-subunit cDNA. Whole-cell configuration of the patch-clamp technique was 
used to study biophysical properties at room temperature (21°C) and physiological 
temperature (36°C). This study represents the first measurements of human Na+ 
channel kinetics at 36°C. Ion selectivity, current density, and gating properties of WT 
and D1714G channel were studied.
Results: D1714G channel yielded nearly 80% reduction of Na+ current density at 21°C 
and 36°C. At both temperatures, no significant changes were observed in V1/2 values 
and slope factors for voltage-dependent activation and inactivation. At 36°C, but not at 
21°C, D1714G channel exhibited more slow inactivation compared with WT channel. 
Ion selectivity properties were not affected by the mutation at both temperatures, as 
assessed by either current or permeability ratio.
Conclusion: This study shows no changes in ion selectivity properties of D1714G 
channel. However, the profoundly decreased current density associated with the 
D1714G mutation may explain the Brugada syndrome phenotype in our patient.
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Introduction
In this chapter, we study a novel SCN5A gene mutation (D1714G), which has been 
found in a 57-year-old male patient of Chinese origin. His ECG showed the typical ECG 
characteristics of the Brugada syndrome (for details, see Results; Figure 1A). Mutational 
analysis of the SCN5A gene revealed a SCN5A single nucleotide substitution, which is 
predicted to replace aspartic acid (D) with glycine (G) at position 1714 (D1714G) (see 
Methods and Results sections; Figure 1B). Since the mutation is located in the P-loop 
(lining the ion-conducting pore of the cardiac sodium [Na+] channel), we hypothesized 
that the mutation may affect ion selectivity. A homologous mutation has been studied 
in an engineered mutant rat skeletal muscle Na+ channel (µ1) (D1532C). The mutant 
µ1 showed enhanced permeability of K+ compared with wild-type (WT) µ1.1-2 The 
mutant D1714G cardiac Na+ channel may also have lost its selective permeability for 
Na+ ions and become more permeable to other ions. A higher permeability to K+ ions 
may lead to an outward repolarizing K+ current through the SCN5A mutant channels. 
This would lead to a reduction of net inward depolarizing Na+ current through these 
channels, and cause the Brugada syndrome.

The hypothesis of altered ion selectivity is tested by using the patch clamp 
technique, and analyzing ion selectivity properties of WT and mutant D1714G cardiac 
Na+ channels at room temperature (21°C) and physiological temperature (36°C). 
Gating properties are also studied to exclude possible changes because of the D1714G 
mutation. Of note, this is the first report of human cardiac Na+ current measured 
at 36°C. This may have significance, since Na+ channel properties are temperature-
dependent and gating changes of Na+ channel mutations may be more prominent at 
near physiological temperature than at room temperature.3-6 

Methods
The investigation conforms to the principles outlined in the Declaration of Helsinki. 

Mutational analysis of SCN5A 
Genomic DNA was extracted from peripheral blood lymphocytes using standard 
protocols. All 28 protein-encoding exons of SCN5A were amplified by polymerase 
chain reactions. Comprehensive mutational analysis of all SCN5A exons was performed 
by single stranded conformation polymorphism (SSCP), and direct DNA sequence 
analysis as previously described.7

Site-directed mutagenesis and transfection
The D1714G substitution was introduced into the SCN5A complementary DNA 
(cDNA) by site-directed mutagenesis. HEK-293 cells were cotransfected with 0.5µg of 
Na+ channel α-subunit cDNA (WT or mutant) and 0.5µg β-subunit cDNA. Transfected 
cells were identified under epifluorescent microscopy using green fluorescence protein 
(GFP) as a reporter gene.
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Electrophysiology
Na+ currents were measured at 21±0.1°C and 36±0.1°C, using the whole-cell 
configuration of the patch-clamp technique with an Axopatch 200B amplifier (Axon 
Instruments, Union City, CA, USA). Pipettes were pulled from borosilicate glass 
capillaries using a vertical microelectrode puller. Open tip resistances of pipettes filled 
with intracellular fluid for current recordings were 2-3MΩ. The voltage dependence of 
the relative Na+ conductance activation, voltage-dependent inactivation, recovery from 
inactivation, and slow inactivation were determined by means of custom voltage-clamp 
protocols modified from those published previously.8 Details of each pulse protocol 
are given schematically in the figures and explained in the Results section. Currents 
were filtered at 5 kHz and digitized at 10 kHz. The pH of solutions was corrected for 
temperature; no corrections for the liquid junction potentials (7.7mV and 8.1mV at 
21°C and 36°C, respectively) were made. Currents were normalized to cell capacitance 
(Cm). Cm was estimated by dividing the time constant of the decay of the capacitive 
transient (τc) in response to 5mV hyperpolarizing voltage clamp steps from -120mV by 
the series resistance (Rs).

Recordings of macroscopic Na+ currents at 36°C are technically challenging 
because of relatively fast (in)activation kinetics and large current amplitudes.4-5,9 To 
optimize the measurements, we selected small HEK-293 cells [9.35±0.79 pF (mean 
± SEM)] which tend to exhibit smaller currents and smaller capacitance transients.9 
Moreover, Cm and Rs were adjusted to obtain minimal contribution of the capacitive 
transients. A >85% compensation of the Rs was typically achieved without ringing. For 
current density measurements, all cells were included. For measurements of gating 
properties, two indexes of voltage control that we required to be present were a graded 
slope of the (in)activation curve (Boltzmann slope factors: >4.5 and >4.0 for activation 
and inactivation, respectively) and scaling of currents of different amplitudes to the 
same test potential as in recovery from inactivation and slow inactivation protocols.4,10 
Finally, to minimize effects of the time-dependent change of channel availability,11 one 
cell was used to measure one parameter only (activation, inactivation, recovery from 
inactivation, slow inactivation, or channel availability), within 4 min after the whole 
cell configuration was achieved.4 We also carefully monitored time-dependent changes 
in peak current amplitudes and selected data for statistical analysis only from cells 
which exhibited <5% rundown over the time course of the experiment.9

Solutions
The pipette solution contained (mM): 10 CsCl, 110 CsF, 10 NaF, 11 EGTA, 1 CaCl2, 1 
MgCl2, 2 Na2ATP, 10 HEPES, pH 7.2 (CsOH). The extracellular bath solution contained 
(mM): 140 NaCl, 10 CsCl, 2 CaCl2, 1 MgCl2, 5 glucose, 10 HEPES, pH 7.4 (NaOH). 
In tests of selectivity NaCl in the extracellular solution was replaced with KCl on an 
equimolar basis, and the pH was adjusted with NMDG-OH.
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Current and permeability ratios
Both current ratios and permeability ratios can provide equivalent interpretations of 
ion selectivity. Current ratios were determined from the ratio of peak inward current 
in the presence of extracellularly applied K+ ions to the peak inward current in the 
presence of Na+ ions (IK,max/INa,max). Permeability ratios (PK/PNa) were calculated from 
the difference between the reversal potentials obtained in the K+ bath solution and 
in control Na+ solution using the Goldman-Hodgkin-Katz equation: EK - ENa = RT/
zF . In{PK[K]o/PNa[Na]o}, where EK and ENa are the reversal potentials for the K+ and 
Na+, respectively, [X]o the concentration of the tested cation in the bath solution, 
z the valence of the tested cation (Na+, K+ = 1), R the gas constant, T the absolute 
temperature, and F the Faraday constant.2

Statistics
Values are expressed as mean ± SEM. Values are considered significantly different if P 
< 0.05 in unpaired t-test or in two-way repeated measure of analysis of variance (two-
way repeated measures ANOVA) followed by pairwise comparison using the Student-
Newman-Keuls test.

Results

ECG and sequence analysis
Figure 1A shows an ECG of the patient which exhibits typical Brugada syndrome 
features, notably ST-segment segment elevation in V1-V3, i.e. precordial leads overlying 
the right ventricle (Fig. 1a, arrows). As reported earlier,12 these abnormal ST-segments 
are also present in leads designated V1 (IC3) and V2 (IC3), which are positioned over 
the third intercostal space cranially from V1 and V2, respectively. DNA sequencing 
of SCN5A identified a heterozygous nucleotide change (Fig. 1B, arrows). An A to G 
transition is predicted to result in replacement of aspartic acid (D) at position 1714 by 
glycine (G). Figure 1C shows a schematic representation of the main pore-forming Na+ 
channel subunit displaying the location of the D1714G mutation.

Current density in WT and D1714G Na+ channels
Representative Na+ currents, activated by 50 ms depolarizing pulses from a holding 
potential of -120mV, from WT and D1714G transfected cells at 21°C and 36°C are 
shown in Figure 2A. While current amplitudes were generally larger at higher 
temperatures, D1714G Na+ currents were significantly smaller than WT currents. The 
average current-voltage relationships of both WT and D1714G Na+ currents show 
that, at peak current, the D1714G mutation resulted in significant reduction of Na+ 
current density at both temperatures (Figure 2B). Table 1 summarizes the maximal 
peak currents. At 21°C and 36°C, maximal peak current was reduced by 83% and 79%, 
respectively.

CArdiAC ioN CHANNeLS iN HeALTH ANd diSeASe

3

67



Figure 1. eCG and sequence 
analysis of the d1714G 
Brugada syndrome patient. (A) 
eCG exhibits typical Brugada 
syndrome features. Arrows 
indicate ST-segment elevation. 
pathognomonic ‘coved-type’ ST 
elevation is observed in leads V1, 
V2, V1 (iC3), and V2 (iC3). Leads V1 

(iC3) and V2 (iC3) are positioned 
over the third intercostal 
space, cranially from V1 and 
V2, respectively. (B) Sequence 
analysis. Arrows indicate the A 
to G transition. (C) Schematic 
representation of the main pore-
forming Na+ channel subunit 
displaying the location of the 
d1714G mutation.

Gating properties of WT and D1714G Na+ channels
To determine the activation characteristics of WT and D1714G Na+ channels, current-
voltage curves, as shown in Figure 2B, were normalized to maximum peak current and 
fitted to a Boltzmann distribution curve. The resulting curves for voltage-dependence 
of activation for both WT and D1714G Na+ channels are shown in Figure 3A. Activation 
curves of WT and D1714G Na+ channels matched closely at both 21°C and 36°C. 
Accordingly, V1/2 (membrane potential for half-maximal activation) and slope factor k 
values for D1714G and WT Na+ channel activation were not significantly different, as 
summarized in Table 1. 

Voltage-dependent inactivation relationships were obtained by measuring the 
peak currents during a 50ms test step to -20mV, which followed a 500ms pre-pulse 
to membrane potentials between -120mV and +25mV to allow inactivation. Test 
pulse current amplitude was normalized to the maximum current recorded during 
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the pre-pulse and plotted versus the prepulse voltage to assess the voltage-dependent 
inactivation curve. This curve was fitted to the Boltzmann distribution function (y=A/
{1+exp[(V-V1/2)/k]}) to determine the V1/2 (membrane potential at which 50% of Na+ 
channels have entered an inactivated state) and slope factor k of voltage-dependent 
inactivation. The voltage-dependence of inactivation for both WT and D1714G Na+ 
channels cells at 21°C and 36°C are shown in Figure 3B. These inactivation properties 
of D1714G Na+ channels were indistinguishable from those of WT at both temperatures 
(Figure 3B, Table 1).

The recovery course is shown in Figure 4. Recovery from inactivation was measured 
using a two pulse protocol, where a conditioning pulse (P1) to -20mV inactivated Na+ 
channels, followed by a test pulse (P2) to -20mV after a variable recovery interval 
ranging between 0.1ms and 1000ms at a recovery potential of -120mV. The peak 
current in response to P2 was normalized to the maximum peak current at P1 and 

Figure 2. Current densities of WT and d1714G Na+ channels at 21°C (left panels) and 36°C (right panels). (A) 
examples of whole-cell Na+ current traces, as measured from HeK-293 cells transiently transfected with WT or 
d1714G α-subunit and β-subunit. Currents were generated from a holding potential of -120mV by applying 50ms 
voltage steps from -120mV to +50mV in 5mV increments (cycle lengths: 5s and 2s at 21°C and 36°C, respectively). 
(B) Current-voltage relationship for WT and d1714G, normalized to cell capacitance to obtain current densities. ‘n’ 
indicates number of HeK-293 cells measured. Note that the current density is significantly smaller in d1714G in the 
voltage range -50mV to 40mV at both 21°C and 36°C.
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Figure 3. Activation and inactivation properties of WT and d1714G Na+ channels at 21°C (left panels) and 36°C 
(right panels). (A) Voltage-dependence of activation for WT and d1714G. Currents were generated from a holding 
potential of -120mV by applying 50ms voltage steps from -120mV to +50mV in 5mV increments (see protocol inset). 
The resulting current amplitude at each voltage was divided by the maximum peak Na+ current and plotted versus 
the corresponding voltage to obtain the voltage-dependent activation curve. Solid lines represent the Boltzmann 
fits of the average data; ‘n’ indicates number of HeK-293 cells measured. (B) Voltage-dependence of inactivation 
for WT and d1714G. Voltage-dependence of inactivation was obtained by measuring the peak Na+ current during a 
50ms test step to -20mV, which followed a 500ms pre-pulse to membrane potentials between -120mV and +25mV 
from a holding potential of -120mV (see protocol inset). Test pulse current amplitude was divided by the maximum 
current recorded during the pre-pulse to -120mV and plotted versus the voltage of the pre-pulse to construct the 
voltage-dependent inactivation curve (cycle lengths: 5s and 2s at 21°C and 36°C, respectively). Solid lines represent 
the Boltzmann fits of the average data; ‘n’ indicates number of HeK-293 cells measured.

plotted versus the recovery time interval. The resulting curve was fitted to a double-
exponential function to obtain the time constants of the fast and the slow components 
of recovery from inactivation: INa = [Af . exp(-t/τf)] + [As . exp(-t/τs)], where t is the 
recovery time interval, τf and τs the time constants of fast and slow components, and 
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Af and As the fractions of the fast and slow component. All time constants of recovery 
from inactivation were faster at higher temperature (Figure 4, Table 1). Time constants 
of recovery from inactivation were not significantly different between WT and D1714G 
Na+ channels at 21°C and 36°C (Figure 4, Table 1).

The slow inactivation course is shown in Figure 5. To assess slow inactivation, we 
used a two pulse protocol with an initial conditioning pre-pulse to -20mV (P1) of 
variable duration ranging between 1ms and 1000ms, followed by a step to -120mV of 
20ms (21°C) or 2ms (36°C) to allow the channels to recover from fast inactivation, and 
a final test pulse to -20mV (P2) to assess the fraction of channels available for activation. 
This fraction was obtained by dividing the current amplitude during P2 by the current 
amplitude during P1, plotted versus the duration of P1, and designated Peak INa (P2/
P1). Consequently, the fraction that entered slow inactivation equals 1-Peak INa (P2/
P1) (Table 1). Slow inactivation was enhanced at higher temperature (Figure 5, Table 
1). D1714G Na+ channels exhibited significantly more slow inactivation compared 
with WT channels at 36°C, but not at 21°C (Figure 5). Table 1 summarizes that slow 
inactivation was enhanced at 36°C from 0.35-0.5.

Table 1: Biophysical properties of WT and D1714G Na+ channels at 21°C and 36°C

21°C 36°C

WT D1714G WT D1714G

Maximal peak Na+ current 
(nA/pF)

-0.98±0.23
(n=13)

-0.17±0.05*
(n=11)

-1.73±0.36
(n=13)

-0.36±0.13*
(n=13)

Activation (n=10) (n=11) (n=9) (n=12)

V1/2 (mV) -36.7±2.2 -35.5±1.6 -37.9±0.9 -36.0±2.3

k (mV) 6.5±0.3 6.5±0.4 5.1±0.2 5.6±0.3

Inactivation (n=10) (n=11) (n=9) (n=9)

V1/2 (mV) -83.3±1.8 -81.3±1.6 -80.3±2.2 -78.4±1.7

k (mV) -5.2±0.2 -5.0±0.2 -4.5±0.1 -4.5±0.1

Recovery from
inactivation (n=12) (n=11) (n=5) (n=5)

τf 4.1±0.8 4.4±0.8 0.56±0.05 0.54±0.07

τs 70.7±14 67.4±17 21.4±2.3 20.7±2.3

Slow inactivation (n=7) (n=7) (n=6) (n=6)

1-Peak INa (P2/P1) 0.19±0.03 0.15±0.03 0.31±0.05 0.53±0.08*

Selectivity (n=5) (n=5) (n=10) (n=9)

IK/INa 0.118±0.022 0.093±0.007 0.105±0.006 0.097±0.011

PK/PNa 0.26±0.04 0.21±0.05 0.16±0.03 0.16±0.02

Mean ± SEM, ‘n’ indicates number of HEK-293 cells measured. V1/2, potential for half-maximal (in)activa-
tion; k, slope factor of (in)activation; τf, fast time constant of recovery from inactivation ; τs, slow time 
constant of recovery from inactivation; 1-Peak INa (P2/P1), fraction of channels that entered into slow 
inactivation with a P1 of 1000 ms; IK/INa, current ratio; PK/PNa, permeability ratios. *P < 0.05 WT versus 
D1714G in unpaired t-test.
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Ion selectivity properties of WT and D1714G Na+ channels
Figure 6 shows the current-voltage relationships of WT and D1714G in the presence of 
Na+ and K+ containing bath solutions. D1714G resulted in 69% (P < 0.01) reduction of 
Na+ current density. The current (IK/INa) and permeability ratios (PK/PNa) were measured 
to determine possible differences in ion selectivity. Table 1 summarizes the current and 
permeability ratios for WT and D1714G Na+ channels. D1714G Na+ channels were 
equally permeable to K+ as WT Na+ channel, with current ratios of 0.11±0.01 for WT 
and 0.10±0.01 for D1714G. The permeability ratios were 0.16±0.03 and 0.16±0.02, 
respectively.

Discussion
We examined gating and ion selectivity properties of a mutant cardiac Na+ channel, 
found in a 57-year-old male patient with Brugada syndrome. We hypothesized that 
the mutation may affect ion selectivity, rendering the mutant D1714G Na+ channels 
more permeable to K+ ions. This would lead to an outward repolarizing K+ current, 

Figure 4. recovery from inactivation in WT and d1714G Na+ channels at 21°C (left panels) and 36°C (right panels). 
recovery from inactivation was measured using a two pulse protocol with a conditioning pulse (p1) to -20mV, 
followed by a 20ms long test pulse (p2) after a variable recovery interval at a hyperpolarizing voltage of -120mV 
ranging between 0.1ms and 1000ms (see protocol insets). The fraction of channels that had recovered following 
the intervals, was calculated by dividing the peak Na+ currents evoked by p2 by the peak current measured during 
p1, and plotted versus the recovery interval (cycle lengths: 5s and 3s at 21°C and 36°C, respectively). Solid lines are 
fits using double-exponential functions (for details, see results section) of the average data; ‘n’ indicates number 
of HeK-293 cells measured.
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Figure 5. Slow inactivation in WT and d1714G Na+ channels at 21°C (left panels) and 36°C (right panels). A two 
pulse protocol was used with an initial conditioning pre-pulse to -20mV (p1) of variable duration ranging between 
1ms and 1000 ms, followed by a 20ms (21°C) or 2ms (36°C) step to -120mV to allow the channels to recover from 
fast inactivation but not slow inactivation, and a final test pulse to -20mV (p2) to assess the fraction of channels that 
had escaped slow inactivation and were available for activation (see protocol inset). This fraction was obtained by 
dividing the current during p2 by the current during p1, and plotted versus the duration of p1 (cycle lengths: 5s and 
2s at 21°C and 36°C, respectively). Solid lines represent fits using mono-exponential functions {iNa = A . [1 - exp(-
t/τ)]} of the average data; ‘n’ indicates number of HeK-293 cells measured. Note that slow inactivation is enhanced 
in d1714G at 36°C, but not at 21°C (*P < 0.05).

Figure 6.  ion selectivity of WT and d1714G Na+ channels at 21°C (left panels) and 36°C (right panels). Current-
voltage relationships of WT and d1714G in the presence of 140mM NaCl or KCl solutions, normalized to the cell 
capacitance to obtain current densities. Currents were generated from a holding potential of -120mV by applying 
50ms voltage steps from -120mV to +50mV during 50ms in 5mV increments (cycle lengths: 5s and 2s at 21°C and 
36°C, respectively). ‘n’ indicates number of HeK-293 cells measured.
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thereby reducing net depolarizing current through these channels and causing Brugada 
syndrome.12  

Ion selectivity properties
However, we found that selectivity properties of the D1714G Na+ channel toward Na+ 
and K+ ions were not different from WT Na+ channel at 21°C and 36°C, using either 
current ratio or permeability ratio measurements. Our results are comparable with 
those reported in a study where this residue was substituted with cysteine (D1714C).13 

The similarity between these findings reinforces the notion that a mutation at the 
D1714 residue of the cardiac Na+ channel does not affect the ion selectivity properties 
of the channel. However, our results differ from those obtained by two previous studies 
of the D1532C mutation in µ1.1-2 The D1532 residue in µ1 is homologous with the 
D1714G residue in the cardiac Na+ channel. According to these studies, the D1532C 
mutation in µ1 causes enhanced permeability for K+ as measured using current ratios. 
A few explanations can be given for the discrepancy between these findings and our 
results. Firstly, in contrast to our study both these studies examined a mutation in 
which aspartic acid (D) is substituted with cysteine (C) instead of glycine (G), and 
this could contribute to differences in results. However, this can hardly be the only 
explanation for the discrepancy between the studies since Chen et al. also substituted D 
with C,13 and their results were comparable with our results. Secondly, Chiamvimonvat 
et al. and Tsushima et al. performed their experiments at 21°C,1-2 while we measured 
the selectivity properties at 21°C and 36°C. However, at both temperatures, we found 
that the selectivity properties were unaltered. This suggest that an effect of temperature 
on selectivity and ion permeation through cardiac Na+ channel likely can be ruled 
out.3,5 Another methodological difference between our study and Tsushima et al. is the 
use of β-subunit in combination with α-subunit to express Na+ channels.2 Previous 
studies reported a clear role of β-subunit in skeletal muscle, demonstrating that co-
expression with α-subunit modulates gating properties of skeletal Na+ channel and 
increases the efficiency of their expression.14 It is possible that co-expression of 
α-subunit and β-subunit also alters the selectivity properties of Na+ channels and thus 
explain the discrepancy between our results and those of Tsushima et al.2 Finally, there 
is a difference in the use of expression system between our study and previous studies. 
We used HEK-293, while Chiamvimonvat et al. and Tsushima et al. used oocytes from 
adult female Xenopus laevis.1-2 Overall, it remains unclear whether the differences in 
findings between these studies are distinctions caused by differences in channel isoforms 
(cardiac Na+ channel versus µ1 channel) or because of methodological differences.

Gating properties
We studied whether changes in gating properties of D1714G may account for 
the observed phenotype. At both 21°C and 36°C, we found neither changes in (in)
activation nor in recovery from inactivation properties. At 36°C, but not at 21°C, slow 
inactivation of the D1714G Na+ channels was enhanced. This finding is consistent 
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with another Brugada syndrome-causing Na+ channel mutation, which showed only 
enhanced slow inactivation at near physiological temperature.6 In addition, we found 
reduced current density of the D1714G Na+ channels at both temperatures. 

Underlying mechanisms of reduction in current density
There are several manuscripts detailing Brugada syndrome-causing SCN5A mutations 
that fail to traffic to the cell membrane properly, resulting in markedly reduced Na+ 
current density.15-16 Tan et al. described these trafficking disorders as ‘failure of proper 
trafficking of Na+ channel proteins to the sarcolemma and their retention in the ER’.17 

Membrane proteins are made, chemically modified and folded in the endoplasmic 
reticulum (ER). Proteins that fold up incorrectly are actively retained and ultimately 
degraded in the ER by quality control mechanisms. However, membrane proteins 
with relatively minor mutations are sometimes not recognized by the ER quality 
control systems. They escape from the ER and reach their proper localization at the 
cell membrane. In the case of mutated Na+ channel proteins, after reaching the cell 
membrane they often retain some function, albeit significantly impaired, leading to a 
markedly reduced Na+ current density. A second mechanism may also contribute to a 
marked reduction in current density. Since the D1714 residue is localized within the 
ion-conducting pore, a mutation at this position may impede Na+ permeation, leading 
to a reduction in Na+ current through the channel. Previous studies have also shown that 
SCN5A mutations within the ion-conducting pore may cause Brugada syndrome.18-19 
More studies are necessary to determine whether the D1714G mutation leads to 
reduced Na+ current because of failure of proper trafficking to the cell membrane or 
due to an impediment of Na+ permeation. Making this distinction may have clinical 
implications since another study has demonstrated that a Brugada syndrome-causing 
mutation, which failed to express in the cell membrane, could be rescued with 
pharmacological interventions that resulted in a marked increase in current density.16 
Clearly, such a rescue would enhance channel expression and increase current density, 
thereby providing potential clinical benefit.

Conclusion
In conclusion, our results suggest that the D1714G mutation in the human cardiac Na+ 
channel, associated with the Brugada syndrome, does not influence its ion selectivity 
properties. In particular, this mutation does not alter current and permeability ratios for 
Na+ channel for Na+ and K+. Gating properties analysis reveals that the D1714G mutant 
exhibits more slow inactivation at a physiological temperature and this is consistent 
with other functionally characterized Brugada syndrome-causing mutations, which 
show a loss of function with decreased Na+ current. In addition, we found a marked 
reduction in current density in the D1714 Na+ channel, which may also contribute to 
Brugada syndrome in this patient.
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Introduction
The Brugada syndrome is a familial arrhythmia that manifests as ventricular tachycardia 
or ventricular fibrillation. It leads to syncope or sudden death in young adults with 
structurally normal hearts. Episodes are preceded by ST-segment elevation in precordial 
leads V1 and V2. An estimated 18% to 30% of patients carry loss-of-function mutations 
in SCN5A, the gene that encodes the cardiac sodium channel.1 Anecdotes suggest that 
fever may be associated with cardiac arrest and preceding electrocardiographic (ECG) 
changes (Figure).2-3 In this study, we aimed to assess the association between fever and 
cardiac arrest or ECG changes in patients with the Brugada syndrome.

Methods
We retrospectively assessed the prevalence of fever-triggered ventricular tachycardia, 
ventricular fibrillation, or sudden death in 111 consecutive index patients with the 
Brugada syndrome at our institution (age, 48 years [SD, 15]; male-female ratio, 83:28; 
33 with and 68 without SCN5A mutation [10 unknown]). Data were compared with 
41 consecutive control participants (age, 62 years [SD, 15]; male-female ratio, 33:8) 
who were admitted after out-of-hospital cardiac arrest with documented ventricular 
tachycardia or ventricular fibrillation. 

Figure 1. Typical fever-induced electrocardiographic changes in a patient with the Brugada syndrome. Note fever-
induced pr and QrS interval prolongation and elevation of the ST segment in leads V1 and V2 with a typical shape 
(starting with a high take-off point and descending smoothly into a negative T wave).
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We analyzed fever-induced ECG changes in 24 patients with the Brugada syndrome 
for whom 12-lead ECGs during both fever and normothermia were available (mean 
age, 43 years [SD, 21]; Male-female ratio, 17:7; mean febrile temperature, 39.1°C [SD, 
0.9]); this group included 3 of the 4 patients with fever-triggered cardiac arrest. We 
performed statistical analysis of ECG changes by using the Wilcoxon matched-pair 
test. We also compared the ECG changes with those from 10 control participants 
admitted for non-cardiac reasons (mean age, 49 years [SD, 20]; male-female ratio, 8:2; 
mean febrile temperature, 39.3 °C [SD, 0.8]).

Finally, in the same 24 patients, we studied whether the prevalence of cardiac arrest 
during fever was modified by acetaminophen use before admission. 

The study was approved by the institutional ethics committee and participants 
provided informed consent.

Results
Twenty-two of 111 patients with the Brugada syndrome had cardiac arrest, and 4 had 
preceding fever (18% [95% CI, 5% to 40%]), compared with no fever in any control 
participant with out-of-hospital cardiac arrest (0% [CI, 0% to 9%]). Three of the 4 
patients had an SCN5A mutation. Nineteen of the other 89 patients with the Brugada 
syndrome but without an index cardiac arrest had a febrile episode without arrest 
during follow-up (38 months [SD, 25]).

Among the 24 patients with ECG performed during and after fever, fever source 
varied (unknown [n = 8], pneumonia [n=5], upper respiratory tract infection [n=3], 
tonsillitis [n=2], phlebitis [n=2], cholangitis [n=1], gastroenteritis [n=1], urinary 
tract infection [n=1], and infected finger ulcer [n=1]). Thirteen of the 24 required 
admission during their febrile episode, including 6 for unexplained syncope and 1 for 
unexplained chest pain. The remaining 11 were advised to present for ECG because of 
temperature greater than 38.0°C. Mean PR/QRS intervals and ST-segment amplitude 
in V1 and V2 were markedly increased in these patients (Table). In 10 of the patients 
(42% [CI, 22% to 63%]), fever-induced ECG changes were associated with chest pain 
(n=5), dizziness (n=4), and palpitations (n=1). In the 10 control participants who were 
admitted for non-cardiac reasons, mean PR interval decreased and mean QRS interval 
and ST-segment amplitude remained unchanged.

Among the 24 patients with ECGs performed during and after fever, 11 had used 
acetaminophen before admission, and none had cardiac arrest (0% [CI, 0% to 28%]). 
Of 10 patients who had not used acetaminophen, 3 had cardiac arrest during fever 
(30% [CI, 7% to 65%]). Acetaminophen use was unknown in 3 patients.

Discussion
In this single-center, retrospective case series of patients with the Brugada syndrome, 
fever seemed to cause Brugada syndrome-type ECG changes and was present in 
18% of cases of cardiac arrest. Three patients with fever-triggered cardiac arrest had 
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Table. ECG Variables during Normothermia and Fever for Patients with the Brugada 
Syndrome and Control Participants*

ECG Variable

Patients with the 
Brugada Syndrome 

(n= 24)

P Value for 
Normothermia vs. 

Fever

Control 
Participants 

(n= 10)

P Value for 
Normothermia 

vs. Fever

Heart rate, beats/min <0.001 0.005

No fever 74 (61-84) 82 (73-93)

Fever 95 (82-108) 98 (88-116)

PR interval, ms 0.012 0.043

No fever 171 (149-187) 143 (131-164)

Fever 182 (164-199) 135 (125-165)

QRS interval, ms 0.001 0.233

No fever 100 (88-106) 86 (73-98)

Fever 110 (95-127) 81 (71-100)

QTc duration, ms 0.011 0.008

No fever 407 (386-424) 445 (419-452)

Fever 425 (393-457) 412 (400-447)

ST-segment amplitude 
in V1/V2, mV <0.001 0.496

No fever 1.3 (0.9-2.2) 0.7 (0.4-0.7)

Fever 3.6 (2.2-5.7) 0.7 (0.5-0.9)

ECG = electrocardiography; QTc = heart rate-corrected QT interval.
* All data are expressed as median (interquartile range).

an SCN5A mutation, which is reported to impair cardiac sodium channel function 
at higher temperatures.3 Of interest, mutations in genes encoding neuronal sodium 
channels have been linked to familial diseases with temperature-dependent symptoms, 
such as generalized epilepsy with febrile seizures (SCN1A mutations),4 and inherited 
erythromelalgia with heat-triggered burning pain and skin redness (SCN9A 
mutations).5 Acetaminophen use before admission seemed to reduce the risk for fever-
triggered cardiac arrest. We therefore recommend timely use of antipyretics in patients 
with typical Brugada syndrome ECG changes during fever.
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Abstract
Background: Ventricular arrhythmia occurrence during exercise is reported in Brugada 
syndrome (BrS). Accordingly, experimental studies suggest that BrS-linked SCN5A 
mutations reduce sodium current more at fast heart rates. Yet, the effects of exercise on 
the BrS ECG phenotype have not been studied. We aimed to assess ECG responses to 
exercise in BrS and determine whether these responses are affected by the presence of 
an SCN5A mutation.
Methods and Results: ECGs at baseline, at peak exercise, and during recovery were 
analyzed from 35 male control subjects, 25 BrS men without SCN5A mutation BrSSCN5A-, 
and 25 BrS men with SCN5A mutation BrSSCN5A+; 15 with missense mutation and 10 
with mutation leading to premature truncation of the protein). No differences existed 
in clinical phenotype between BrS groups. At baseline, BrSSCN5A+ and BrSSCN5A- patients 
had lower heart rates, wider QRS, shorter QTc, and higher peak J-point amplitudes 
than control subjects; BrSSCN5A+ patients also had longer PR than BrSSCN5A- and control 
subjects. Exercise resulted in PR shortening in all groups, more QRS widening in 
BrSSCN5A+ than in BrSSCN5A- and control subjects, and less QT shortening in BrSSCN5A+ 
and BrSSCN5A- than in control subjects. The latter resulted in QTc shortening in control 
subjects but QTc prolongation in BrSSCN5A+ and BrSSCN5A-. Finally, the increase in peak 
J-point amplitude during exercise was similar in all 3 groups but resulted in a coved-
type pattern only in BrSSCN5A+ and BrSSCN5A-.
Conclusions: Exercise aggravated the ECG phenotype in BrS. The presence of an SCN5A 
mutation was associated with further conduction slowing at fast heart rates. Possible 
mechanisms that may explain the observed ECG changes are discussed.
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Introduction
The presence and type of the SCN5A mutation may determine the severity of the 
clinical phenotype in Brugada syndrome (BrS).1-4 BrS mutation carriers have prolonged 
conduction intervals on baseline (electrocardiogram) ECG compared with non-
carriers,3 and patients with SCN5A missense mutations develop a less severe phenotype 
than those with SCN5A truncation mutation.4 This is believed to be due to the degree 
of INa reduction caused by the SCN5A mutation. Missense mutations commonly 
alter the gating properties of mutant channels. Because virtually all reported SCN5A 
mutation carriers are heterozygous, mutant channels with altered gating may cause 
up to 50% INa reduction. Truncation mutations, in which the mutant channel proteins 
are truncated due to the creation of a premature stop codon or an aberrant mRNA 
splicing site, commonly disrupt the trafficking of incorrectly folded mutant proteins 
to the sarcolemma and lead to haploinsufficiency.1 Haploinsufficiency causes 50% INa 
reduction.

In addition to SCN5A mutations, non-genetic factors (e.g., electrolyte imbalances, 
fever, hypothermia, and medications) may also aggravate the clinical phenotype in 
BrS.5-6 Exercise is anecdotally reported to induce (further) ST-segment elevation and 
(monomorphic) ventricular arrhythmia in BrS, usually in patients with prolonged 
conduction intervals at baseline.7-11 Furthermore, occurrence of ventricular arrhythmia 
at peak exercise has been frequently reported in patients using therapeutic doses of 
flecainide (a potent Na+ channel-blocking drug).12-13 Indeed, experiments in right 
ventricular tissue preparations indicate that tachycardia aggravates ST-segment 
elevation in BrS,14 and in vitro studies using heterologous expression systems 
suggest that BrS-linked loss-of-function mutations in SCN5A reduce INa more at fast 
heart rates.7,15 At a molecular level, further INa reduction in BrS during tachycardia 
is attributed to accumulation of mutant Na+ channels in the slow inactivated state.7 
Na+ channels activate on depolarization and inactivate within milliseconds thereafter. 
Before reopening, channels must recover from inactivation during diastole. At fast 
heart rates, the diastolic interval becomes too short for mutant channels to completely 
recover from the slow inactivated state, resulting in decreased availability of open 
channels.7 

Despite these clinical and experimental indications that exercise may play an 
arrhythmogenic role in BrS, the effects of exercise on the ECG phenotype in BrS patients 
have not been systematically studied yet. 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.

Methods

Patient Selection
In this retrospective single-center study, 25 BrS patients without SCN5A mutation 
(BrSSCN5A-) and 25 BrS patients with SCN5A mutation (BrSSCN5A+), who had undergone an 
exercise test, were randomly sampled from the BrS cohort of our institution. Inclusion 
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criteria were (1) male sex, (2) age between 20 and 65 years, and (3) no drug use at the 
time of the exercise test. Diagnosis of BrS was made by baseline ECG analysis and/or 
pharmacological challenge with INa-blocking drugs (ajmaline or flecainide). SCN5A 
mutation analysis was performed in all patients. The following clinical parameters 
were obtained: (1) age at which exercise test was performed, (2) family history of 
sudden cardiac death at age <45 years, (3) results of pharmacological challenge with 
INa-blocking drugs (if performed), (4) incidence of VT and/or VF, syncope, and other 
BrS-related symptoms (e.g., palpitation, dizziness), (5) results of electrophysiological 
study (EPS) (if performed), and (6) whether an implantable cardioverter-defibrillator 
was implanted. No patient had structural heart disease (chest roentgenogram, 
echocardiogram, and/or cardiac MRI), ischemic heart disease (coronary angiogram), 
or electrolyte disturbances (laboratory tests). ECG data were compared with those 
from 35 age- and sex-matched control subjects, who had undergone an exercise test. 
Control subjects were healthy volunteers who had no history of heart disease and used 
no drugs with known effects on the cardiovascular system.

Mutation Analysis
Informed consent was obtained, and genomic DNA was extracted from peripheral 
blood lymphocytes using standard protocols. SCN5A protein-encoding exons and 
exon-intron boundaries were amplified using polymerase chain reaction. Mutation 
detection was performed using denaturing high-performance liquid chromatography, 
and fragments with abnormal elution profile were sequenced.16 DNA variants were 
considered mutations if located in highly conserved regions of SCN5A and if absent in 
at least 200 reference alleles.

ECG Analysis
Twelve-lead ECG tracings were optically magnified to facilitate manual analysis. 
Analysis was performed by 1 blinded (E.A.A.G) and 1 unblinded reviewer (A.S.A.); 
if discrepancy occurred, analysis was repeated by a third reviewer (H.L.T., blinded). 
Heart rate, PR interval (leads II or V5), QRS interval (leads V4 or V5), QT duration 
(leads II or V5), and peak J-point amplitude (leads V1 and V2) were analyzed. These 
leads were chosen because they provided the signals that were best suitable for analysis. 
QT duration was corrected for heart rate using the Bazett formula (QTc=QT/√RR). 
To measure each ECG variable within 1 individual, the mean value of 5 beats was 
calculated. ECGs were analyzed at baseline, at peak exercise, and during recovery from 
exercise. For recovery, ECGs where the peak J-point amplitude reached its maximum 
amplitude in BrSSCN5A- and BrSSCN5A+ were analyzed. This was 111±9 seconds and 113±10 
seconds after the start of recovery in BrSSCN5A- and BrSSCN5A+, respectively. These ECGs 
were analyzed because anecdotal reports indicate that ventricular arrhythmias occur 
during recovery from exercise in BrS patients.8-10 For comparison, in control subjects, 
ECGs performed 110±1 second after the start of recovery were analyzed.
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Statistical Analysis
Fisher exact test (for 2x2 tables) and χ2 test (for 2xc tables) were used to compare 
the occurrence of different clinical characteristics in control, BrSSCN5A-, and BrSSCN5A+ 

groups (Table 1). ECG parameters are expressed and graphed as mean (with standard 
error of the mean [SEM]). For each individual, the exercise and recovery effects on the 
ECG parameters were calculated as exercise minus baseline value and recovery minus 
exercise value, respectively. Differences for the ECG parameters in baseline values as 
well as in the exercise and recovery effects were tested among 3 groups with 1-way 
ANOVA (Table 2) or between 2 groups with the Student t test (Table 3). Homogeneous 
subsets of groups were determined with the Student-Newman-Keuls post hoc multiple 
comparison of groups. Because 8 tests (heart rate, PR, QRS, QT, QTc, J-point amplitude 
in V1 and V2, and peak J-point amplitude in V1-V2) were performed for each of the 3 
experimental conditions (baseline, exercise effect, and recovery effect), the significance 
level of the Student-Newman-Keuls test was set at 0.005. In the description of subsets 
(Table 2), homogeneous subsets are indicated by an equals (=) sign. Statistical analysis 
was carried out with SPSS version 15.0.1 (SPSS Inc).

Results

Clinical Characteristics
Control subjects were all men and ages 42±1 years. The BrSSCN5A+ group comprised 15 
patients with missense mutations and 10 patients with truncation mutations. We have 

Table 1. Clinical characteristics of patients with BrS.

BrSSCN5A-
(n=25)

BrSSCN5A+
(n=25)

Age (years) 42±2 43±3

Family history + 13/25 (52%) 8/25 (32%)

Type 1 ECG at baseline 4/25 (16%) 5/25 (20%)

Drug challenge test + 21/21 (100%) 16/16 (100%)

VT/VF 1/25 (4%) 1/25 (4%)

Syncope (non-exercise) 6/25 (24%) 6/25 (24%)

Palpitations/dizziness 4/25 (16%) 2/25 (8%)

Asymptomatic 15/25 (60%) 17/25 (68%)

EPS + 4/5 (80%) 3/5 (60%)

ICD implanted 8/25 (32%) 5/25 (20%)

Data are expressed as mean ± SEM or n/N (%). ECG variables of BrS patients were compared with those 
obtained from healthy male control subjects (mean age, 42±1 years). BrSSCN5A- indicates BrS patients without 
SCN5A mutation; BrSSCN5A+, BrS patients with SCN5A mutation; family history +, sudden cardiac death in 
a relative at an age of <45 years; drug challenge test +, type 1 BrS ECG after intravenous administration of 
ajmaline or flecainide; VT/VF, documented ventricular tachycardia and/or ventricular fibrillation; EPS +, 
occurrence of ventricular arrhythmia with EPS; ICD, implantable cardioverter-defibrillator.
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previously included 8 BrSSCN5A+ patients in a genotype-phenotype association study.4 
Missense mutations were N109K, E161K, V240M, L618F, G1319V, V1405L, L1582P, 
R1629G, V1667I, and G1743E. Mutations leading to truncation of the channel protein 
were frameshift insertions (c.3142 to 3143insTG), nonsense mutations (L1393X 
and R1638X), frameshift mutations leading to premature stop codon (W774fsX28 
and F861fsX90), and mutations leading to altered mRNA splicing (c.934+1G>A, 
c.3840+1G>A, and c. 4719C>T). There were no significant differences in the clinical 

Table 2. ECG variables at baseline and their changes at peak exercise and during recovery from 
exercise.

Group
Controls  
(n= 35)

BrSSCN5A- 
(n= 25)

BrSSCN5A+ 
(n= 25)

P
Value

SNK
(0.005)

Heart rate (bpm)

Baseline 80±2 69±2 63±2 <0.001 1>2=3

Δ Exercise, baseline 98±3 100±4 103±5 0.623

Δ Recovery, exercise -52±2 -43±4 -48±4 0.106

PR (ms)

Baseline 158±3 163±5 195±5 <0.001 1=2<3

Δ Exercise, baseline -47±6 -48±6 -56±7 0.548

Δ Recovery, exercise 40±4 34±5 37±6 0.684

QRS (ms)

Baseline 84±1 103±2 110±3 <0.001 1<2=3

Δ Exercise, baseline 0.3±1 4±2 12±2 <0.001 1=2<3

Δ Recovery, exercise 3±1 -4±2 -6±1 <0.001 1>2=3

QT (ms)

Baseline 358±4 361±4 364±7 0.760

Δ Exercise, baseline -157±8 -99±6 -110±7 <0.001 1<3=2

Δ Recovery, exercise 75±6 34±5 40±9 <0.001 1>2=3

QTc (ms)

Baseline 411±5 385±5 376±5 <0.001 1>2=3

Δ Exercise, baseline -66±12 53±8 44±10 <0.001 1<3=2

Δ Recovery, exercise 53±11 -15±7 -5±9 <0.001 1>3=2

J-point V1 or V2 (mV)

Baseline 0.6±0 1.5±0.1 1.6±0.2 <0.001 1<2=3

Δ Exercise, baseline 0.3±0.1 0.8±0.2 1.0±0.3 0.036

Δ Recovery, exercise -0.2±0.1 0.5±0.3 0.2±0.3 0.093

Data are expressed as mean ± SEM. Differences for the ECG parameters in baseline values as well as in 
the exercise and recovery effects were tested with 1-way ANOVA. Homogeneous subsets of groups were 
determined with the Student-Newman-Keuls post hoc multiple comparison of groups. The significance 
level of the Student-Newman-Keuls (SNK) test was set at 0.005. Homogeneous subsets are indicated by an 
equals (=) sign.
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variables between BrSSCN5A- and BrSSCN5A+ (Table 1). No patient had VT or VF during 
the exercise test.

ECG Data
Figure 1 shows a typical example of ECG changes during exercise in control subjects, 
BrSSCN5A-, and BrSSCN5A+. Values of ECG variables at baseline and their changes during 
exercise and recovery are summarized in Table 2 and illustrated in Figures 2 to 6.

- Heart Rate

At baseline, heart rate did not differ significantly between BrSSCN5A- and BrSSCN5A+ but 
was lower in both groups than in control subjects (Figure 2). Baseline heart rate <60 
bpm was found in 2 control subjects (6%), 3 BrSSCN5A- (12%), and 13 BrSSCN5A+ (52%; 
P = 0.002). Heart rate increase during exercise and its decrease during recovery were 
similar among groups.

Figure 1. eCG examples during exercise. Typical eCGs (lead V2) performed within 1 individual from each group 
(control, BrSSCN5A-, or BrSSCN5A+) at baseline, at peak exercise, and during recovery from exercise. Standard calibration 
was used (25mm/s and 10mm/mV). BrSSCN5A- indicates BrS patients without SCN5A mutation; BrSSCN5A+, BrS patients 
with SCN5A mutation; controls, age- and sex-matched healthy volunteers with no history of heart disease and no 
use of drugs with known effects on the cardiovascular system.
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- PR Interval

At baseline, PR interval did not differ between BrSSCN5A- and control subjects but was 
longer in BrSSCN5A+ (Figure 3). In the 3 groups, PR interval shortened similarly during 
exercise and returned to near baseline level during recovery.

- QRS Interval

At baseline, QRS interval did not differ between BrSSCN5A- and BrSSCN5A+ but was longer 
in both groups than in control subjects (Figure 4). During exercise, QRS interval 
widening was larger in BrSSCN5A+ compared with BrSSCN5A-. In BrSSCN5A-, the effect of 
exercise on QRS interval did not differ from control subjects. During recovery, QRS 
interval normalized completely or partially in BrSSCN5A- and BrSSCN5A+, respectively.

- QT Interval and QTc Duration

At baseline, QT interval did not differ among the 3 groups, but QTc duration was 
shorter in BrSSCN5A- and BrSSCN5A+ than in control subjects (Figure 5). During exercise, 
QT interval decreased in all groups, but this decrease was less in BrSSCN5A- and BrSSCN5A+ 
than in control subjects. As a result, QTc duration shortened during exercise in control 
subjects but increased in BrSSCN5A- and BrSSCN5A+. During recovery, QT interval increased 
in all groups, but this increase was again less in BrSSCN5A- and BrSSCN5A+ than in control 
subjects. Consequently, QTc duration returned to near baseline levels in control 
subjects but only slightly shortened with respect to peak exercise level in BrSSCN5A- and 
BrSSCN5A+.

Figure 2. effect of exercise on heart rate. Heart 
rate values at baseline, at peak exercise, and 
during recovery from exercise. Numbers between 
parentheses indicate numbers of patients. BrSSCN5A- 
indicates BrS patients without SCN5A mutation; 
BrSSCN5A+, BrS patients with SCN5A mutation; controls, 
age- and sex-matched healthy volunteers with no 
history of heart disease and no use of drugs with 
known effects on the cardiovascular system.
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Figure 3. effect of exercise on pr interval. pr 
interval values at baseline, at peak exercise, and 
during recovery from exercise. BrSSCN5A- indicates 
BrS patients without SCN5A mutation; BrSSCN5A+, BrS 
patients with SCN5A mutation; controls, age- and 
sex-matched healthy volunteers with no history 
of heart disease and no use of drugs with known 
effects on the cardiovascular system.

Figure 4. effect of exercise on QrS interval. QrS 
interval values at baseline, at peak exercise, and 
during recovery from exercise. BrSSCN5A- indicates 
BrS patients without SCN5A mutation; BrSSCN5A+, BrS 
patients with SCN5A mutation; controls, age- and 
sex-matched healthy volunteers with no history 
of heart disease and no use of drugs with known 
effects on the cardiovascular system.

Figure 5. effect of exercise on QT interval (A) and QTc duration (B). QT duration and QTc duration values at baseline, 
at peak exercise, and during recovery from exercise. BrSSCN5A- indicates BrS patients without SCN5A mutation; 
BrSSCN5A+, BrS patients with SCN5A mutation; controls, age- and sex-matched healthy volunteers with no history of 
heart disease and no use of drugs with known effects on the cardiovascular system.
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- Peak J-Point Amplitude

At baseline, the peak J-point amplitude in 
V1-V2 did not differ between BrSSCN5A- and 
BrSSCN5A+ but was higher in both groups 
than in control subjects (Figure 6). The 
peak J-point amplitude increase during 
exercise was similar in all 3 groups but 
resulted in a coved-type pattern only in 
BrSSCN5A- and BrSSCN5A+ (Figure 1). During 
recovery, the peak J-point amplitude in 
V1-V2 increased further in the BrS groups 
but returned to baseline levels in control 
subjects. However, because of large 
variability, the changes in peak J-point 
amplitude during recovery did not reach 
statistical significance among the groups.

Exercise Test and Clinical Phenotype
Because exercise aggravated the ECG 
abnormalities that are associated with 
increased risk for cardiac events in BrS, 
we analyzed whether ECG variables and 
their changes during exercise were different between BrS patients who had previously 
experienced syncope (n=12, including 2 patients with documented VT/VF) and those 
who had not (n=38), and between BrS patients with a positive EPS outcome and those 
with a negative EPS outcome. No significant differences were observed in the ECG 
variables and their changes during exercise between these groups (Table 3).

Discussion
In this study, we aimed to assess ECG responses to exercise in BrS and to determine 
whether these responses are affected by the presence of an SCN5A mutation. To do 
this, we analyzed ECGs in control subjects, BrSSCN5A-, and BrSSCN5A+. Because of the 
male predominance in BrS and to exclude sex-related differences in ECG responses, 
we only analyzed male individuals. We compared ECG variables at baseline and their 
changes at peak exercise and during recovery from exercise. ECG analysis at peak 
exercise was based on experimental and clinical evidence that tachycardia aggravates 
ST-segment elevation in BrS,7,14 and that BrS-linked loss-of-function mutations in 
SCN5A reduce INa more at fast heart rates.7,15 The fact that we did not find differences 
in the clinical variables between BrSSCN5A- and BrSSCN5A+ groups shows that these 
variables most probably have not confounded the interpretation of ECG differences 
between groups.

Figure 6. effect of exercise on peak J-point 
amplitude. peak J-point amplitude values at 
baseline, at peak exercise, and during recovery 
from exercise. BrSSCN5A- indicates BrS patients 
without SCN5A mutation; BrSSCN5A+, BrS patients 
with SCN5A mutation; controls, age- and sex-
matched healthy volunteers with no history of 
heart disease and no use of drugs with known 
effects on the cardiovascular system.
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Heart Rate
Ventricular arrhythmia in BrS commonly occurs at rest, usually at night and during 
sleep. Autonomic imbalance, consisting of increased parasympathetic (vagal) 
activity and/or decreased sympathetic (adrenergic) activity, is believed to play a 
pathophysiologic role. For example, increased parasympathetic activity is suggested 
by a 24-hour Holter monitoring study, which showed that symptomatic BrS patients 
have lower mean heart rate than asymptomatic patients.17 Moreover, right precordial 
ST-segment elevation in BrS patients increases after intracoronary injection of the 
parasympathetic neurotransmitter acetylcholine.18 Decreased sympathetic activity 
is suggested by clinical studies, which investigated the myocardial presynaptic and 
postsynaptic sympathetic function in BrS patients. These studies indicated increased 
presynaptic reuptake and recycling of the sympathetic neurotransmitter norepinephrine 

Table 3. Comparison of ECG variables between BrS patients with prior syncope with/without 
documented VT/VF and those without syncope, and between BrS patients with a positive EPS 
and those with a negative EPS.

ECG variable

Syncope with/without VT/VF Electrophysiologic study

Yes
(n=12)

No
(n=38)

P
Value

Positive
(n=8)

Negative
(n=3)

P
Value

Age, y 43±3 43±2 0.986 45±3 42±4 0.516

Heart rate, bpm

Baseline 64±3 67±2 0.498 65±4 56±6 0.247

Δ Exercise, baseline 95±7 104±3 0.231 88±11 109±8 0.327

PR, ms

Baseline 184±7 177±5 0.485 177±15 199±8 0.382

Δ Exercise, baseline -54±6 -52±6 0.813 -36±14 -65±17 0.299

QRS, ms

Baseline 109±4 106±2 0.511 112±5 98±5 0.153

Δ Exercise, baseline 12±3 7±2 0.186 6±5 12±1 0.490

QT, ms

Baseline 366±7 361±5 0.645 367±4 360±27 0.678

Δ Exercise, baseline -101±11 -106±6 0.703 -91±10 -138±31 0.088

QTc, ms

Baseline 378±8 381±4 0.715 379±9 360±7 0.241

Δ Exercise, baseline 50±18 48±7 0.863 58±21 9±43 0.272

J-point V1 or V2, mV

Baseline 1.8±0.2 1.5±0.2 0.365 2.2±0.4 1.8±0.7 0.702

Δ Exercise, baseline 0.6±0.4 0.9±0.2 0.383 0.7±0.4 0.4±0.7 0.747

Data are expressed as mean ± SEM. P value indicates statistical significance between 2 groups. Differences 
for the ECG parameters in baseline values as well as in the exercise effects were tested between the groups 
with Student t test.
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from the synaptic cleft; this reduces postsynaptic sympathetic effects.19,20 In our study, 
baseline heart rates were lower in BrS patients than in control subjects, supporting 
these previous data. However, heart rate increase in BrS patients during exercise was 
similar to that in control subjects, suggesting that sympathetic response during exercise 
was adequate.

Lower baseline heart rates in BrS may also be due to sinus node dysfunction. 
Indeed, SCN5A loss-of-function mutations (including several BrS-linked mutations) 
are linked to sinus bradycardia, atrial standstill, and sick sinus syndrome.21 Moreover, 
recent reports suggest that INa is functionally present in the human sinoatrial node.22 
Accordingly, a mouse model with a null mutation in SCN5A exhibited bradycardia and 
other signs of sinus node dysfunction.21 Although the mean heart rate at baseline did 
not differ between BrSSCN5A- and BrSSCN5A+, more BrSSCN5A+  patients had baseline heart 
rates <60 bpm. Together, these findings support the role of SCN5A mutation in the 
pathophysiology of sinus node dysfunction.

PR Interval
The PR interval represents conduction of electric impulses from the atria to the 
ventricles through the atrioventricular (AV) node and the Purkinje fibers. Previous 
reports indicate that PR interval is prolonged in BrS patients with SCN5A mutation.3 
Indeed, PR interval was prolonged in BrSSCN5A+ at baseline. Consistent with our data, 
PR interval shortening during exercise was not different in patients with paroxysmal 
supraventricular tachyarrhythmia (but without BrS) who used flecainide compared 
with patients without flecainide use.23 One possible mechanism may be disparate 
contributions of INa to action potential initiation in AV nodal cells and Purkinje fibers. 
INa plays a major role in the initial upstroke of the Purkinje action potential.24 This 
may explain the prolonged baseline PR intervals in BrSSCN5A+. In contrast, the role of 
INa in the AV node is controversial. First, AV nodal cells have a resting membrane 
potential of approximately -50 mV; at this potential, Na+ channels are almost fully 
inactivated. Second, action potentials measured from AV nodal cells display a slow 
upstroke, which is generated by the L-type calcium current (ICa,L), as experimental 
studies have indicated.25 Accordingly, AV nodal conduction is suppressed by calcium 
channel-blocking drugs.26 Conversely, ICa,L amplitude is markedly increased during 
β-adrenergic stimulation27; this phenomenon may be responsible for the adequate 
PR interval shortening in BrS patients during exercise. Based on these data, one may 
conclude that PR interval response to exercise depends more on AV nodal conduction, 
whereas PR interval prolongation at baseline may be attributed to conduction slowing 
in the Purkinje fibers.

QRS Interval
INa is responsible for the initial upstroke of the ventricular action potential, which 
determines electric conduction velocity through the ventricles and thereby QRS 
interval duration. Accordingly, INa reduction results in lower maximum upstroke 
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velocity, slower ventricular conduction, and QRS widening.28 In our study, baseline 
QRS intervals in BrSSCN5A- and BrSSCN5A+ were not different but were both longer than 
in control subjects. Although this supports the role of INa in determining conduction 
velocity, it also indicates that other mechanisms may underlie INa reduction in BrSSCN5A-, 
for example, mutations in genes encoding cardiac Na+ channel accessory subunits 
or regulatory proteins.29-31 QRS widened at peak exercise in BrSSCN5A+ patients. This 
confirms reports of QRS widening during exercise in patients using therapeutic doses 
of flecainide,12,23 and in BrS patients at fast pacing rates during EPS.32 These data suggest 
further INa reduction in BrS patients during exercise. In BrSSCN5A+, further INa reduction 
may be attributed to accumulation of mutant Na+ channels in the slow inactivated 
state during tachycardia.7,15 This mechanism is supported by the observation that QRS 
duration returned to baseline levels during recovery, when the heart rate decreased. 

QT Interval and QTc Duration
In a previous study, 24-hour Holter ECGs of men with idiopathic VF (67% had BrS 
ECG at baseline) were analyzed and compared with healthy control subjects.33 At slow 
heart rates (R-R intervals ≥1 second), QT intervals were significantly shorter in BrS 
patients. At higher rates (R-R intervals 0.6 second), QT intervals did not differ between 
BrS patients and control subjects. Consistent with these data, we found that BrSSCN5A- 
and BrSSCN5A+ had shorter QTc than did control subjects at baseline. In contrast, at peak 
exercise, QTc durations in BrS patients were longer than in control subjects, due to 
inadequate shortening of the QT interval. That further INa reduction during exercise 
may mediate such repolarization changes is suggested by reports of QTc lengthening 
after flecainide administration in patients suspected of having BrS.34 Moreover, in 
experimental settings, INa inhibition by flecainide is associated with rate-dependent 
action potential prolongation, with more prolongation at faster stimulation rates.35 INa 
reduction is believed to accentuate phase 1 notch of the ventricular action potential, 
due to an increased contribution of the transient outward potassium current (Ito). 
This will reduce the availability of L-type calcium channels and delay phase 2 and, 
consequently, phase 3 of the action potential, resulting in prolonged action potential 
duration.35 However, because repolarization abnormalities were found in both BrSSCN5A- 
and BrSSCN5A+, they cannot only be attributed to INa reduction due to SCN5A mutations.

Peak J-Point Amplitude
Previously, ST-segment depression during exercise has been reported in both healthy 
control subjects and BrS patients.8,9,36 These studies have measured the ST-segment 
amplitude at 40ms after the end of QRS interval (J-point). However, according to the 
first BrS consensus report in which the diagnostic criteria for BrS were outlined,37 we 
selected the peak J-point amplitude in the precordial leads to measure the extent of 
ST-segment elevation. We observed that the peak J-point amplitude increased similarly 
in all 3 groups during exercise. In control subjects, the ST-segment did not show a 
typical coved-type pattern (at baseline nor during exercise), and the increase in J-point 
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amplitude during exercise may be attributed to tachycardia-induced incomplete right 
bundle-branch block. In both BrSSCN5A- and BrSSCN5A+, the peak J-point amplitude reached 
its maximum amplitude during the early recovery phase. ST-segment augmentation 
during the recovery phase has been described in some BrS patients and may be due 
to diminishing sympathetic and/or increased parasympathetic activity.8-10 In contrast, 
peak J- point amplitude augmentation at peak exercise is not fully recognized. In 
this study, its occurrence in conjunction with QTc lengthening during exercise is 
consistent with previous observations of ST-segment elevation and QT lengthening 
after flecainide administration in BrS patients.34 Probably, the peak J-point amplitude, 
which we measured in this study, represents a depolarization parameter, similar to QRS 
duration, or, at least, a combined parameter of both depolarization and repolarization. 
Therefore, the peak J-point amplitude increased at peak exercise as the QRS duration 
did in BrS patients.

Exercise Test and Clinical Phenotype
This study was designed to assess ECG responses to exercise in BrS patients and to 
determine whether these responses are affected by the presence of an SCN5A mutation. 
We found that exercise aggravated ECG abnormalities that are associated with an 
increased risk for cardiac events in BrS. Therefore, we additionally analyzed whether 
ECG variables and their changes during exercise were different between symptomatic 
(prior syncope) and asymptomatic (no prior syncope) BrS patients and between 
BrS patients with a positive EPS outcome and those with a negative EPS outcome. 
We found no significant differences in the ECG variables and their changes during 
exercise between the groups. However, interpretation of these findings requires caution 
because of the small number of patients who had syncope or undergone EPS in our 
study population.

Conclusions and Study Limitations
In BrS, baseline ECGs are characterized by lower heart rates, prolonged QRS intervals, 
decreased QTc durations, and precordial peak J-point elevation. Additionally, BrSSCN5A+ 
display PR prolongation. In BrS, exercise induces (1) PR shortening to the same extent 
as in healthy control subjects, (2) QRS widening in BrSSCN5A+, (3) QT shortening, but 
to a lesser extent than in control subjects, leading to QTc lengthening at peak exercise, 
and (4) augmentation of precordial peak J-point elevation, which reaches its maximum 
amplitude during the early phase of recovery from exercise. In healthy control subjects, 
precordial peak J-point amplitude also increased in control subjects but did not adopt 
the typical coved-type pattern as seen in BrS. 

Mechanisms that underlie ECG responses in BrS to exercise are complex, and their 
identification requires further studies. Only QRS interval widening during exercise had 
an association with INa reduction, as determined by the presence of an SCN5A mutation. 
However, it must be noted that BrSSCN5A- patients were not screened for mutations in 
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other genes that have recently been linked to BrS and that were experimentally shown 
to reduce INa, for example, SCN1B and SCN3B genes, which encode 2 β-subunits of the 
cardiac Na+ channel,29-30 and the glycerol-3-phosphate dehydrogenase 1-like (GPD1-L) 
gene, which encodes a protein involved in the intracellular Na+ channel trafficking.31 
The presence of such mutations may have negatively biased the role of INa reduction 
in the ECG responses of BrSSCN5A- to exercise. Furthermore, although common clinical 
variables were not different between BrSSCN5A- and BrSSCN5A+, other yet unrecognized 
molecular or clinical factors may have contributed to the observed ECG differences 
between the study groups.

In conclusion, exercise did not induce ventricular arrhythmia in our BrS patients, 
but it did induce ECG changes that are known to increase the risk of cardiac arrest. 
Therefore, an exercise test may be an alternative safe tool for diagnosis in subjects 
suspected of having BrS. However, because our study was not designed to study the 
immediate clinical usefulness of an exercise test, future studies are required to assess 
the possible diagnostic and/or prognostic values of an exercise test in the clinical 
management of BrS patients.
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Abstract
Aims: Brugada syndrome (BrS) is associated with increased risk for atrial fibrillation 
(AFib). However, the role of SCN5A mutations in the occurrence of AFib remains 
unclear. Cardiac sodium current reduction caused by SCN5A mutations may facilitate 
AFib by slowing intra-atrial conduction and inducing structural changes, but also 
prevent it by suppressing atrial ectopic activity. Here, we examined the relation 
between SCN5A mutations, atrial conduction velocity, atrial structural changes, and 
atrial ectopic activity in BrS.
Methods and results: Data from 214 BrS patients (78 with an SCN5A mutation [patients 
with an SCN5A mutation, BrSSCN5A+] and 136 without an SCN5A mutation [patients 
without an SCN5A mutation, BrSSCN5A-]) were collected. Intra-atrial conduction 
velocity was assessed by measuring P-wave durations at baseline and during sodium 
channel provocation testing. Atrial structural changes were assessed by measuring 
atrial dimensions using cardiac magnetic resonance imaging. Atrial ectopic activity 
was assessed by determining the incidence of atrial ectopic beats using 24-hour Holter 
recordings. Clinical characteristics (including AFib occurrence) did not differ between 
BrSSCN5A+ and BrSSCN5A-. Baseline P-wave durations were longer in BrSSCN5A+ than in 
BrSSCN5A-, but lengthened markedly in BrSSCN5A- during provocation testing. Atrial 
dimensions did not differ. Atrial ectopic beats occurred more often in BrSSCN5A-, and 
the proportion of patients experiencing one or more atrial ectopic beats was larger in 
BrSSCN5A- than in BrSSCN5A+.
Conclusion: In BrS, the presence of an SCN5A mutation is associated with intra-atrial 
conduction slowing and suppressed atrial ectopic activity. Intra-atrial conduction 
slowing may provide a plausible substrate for AFib maintenance, while reduced atrial 
ectopic activity may constitute inhibition of the trigger for AFib initiation.
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Introduction
Next to ventricular tachycardia/ventricular fibrillation (VT/VF),1-4 a high incidence 
of atrial fibrillation (AFib) has been reported in (Brugada syndrome) BrS.5-6 
Electrophysiologic studies, aimed at examining the relation between AFib in BrS 
and the presence of an SCN5A mutation,7-9 have found that intra-atrial electrical 
conduction is delayed in patients with an SCN5A mutation (BrSSCN5A+) compared with 
those without an SCN5A mutation (BrSSCN5A-).7-8 Slowing of electrical conduction is 
a plausible substrate for AFib maintenance, because it provides all myocytes within 
a reentrant circuit with more time to recover from refractoriness and increases the 
probability that they can be reactivated by the next reentrant excitation wave.10 In 
addition, echocardiographic studies, aimed at examining the relation between AFib in 
BrS and the presence of an SCN5A mutation, have shown that the left atria are larger 
in BrSSCN5A+ than in BrSSCN5A-.

7 Larger atria can harbor more reentrant circuits, and, 
by doing so, facilitate AFib maintenance. Nevertheless, despite slower conduction 
velocities and larger atrial sizes, no higher prevalence of AFib was found in BrSSCN5A+ 
compared with BrSSCN5A-.

7-8 Of note, these studies have included small numbers 
of BrSSCN5A+ patients, detected intra-atrial conduction velocity only with invasive 
electrophysiologic techniques, and did not take into account that INa reduction due to 
SCN5A loss-of-function mutations may also decrease atrial excitability, and thereby 
suppress atrial ectopic activity. Atrial ectopic beats may generate excitatory impulses 
that, when atrial vulnerability is increased, can result in reentrant circuits and AFib 
inititation.10 Accordingly, electrophysiologic studies have shown that sodium channel 
blocking drugs decrease the prevalence of atrial ectopic beats and episodes of AFib 
in patients with frequent attacks of paroxysmal AFib.11 Here, we hypothesized that 
BrS-linked SCN5A mutations facilitate AFib through intra-atrial conduction slowing 
and secondary structural changes, but also prevent it through suppression of atrial 
ectopic activity. Therefore, we studied the relation between SCN5A mutations, intra-
atrial conduction velocity, atrial structural changes, and atrial ectopic activity in a 
large cohort of BrS patients. Of note, we used clinically easily applicable tools (i.e. 
surface 12-lead electrocardiogram [ECGs] and 24-hour Holter recordings) to measure 
P-wave durations and the frequency of atrial ectopic beats as markers for intra-atrial 
conduction velocity and atrial ectopic activity, respectively.

Methods

Patient inclusion and clinical data collection
In this retrospective single-centre study, all patients diagnosed with BrS at our 
institution, in whom SCN5A mutation analysis was performed, were included. 
Brugada syndrome was diagnosed if a type 1 ECG pattern was present at baseline or 
after intravenous administration of ajmaline or flecainide. We collected the following 
clinical data from medical records: age at diagnosis, gender, proband status yes/no, 
clinical follow-up duration, and presence of spontaneous type 1 ECG pattern, syncope, 
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documented VT/VF, family history of sudden death at age ,45 years, and internal 
cardioverter-defibrillator (ICD). Occurrence of AFib and its character (paroxysmal or 
persistent) were determined using surface ECGs at the time of regular clinical follow-
up, Holter recordings if performed (n=103), continuous ECG recordings if hospitalized 
(n=91), or recordings of ICDs if implanted (n=65).

Analysis of SCN5A mutation
Informed consent was obtained from all patients, and genomic DNA was isolated from 
their peripheral blood lymphocytes using standard protocols. All protein-encoding 
exons and exon-intron boundaries of SCN5A were amplified using polymerase chain 
reaction.12 DNA variants were detected using denaturing high-performance liquid 
chromatography and by sequencing the fragments with an abnormal elution profile. 
DNA variants were considered as mutations if located in highly conserved regions of 
SCN5A and if absent in at least 200 reference alleles.

Analysis of electrocardiograms
Twelve-lead ECGs, performed at baseline and immediately after intravenous 
administration of the maximum dose of ajmaline or flecainide, were analyzed manually 
at 800% magnification for heart rate, maximum P-wave amplitude, P-wave duration, 
and PR interval using lead II or lead V5. For each ECG variable within one patient, the 
mean value of three consecutive beats was calculated.

Analysis of cardiac magnetic resonance imaging scans
Cardiac magnetic resonance imaging (CMRI) was performed with a 3.0 T whole-body 
imaging system, with the patient in supine position, using a dedicated four-element, 
phased-array cardiac coil. Images covering the atria were acquired during repeated 
end-expiratory breath-holds. Scout images (coronal, sagittal, and axial planes) were 
obtained to plan the final double-oblique long-axis and short-axis views. Imaging 
parameters were as follows: TR=RR interval, TE 12 ms, slice thickness 6mm, interslice 
gap 0mm, and a spatial resolution in the X-Y plane of at least 1 mm/pixel. Data were 
analyzed off-line using a separate workstation and commercial software. Atrial borders 
were manually traced, and atrial dimensions were measured in the craniocaudal 
direction and left-right direction on long-axis images and in the anteroposterior 
direction on short-axis images.

Analysis of Holter recordings
To study the occurrence of atrial ectopic beats, ambulatory three-channel Holter ECG 
monitoring was performed for 24 hours using SEER digital recorders. All recordings 
were stored and analyzed using the Mars PC Holter system (GE, Marquette, Milwaukee, 
WI, USA; software version 5.0).
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Statistics
Age, clinical follow-up duration, ECG parameters, and atrial dimensions were 
expressed as mean ± standard error of the mean (SEM), and were compared between 
BrSSCN5A+ and BrSSCN5A- with the Student t test. ECG parameters between baseline and 
during sodium channel provocation testing were compared with the paired Student t 
test. Proportional differences in the clinical variables between BrSSCN5A+ and BrSSCN5A- 
were compared with the Fisher exact test or the χ2 test, where appropriate. The numbers 
of atrial ectopic beats between BrSSCN5A+ and BrSSCN5A- were compared with the Mann-
Whitney rank sum test. Multiple linear regression was used to assess the relation 
between the P-wave duration with the heart rate, maximum P-wave amplitude, and 
PR interval, and between the number of atrial ectopic beats and all measured ECG 
parameters.

Results

Clinical characteristics
The study population consisted of 214 BrS patients (78 BrSSCN5A+ and 136 BrSSCN5A-). 
Table 1 provides a list of the mutations found in BrSSCN5A+, and the number of patients 
carrying each specific mutation. There were no significant differences in the clinical 
characteristics between BrSSCN5A+ and BrSSCN5A- (Table 2). The prevalence of AFib was 
also similar (4 [5%] in BrSSCN5A+ versus 15 [11%] in BrSSCN5A-, P = 0.211). The character 
of AFib tended to differ between both groups, with a higher prevalence of persistent 
AFib in BrSSCN5A+ (3 [75%] in BrSSCN5A+ versus 3 [20%] in BrSSCN5A-, P = 0.071).

Analysis of baseline electrocardiograms
In all patients, intra-atrial conduction velocity was assessed by measuring P-wave 
durations on baseline ECGs (Table 2). The P-wave duration was longer in BrSSCN5A+ 
than in BrSSCN5A-, but its maximum amplitude did not differ between the groups. The 
PR interval was also longer in BrSSCN5A+ than in BrSSCN5A-. The heart rate was slower 
in BrSSCN5A+ than in BrSSCN5A-. Multiple linear regression showed a positive linear 
correlation between the P-wave duration and the PR interval in both groups (r = 0.463, 
P < 0.001 in BrSSCN5A+, and r = 0.451, P < 0.001 in BrSSCN5A-), but not between the P-wave 
duration and the heart rate or the P-wave amplitude.

Analysis of electrocardiograms during sodium channel provocation testing
In 165 BrS patients (54 BrSSCN5A+ and 111 BrSSCN5A-), in whom a type 1 ECG pattern was 
not present at baseline, sodium channel provocation testing was performed. The clinical 
characteristics of these patients did not differ between BrSSCN5A+ and BrSSCN5A-, except for 
a larger proportion of a family history of sudden death in BrSSCN5A- (Table 3). Compared 
with baseline, the heart rate increased in both BrSSCN5A+ and BrSSCN5A- after intravenous 
administration of ajmaline or flecainide. The P-wave duration also lengthened in both 
groups, but this increase reached statistical significance only in BrSSCN5A-. Moreover, the 
maximum P-wave amplitude increased in BrSSCN5A-. Finally, compared with baseline, the 
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Table 1. Mutations found in 78 patients with Brugada syndrome.

Region Nucleotide change Mutation Mutation type Location Number

Exon 2 53 G>A R18Q Missense N-terminus 1

Exon 3 327 C>A N109K Missense N-terminus 3

Intron 3 393 -5 C>A Splice site DI-S1 1

Exon 4 468 G>A W156X Nonsense DI-S1/S2 1

Exon 4 481 G>A E161K Missense DI-S2 8

Exon 6 659 C>T T220I Missense DI-S4 1

Exon 7 718 G>A V240M Missense DI-S4/S5 3

Intron 7 934 +1 G>A Splice site DI-S5/S6 1

Exon 9 1099 C>T R367C Missense DI-S5/S6 3

Exon 10 1315 G>A E439K Missense DI/DII 1

Exon 12 1852 C>T L618F Missense DI/DII 1

Exon 15 2320delT Y774TfsX28 Frame shift DII-S2/S3 1

Exon 16 2582_2583delTT F861WfsX90 Frame shift DII-S5 7

Exon 16 2780 A>G N927S Missense DII-S6 4

Exon 17 2894 G>A R965H Missense DII/DIII 1

Exon 17 3142_3143insTG P1048insTG/fsX98 Frame shift DII/DIII 2

Intron 17 3228 +2delT Splice site DII/DIII 1

Exon 20 3578 G>A R1193Q Missense DII/DIII 1

Intron 21 3840 +1 G>A Splice site DIII-S3 4

Exon 22 3956 G>T G1319V Missense DIII-S4/S5 3

Exon 23 4037 T>C L1346P Missense DIII-S5 2

Exon 23 4088 G>A C1363Y Missense DIII-S5/S6 1

Exon 23 4118 T>A L1373X Nonsense DIII-S5/S6 2

Exon 23 4213 G>C V1405L Missense DIII-S5/S6 2

Intron 25 4437 +5 G>A Splice site DIII/DIV 2

Exon 27 4708_4710dupATC I1570dup In-frame 
insertion DIV-S1/S2 3

Exon 27 4719 C>T* Alternative 
splicing DIV-S2 2

Exon 27 4745 T>C L1582P Missense DIV-S2 1

Exon 28 4886 G>A R1629Q Missense DIV-S4 2

Exon 28 4912 C>T R1638X Nonsense DIV-S4 2

Exon 28 5141 A>G D1714G Missense DIV-S5/S6 1

Exon 28 5228 G>A G1743E Missense DIV-S5/S6 8

Exon 28 5387_5388insTGA 1795_1796insD In-frame 
insertion C-terminus 1

Exon 28 5770 G>A A1924T Missense C-terminus 1

del, deletion; dup, duplication; fs, frame shift; ins, insertion. * = novel mutation.
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Table 2. Clinical characteristics and electrocardiogram parameters in the total study population.

Variable

All patients

BrSSCN5A+ BrSSCN5A- P Value

Number of patients, n (male/female) 78 (55/23) 136 (78/58) 0.059

Age (years) 45±2 46±1 0.456

Follow-up duration (months) 47±4 42±2 0.253

Proband, n (%) 42 (54) 75 (55) 0.887

Family history of sudden death, n (%) 29 (37) 67 (49) 0.159

Spontaneous type 1 ECG, n (%) 24 (31) 25 (18) 0.057

Syncopal episodes, n (%) 29 (37) 38 (28) 0.171

Documented VT/VF, n (%) 10 (13) 14 (10) 0.654

ICD implantation, n (%) 29 (37) 36 (26) 0.123

Documented AFib, n (%) 4 (5) 15 (11) 0.211

Paroxysmal 1 (25) 12 (80) 0.071

Persistent 3 (75) 3 (20) 0.071

Therapy required 4 (100) 7 (47) 0.103

Heart rate (beats per minute) 65±1 72±1 <0.001

P-wave duration (ms) 146±3 113±2 <0.001

P-wave amplitude (mm) 1.24±0.06 1.15±0.03 0.165

PR interval (ms) 204±4 158±3 <0.001

Values are n (%) or mean ± standard error of the mean (SEM). Therapy for AFib encompassed digoxin 
therapy, ICD with atrial therapies, chemical or electrical cardioversion, or pulmonary vein isolation. AFib, 
atrial fibrillation; BrSSCN5A+, BrS patients with an SCN5A mutation; BrSSCN5A-, BrS patients without an SCN5A 
mutation; ICD, internal cardioverter-defibrillator; mm, millimetres; ms, milliseconds; VT/VF, ventricular 
tachycardia/ventricular fibrillation.

PR interval lengthened in both BrSSCN5A+ and BrSSCN5A- (particularly in the latter) after 
intravenous administration of ajmaline or flecainide (Figure 1).

Analysis of cardiac magnetic resonance imaging scans
In 73 BrS patients (24 BrSSCN5A+ and 49 BrSSCN5A-), CMRI was performed (Table 4). 
Their mean age was not different from patients in whom no CMRI was performed 
(46±2 years with CMRI versus 46±1years without CMRI, P = 0.972). However, their 
clinical follow-up duration was significantly shorter (27±2 months with CMRI versus 
52±2 months without CMRI, P < 0.001), because CMRI for detection or exclusion of 
cardiac structural changes in individuals diagnosed with BrS at our institution (even 
when asymptomatic) has become available in 2008. The clinical characteristics, ECG 
parameters, and atrial dimensions of BrSSCN5A+ with CMRI and BrSSCN5A- with CMRI are 
shown in Table 4. The atrial dimensions, of both the left and right atrium, did not differ 
statistically significantly between both groups.
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Table 3. Clinical characteristics and electrocardiogram (ECG) parameters in patients with 
type 1 ECG pattern after intravenous administration of ajmaline or flecainide.

Variable

All patients

BrSSCN5A+ BrSSCN5A- P Value

Number of patients, n (male/female) 54 (36/18) 111 (58/53) 0.112

Age (years) 47±2 45±1 0.408

Follow-up duration (months) 45±4 39±2 0.163

Proband, n (%) 22 (41) 54 (49) 0.430

Family history of sudden death, n (%) 16 (30) 54 (49) 0.031

Spontaneous type 1 ECG, n (%) 0 0

Syncopal episodes, n (%) 15 (28) 26 (23) 0.678

Documented VT/VF, n (%) 3 (6) 8 (7) 0.947

ICD implantation, n (%) 15 (28) 21 (19) 0.275

Documented AFib, n (%) 2 (4) 8 (7) 0.591

Heart rate (beats per minute)

 Baseline 65±1 73±1 <0.001

 With ajmaline/flecainide 70±2 78±1 <0.001

 P Value 0.012 0.003

P-wave duration (ms)

 Baseline 145±3 112±2 <0.001

 With ajmaline/flecainide 154±6 149±3 0.466

 P Value 0.190 <0.001

P-wave amplitude (mm)

 Baseline 1.20±0.06 1.15±0.03 0.437

 With ajmaline/flecainide 1.09±0.05 1.28±0.04 0.004

 P Value 0.055 0.006

PR interval (ms)

 Baseline 202±5 156±3 <0.001

 With ajmaline/flecainide 220±6 210±3 0.099

 P Value 0.006 <0.001

Values are n (%) or mean ± standard error of the mean (SEM). AFib, atrial fibrillation; BrSSCN5A+, BrS patients 
with an SCN5A mutation; BrSSCN5A-, BrS patients without an SCN5A mutation; ICD, internal cardioverter-
defibrillator; mm, millimetres; ms, milliseconds; VT/VF, ventricular tachycardia/ventricular fibrillation.

atria. Atrial ectopic activity provides triggers for the generation of excitatory impulses 
that may initiate reentry if they encounter refractory atrial tissue in one direction 
(‘unidirectional block’), and consequently propagate only in the other direction. 
Reentry can only be sustained if the reentrant impulse propagates slowly enough to 
allow all myocytes within the circuit to recover from their refractory period and regain 
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Figure 1. representative electrocardiogram (eCG) tracings from two Brugada syndrome patients at baseline and after 
intravenous administration of ajmaline. (A) Lead ii of the eCG of a 57-year-old female patient with the 4912 C > T 
(r1638X) mutation in SCN5A. (B) Lead ii of the eCG of a 35-year-old female patient without a mutation in SCN5A.

Analysis of Holter recordings
In 103 BrS patients (30 BrSSCN5A+ and 73 BrSSCN5A-), 24-hour Holter monitoring was 
performed. Their mean age was not different from patients in whom no Holter monitoring 
was performed (45±1 years with Holter versus 46±1 years without Holter, P = 0.819). 
However, their clinical follow-up duration was significantly shorter (36±3 months with 
Holter versus 52±3 without Holter, P < 0.001), because routine Holter monitoring for 
all individuals diagnosed with BrS at our institution (even when asymptomatic) was 
implemented in 2006. The clinical characteristics of patients with Holter monitoring 
did not differ between BrSSCN5A+ and BrSSCN5A- (Table 5). The ECG parameters showed 
similar differences between BrSSCN5A+ and BrSSCN5A- as described earlier; in addition, the 
P-wave amplitude was larger in BrSSCN5A+ than in BrSSCN5A-. Atrial ectopic beats occurred 
more often in BrSSCN5A- than in BrSSCN5A+.  Moreover, the proportion of patients who 
experienced one or more atrial ectopic beats was larger in BrSSCN5A- than in BrSSCN5A+. In 
both groups, multiple linear regression showed no relation between the occurrence of 
atrial ectopic beats and P-wave duration, P-wave amplitude, or the PR interval. However, 
the occurrence of atrial ectopic beats showed a negative linear relation with the heart 
rate in BrSSCN5A+ (r = -0.656, P = 0.029), with more ectopic beats at lower heart rates. This 
relation was not found in BrSSCN5A- (P = 0.922).

Discussion
The occurrence of AFib requires triggers for the initiation of reentrant electrical circuits, 
and a vulnerable substrate that enables reentrant circuits to maintain themselves in the 
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excitability for the next excitation wave. Structural defects (e.g. interstitial fibrosis) and 
changes in the expression or function of connexins and cardiac ion channels or their 
regulatory subunits, as seen in acquired heart diseases (e.g. coronary artery disease, 
congestive heart failure), are believed to increase the risk for reentry, e.g. by promoting 
atrial ectopic activity and/or by slowing intra-atrial conduction velocity.10

A high incidence of AFib has been reported in BrS,5,6 and mutations in SCN5A 
have been associated with increased risk for AFib.13 Here, we hypothesized that BrS-
linked SCN5A mutations facilitate AFib through intra-atrial conduction slowing and 
secondary structural changes. We indeed found longer P-wave durations in BrSSCN5A+ 
compared with BrSSCN5A-. We also found a positive correlation between the P-wave 
durations and the PR intervals in both BrSSCN5A+ and BrSSCN5A-, which may explain, at 
least partially, the differences in the atrioventricular conduction between these groups. 

Table 4. Clinical characteristics, electrocardiogram parameters, and atrial dimensions in 
patients with magnetic resonance imaging scans.

Variable BrSSCN5A+ BrSSCN5A- P Value

Number of patients, n (male/female) 24 (15/9) 49 (25/24) 0.455

Age (years) 47±3 45±2 0.586

Follow-up duration (months) 30±4 26±3 0.339

Proband, n (%) 11 (46) 24 (49) 1.000

Family history of sudden death, n (%) 5 (21) 26 (53) 0.012

Spontaneous type 1 ECG, n (%) 7 (29) 3 (6) 0.012

Syncopal episodes, n (%) 6 (21) 12 (24) 0.499

Documented VT/VF, n (%) 1 (4) 6 (12) 0.414

ICD implantation, n (%) 5 (21) 8 (16) 0.747

Documented AFib, n (%) 1 (4) 4 (8) 0.465

Heart rate, beats per minute 63±2 68±2 0.086

P-wave duration (ms) 142±6 112±2 <0.001

P-wave amplitude (mm) 1.15±0.08 1.09±0.05 0.525

PR interval (ms) 198±8 162±4 <0.001

LA diameter craniocaudal (mm) 52±2 52±2 0.902

LA diameter left-right (mm) 59±2 60±2 0.673

LA diameter anteroposterior (mm) 29±2 26±1 0.218

RA diameter craniocaudal (mm) 46±2 42±1 0.061

RA diameter left-right (mm) 38±2 39±1 0.890

RA diameter anteroposterior (mm) 50±2 46±1 0.104

Values are n (%) or mean ± standard error of the mean (SEM). LA, left atrium; RA, right atrium; BrSSCN5A+ 
BrS patients with an SCN5A mutation; BrSSCN5A-, BrS patients without an SCN5A mutation; ICD, internal 
cardioverter-defibrillator; mm, millimetres; ms, milliseconds; VT/VF, ventricular tachycardia/ventricular 
fibrillation.
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Lengthening of the P-wave duration and the PR interval, particularly in BrSSCN5A-, in 
the presence of sodium channel blocking agents ajmaline and flecainide supports the 
hypothesis that INa reduction is largely responsible for intra-atrial conduction slowing. 
Accordingly, previous electrophysiologic studies have detected longer intra-atrial 
conduction times in BrS patients compared with healthy controls, and in BrSSCN5A+ 
compared to BrSSCN5A-.

7-9 Moreover, they have identified longer intra-atrial conduction 
times as predictors of atrial tachyarrhythmias in patients with spontaneous type 1 
ECG at baseline.14 Moreover, signal-averaged ECGs have shown longer filtered P-wave 
durations in BrS patients compared with controls.15 In this study, the prevalence of 
persistent AFib tended to be higher in BrSSCN5A+ than in BrSSCN5A-, further supporting 
the hypothesis that BrS-linked SCN5A mutations facilitate AFib maintenance.

However, we did not find differences in atrial dimensions between BrSSCN5A+ and 
BrSSCN5A- on CMRI scans. This finding is in contrast with a previous study in BrS 

Table 5. Clinical characteristics, electrocardiogram parameters, and atrial ectopic beat 
occurrence in patients with 24-hour Holter monitoring.

Variable

Patients with Holter

BrSSCN5A+ BrSSCN5A- P Value

Number of patients, n (male/female) 30 (17/13) 73 (34/39) 0.391

Age (years) 48±2 43±2 0.104

Follow-up duration (months) 39±4 32±2 0.164

Proband, n (%) 10 (33) 27 (37) 0.823

Family history of sudden death, n (%) 7 (23) 32 (44) 0.073

Spontaneous type 1 ECG, n (%) 5 (17) 6 (8) 0.291

Syncopal episodes, n (%) 6 (20) 5 (7) 0.076

Documented VT/VF, n (%) 2 (7) 4 (5) 0.815

ICD implantation, n (%) 3 (10) 4 (5) 0.412

Documented AFib, n (%) 3 (10) 7 (10) 0.949

Heart rate (beats per minute) 65±2 72±2 0.007

P-wave duration (ms) 148±5 112±2 <0.001

P-wave amplitude (mm) 1.38±0.09 1.16±0.04 0.037

PR interval (ms) 205±6 153±3 <0.001

Total number of atrial ectopic beats 245 24106 0.029

Atrial ectopic beats in 24 hours, n 1 (0-6) 3 (1-12) 0.029

>1 Atrial ectopic beat in 24 hours, n (%) 18 (60) 64 (88) 0.003

Values are n (%) or mean ± standard error of the mean (SEM). Atrial ectopic beats are expressed as median 
(interquartile range). >1 Atrial ectopic beat in 24 hours, number of patients with more than one atrial 
ectopic beat during 24-hour Holter monitoring; coupling interval; BrSSCN5A+ BrS patients with an SCN5A 
mutation; BrSSCN5A-, BrS patients without an SCN5A mutation; ICD, internal cardioverter-defibrillator; mm, 
millimetres; ms, milliseconds; VT/VF, ventricular tachycardia/ventricular fibrillation.
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patients that found an association between larger left atrial volume, as measured by 
echocardiography, and the presence of an SCN5A mutation.7 However, our finding is in 
agreement with an earlier study investigating possible structural changes in BrS using 
CMRI scans.16 Thus, although atrial enlargement and secondary structural defects may 
provide a substrate for AFib maintenance, their contribution to the occurrence of AFib 
in BrS remains unknown.

Importantly, while intra-atrial conduction slowing, as reflected by longer P-wave 
durations, may facilitate AFib maintenance, we did not find a higher prevalence 
of AFib in BrSSCN5A+ than in BrSSCN5A-,

7,8 suggesting that INa reduction may also play 
a protective role in the occurrence of AFib. Indeed, sodium channel blocking drugs 
are routinely used to prevent AFib, and electrophysiologic studies have revealed 
their ability to suppress atrial ectopic activity in patients with frequent episodes of 
paroxysmal AFib.11 Accordingly, we found that atrial ectopic beats occur less often in 
BrSSCN5A+ than in BrSSCN5A-, and that the occurrence of atrial ectopic beats in BrSSCN5A+ 
is inversely correlated with heart rate, with more ectopic beats at lower heart rates. 
Thus, atrial ectopic beats occur in a heart-rate-independent manner in BrSSCN5A-, 
while in BrSSCN5A+, although less prevalent, they occur particularly at lower heart rates. 
Taken together, these data support the hypothesis that INa reduction resulting from 
loss-of-function mutations in SCN5A decreases atrial excitability and suppresses atrial 
ectopic activity, but also suggest that alternative yet unrecognized mechanisms may be 
responsible for the occurrence of atrial ectopic beats in BrSSCN5A+ at lower heart rates. 
From our data, we cannot determine whether INa reduction due to an SCN5A mutation 
decreases excitability in the entire atria or particularly in the pulmonary vein region, a 
common source of atrial ectopic beats. It may be possible that INa reduction decreases 
the myocyte excitability more severely in excitable tissue within the pulmonary veins 
than in the rest of the atrium, or blocks the conduction of ectopic beats from the 
pulmonary veins to the rest of the atrium. However, conversely, INa increase due to 
gain-of-function mutations in SCN5A has been shown to increase the risk for AFib by 
increasing atrial excitability. Three SCN5A gain-of-function mutations were reported 
in different families, in which multiple members suffered from lone AFib or frequent 
atrial ectopic beats.17-19 Heterologous expression and cellular electrophysiologic 
studies demonstrated that these mutations induce gain-of-function by delaying the 
inactivation of cardiac sodium channels. Moreover, one mutation was shown to induce 
spontaneous action potential firing when expressed in atrial myocytes, corresponding 
with increased cellular excitability.19 Finally, we found lower baseline heart rates in 
BrSSCN5A+ than in BrSSCN5A-. This may result from sinus node dysfunction due to INa 
reduction, since INa has been shown to play a functional role in the human sinoatrial 
node,20 and SCN5A loss-of-function mutations have been linked to sinus bradycardia, 
atrial standstill, and sick sinus syndrome.21 Animal studies suggest that INa contributes 
to the gradual depolarization of pacemaker cells during action potential phase 4, which 
underlies cardiac automaticity. In particular, studies in heterozygous SCN5A knockout 
mice indicate that INa reduction may cause sinus node dysfunction by reducing cardiac 
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automaticity, and slowing or blocking conduction slowing action potentials from the 
sinoatrial node to the surrounding atrial muscle.22 According to these data, heart rate 
increase in both BrSSCN5A+ and BrSSCN5A- during sodium channel provocation test seems 
paradoxical. However, we speculate that this may result from increased sympathetic 
activity in patients during the provocation testing.

Conclusion
In summary, by analyzing ECGs and Holter recordings in a large cohort of BrS patients, 
we showed that BrSSCN5A+ patients have longer P-wave durations and fewer atrial ectopic 
beats than BrSSCN5A- patients. In addition, by analyzing CMRI scans we showed that 
atrial dimensions do not differ significantly between BrSSCN5A+ and BrSSCN5A-. Longer 
P-wave duration reflects intra-atrial conduction slowing, which may facilitate AFib 
maintenance, while reduced prevalence of atrial ectopic beats reflects decreased atrial 
excitability, which may inhibit AFib initiation. Therefore, our findings, together with 
previous clinical and experimental evidence, suggest that BrS-linked loss-of-function 
mutations in SCN5A provide a plausible substrate for AFib maintenance, but inhibit 
the trigger for AFib initiation. Accordingly, the prevalence of persistent AFib tended 
to be higher in BrSSCN5A+ than in BrSSCN5A-, supporting the hypothesis that BrS-linked 
SCN5A mutations may facilitate the maintenance of AFib.

Study limitations
First, although our data suggest that BrS-linked SCN5A mutations facilitate AFib 
maintenance but inhibit AFib initiation, it must be noted that this conclusion 
requires caution because of the relatively small number of patients with AFib and 
the lack of difference in prevalence of AFib between BrSSCN5A+ and BrSSCN5A-. Second, 
extensive electrophysiologic studies are required to study whether and to what extent 
facilitatory and inhibitory factors contribute to AFib occurrence in BrS patients. Third, 
it is important to note that we analyzed only the coding regions of SCN5A to detect 
mutations; therefore, the presence of mutations in the non-coding regions of SCN5A 
cannot be excluded. Fourth, BrS patients were not screened for mutations in other 
candidate genes that have anecdotally been linked to BrS and/or AFib, and that were 
experimentally found to reduce INa (e.g. SCN1B to SCN4B, encoding the β1 to β4 
subunit of the cardiac sodium channel).23,24 However, in this regard it is noteworthy that 
in an earlier genetic screening study in 38 BrSSCN5A- patients, also included in this study, 
we have excluded mutations in these candidate genes.25 This renders the presence of 
causal mutations in the candidate genes in our BrSSCN5A- patients less plausible. Finally, 
the functional effects on INa have not been studied for most SCN5A mutations that were 
found in our BrSSCN5A+ patients. However, since virtually all BrS-linked mutations in 
SCN5A, that have been functionally studied, lead to sodium INa loss-of-function,23 we 
have assumed that the mutations found here also cause INa reduction.
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Abstract
Type 2 congenital long QT syndrome (LQT2) is linked to mutations in the human ether 
a-go-go–related gene (HERG) and is characterized by rate-corrected QT interval (QTc) 
prolongation, ventricular arrhythmias, syncope, and sudden death. Recognized triggers 
of these cardiac events include emotional and acoustic stimuli. Here we investigated 
the repeated occurrence of fever-induced polymorphic ventricular tachycardia and 
ventricular fibrillation in 2 LQT2 patients with A558P missense mutation in HERG. 
ECG analysis showed increased QTc with fever in both patients. WT, A558P, and 
WT+A558P HERG were expressed heterologously in HEK293 cells and were studied 
using biochemical and electrophysiological techniques. A558P proteins showed 
a trafficking-deficient phenotype. WT+A558P coexpression caused a dominant-
negative effect, selectively accelerated the rate of channel inactivation, and reduced the 
temperature-dependent increase in the WT current. Thus, the WT+A558P current did 
not increase to the same extent as the WT current, leading to larger current density 
differences at higher temperatures. A similar temperature-dependent phenotype was 
seen for coexpression of the trafficking-deficient LQT2 F640V mutation. 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 life-threatening 
arrhythmias in LQT2 patients. 

CHApTer 7

124



Introduction
Long QT syndrome (LQTS) is associated with polymorphic ventricular tachycardia 
(torsades de pointes; TdP) and ventricular fibrillation (VF), leading to syncope, seizure, 
and sudden death. Genotype-phenotype correlation studies have revealed gene-
specific triggers that may precipitate such cardiac events in LQTS.1 Auditory stimuli 
and emotional stress are well-known triggers of cardiac events in patients with long 
QT syndrome type 2 (LQT2) carrying a mutation in HERG.1-2 Previously, fever (body 
temperature elevated above 38°C)3 has not been recognized as a trigger of cardiac events 
in LQTS. In this chapter, we describe 2 closely related, adult LQT2 patients with the 
A558P HERG missense mutation, who suffered from fever-induced QT prolongation, 
TdP, and VF. We hypothesized that the A558P mutation affects the HERG channel 
function in a temperature-dependent manner. To test this hypothesis, we analyzed the 
effects of the A558P mutation on HERG channel protein expression and studied the 
biophysical properties of mutant channel currents at 23°C, 35°C, and 40°C. 

Methods
This study was approved by the local ethics committee of the Academic Medical 
Centre in Amsterdam, and the patients gave informed consent for participation. The 
investigation conforms to the principles outlined in the Declaration of Helsinki.

ECG analysis
ECG tracings were enlarged to facilitate manual analysis. QT duration (lead V5) was 
corrected for heart rate using Bazett’s formula (QTc = QT/√RR, where RR is the 
interval, measured in seconds, from the onset of 1 QRS complex to the onset of the 
following QRS complex). The control group of patients without LQTS was admitted 
at the Academic Medical Center for the treatment of a febrile episode. Two patients 
had pneumonia, 2 had cholangitis, 1 had toxicoderma due to omeprazole use, 1 had 
colitis, 1 had central venous catheter infection, and in 2 patients no cause of fever was 
found. Control patients had no history of cardiac disease, used no medications known 
to prolong the QT interval, had normal electrolytes, and had a normal cardiothoracic 
ratio on chest roentgenograms. 

Site-directed mutagenesis
To generate the A558P and the F640V constructs, the appropriate nucleotide change 
(G1672C or A1918T) was engineered into WT HERG cDNA, which was then expressed 
in the pCDNA3 vector (Invitrogen).4 The mutant constructs were sequenced to verify 
the presence of the G1672C or A1918T substitution and to ensure the absence of other 
nucleotide changes.
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Cell culture and transfection 
HEK-293 cells were cultured in Minimal Essential Medium (MEM) supplemented 
with 10% fetal bovine serum, penicillin, streptomycin, and nonessential amino 
acids. Transient transfections were performed with Superfect (QIAGEN) using 3 μg 
WT or mutant cDNA (homomeric channels) or 1.5 μg WT and 1.5 μg mutant cDNA 
(heteromeric channels). In some experiments, cells were transfected with 1.5 μg WT 
cDNA and 1.5 μg pCDNA3 vector. Green fluorescence protein was cotransfected to 
identify transfected cells under epifluorescent microscopy. The cells were incubated 
in 5% CO2 at 37°C, unless noted otherwise. In some experiments, 10 μmol/l E-4031 
(Sigma-Aldrich; 10 mmol/l stock dissolved in distilled water) was added to the cell 
culture media 24 hours before experiments and washed out for 1-2 hours prior to the 
study. All experiments were performed 48 hours after transfection. 

Western blot
Whole-cell lysates were generated by treating cell cultures of similar confluency with 
1% Nonidet P-40 buffer. Equal protein amounts were measured using a Bio-Rad protein 
assay and mixed with SDS-PAGE sample buffer containing 5 mmol/l dithiothreitol, 
before heating for 15 minutes at 60°C. The proteins were then subjected to 7.5% 
SDS-polyacrylamide gel electrophoresis and electrophoretically transferred onto 
nitrocellulose membranes. The nitrocellulose membranes were incubated overnight at 
room temperature with a HERG C-terminal antibody and visualized using an ECL 
detection kit (Amersham).5

Electrophysiology
HERG currents were measured using the whole-cell configuration of the patch-clamp 
technique with an Axopatch-200 amplifier (Axon Instruments). Pipettes were pulled 
with a micropipette puller (Sutter Instruments). They had a tip resistance of 3-4 MΩ 
when filled with pipette solution, which contained 130 mM KCl, 1 mM MgCl2, 5 mM 
EGTA, 5 mM MgATP, and 10 mM HEPES (pH 7.2 with KOH). The extracellular 
solution contained 137 mM NaCl, 4 mM KCl, 1.8 mM CaCl2, 1 mM MgCl2, 10 mM 
glucose, and 10 mM HEPES (pH 7.4 with NaOH). Currents were filtered at 5 kHz and 
digitized at 10 kHz. The holding potential in all experiments was -80mV. The voltage-
clamp protocols were generated using the pCLAMP 8.0 software (Axon Instruments) 
and are described in the Results and Figures. We studied the biophysical properties of 
WT and mutant HERG currents at 23°C, 35°C, and 40°C. Currents were first measured 
at 23°C, and measurements were then repeated at 35°C and 40°C for the same cell. 
The recording temperature in the cell perfusion chamber was directly monitored, and 
each temperature increase was achieved within 30 seconds using a TC2 temperature 
controller (Cell MicroControls). Current densities were obtained by normalizing 
current amplitudes to membrane capacitance (Cm). Cm did not change at higher 
temperatures (14.0±1.3, 15.0±1.2, and 14.3±1.8 at 23°C, 35°C, and 40°C, respectively). 
Criteria for successful experiments were (a) stable seal resistance of greater than 1 
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GΩ, (b) Cm and series resistance compensation greater than or equal to 80%, and (c) 
less than 5% rundown. Each cell was used to measure a single gating process (e.g., 
activation, inactivation, etc.). Measurements for all temperatures were completed 
within 10 minutes after obtaining intracellular access. 

Statistics
Values are expressed as mean ± standard error of the mean (SEM). Linear regression 
and covariance analysis were used to assess the relation between QTc and body 
temperature in LQT2 patients and the control group of patients without LQTS. The 
slopes of the linear fits were evaluated for differences from 0 and between the fits. 
Covariance analysis was used to determine common slopes for LQT2 and control 
patients, accounting for the within patient correlation. Variance around the common 
slope was tested for significant differences in slope and location of the regression 
per group. For in vitro experiments, statistical analysis was carried out using (a) 
unpaired t test for comparisons of current densities between 2 different groups; (b) 
1-way ANOVA repeated measures for comparisons of current densities within 1 group 
between different recording temperatures; or (c) 2-way ANOVA repeated measures 
for comparisons of gating processes. P < 0.05 (2-tailed) was considered as statistically 
significant. 

Results

Genetic analysis
We previously described the A558P HERG mutation in a genetic screening study.6 The 
index patient was a 22-year-old female of mixed European descent (II-1) who died 
suddenly upon arousal from sleep by an alarm clock (Figure 1A). Mutation analysis of 
HERG in 15 family members from 3 consecutive generations identified 3 heterozygous 
carriers of a missense mutation (G to C nucleotide change, at position 1,672 of HERG; 
Figure 1B), substituting the amino acid alanine (A) for proline (P) at codon 558 of 
the transmembrane S5 segment of the HERG channel protein (Figure 1C). Linkage 
analysis excluded a role for the other 2 most common genetic loci of LQTS, type 1 
(KCNQ1 gene) and type 3 (SCN5A gene). Generation I consisted of 10 siblings, but 
only 1 patient (I-1) carried the A558P mutation.6 This finding suggested that this 
mutation had occurred de novo in patient I-1. Patients I-1 and II-4 are reported in this 
study. To date, patient II-2 remains asymptomatic with beta-blocker treatment, and 
ECGs during fever have never been obtained. 

Patient I-1
Patient I-1, a 68-year-old male, was diagnosed with Romano-Ward syndrome in 1984 
and was treated with the beta-blocker alprenolol (100 mg twice daily). He experienced 
syncope during a Second World War bombardment in 1945. Patient I-1 presented to the 
emergency department because of 2 episodes of syncope accompanied by fever, cough, 
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and a sore throat since 1 day before admission. Physical examination revealed fever of 
39.7°C without localizing symptoms. Blood tests, urine analysis, chest roentgenogram, 
and echocardiography were normal. Figure 2A shows lead II of the ECG on admission, 
with sinus rhythm (85bpm), normal conduction intervals, and a prolonged rate-
corrected QT interval (QTc) duration of 540ms. His prior baseline ECG showed no 
abnormalities except for a prolonged QTc of 504ms (data not shown). Shortly after 
admission, 4 episodes of TdP and VF were observed (Figure 2B), occasionally requiring 
defibrillation.7 Treatment with alprenolol was continued, and immediate treatment 
with antipyretics (acetaminophen), oral broad-spectrum antibiotics (amoxicillin/
clavulanate), and intravenous K+ and Mg2+ was initiated. The body temperature 
normalized 8 days after admission. Repeated blood cultures were negative, and no cause 
for the fever was found. The patient was discharged, and advised to return immediately 
if fever recurred. Four months later, he returned to a different hospital with fever of 
40°C due to a urinary tract infection. During this episode, he experienced VF, requiring 
defibrillation, and a internal cardioverter-defibrillator (ICD) was implanted. 

Figure 1. Genetic and sequence analysis of 
the A558p HerG mutation.(A) pedigree of 
the family with the A558p HerG mutation. 
Mutation analysis in 10 siblings of generation 
i identified only 1 patient (i-1) as carrier of the 
A558p mutation.6 (B) dNA sequence analysis 
displaying the G to C substitution at position 
1,672 of exon 7. (C) Cartoon of a single 
subunit of the functional HerG channel, 
illustrating its 6 transmembrane segments 
and the location of the A558p mutation as 
a red dot in the S5 segment. The pore region 
is located between the S5 and S6 segments. 
The cylinders and the bars represent putative 
α helices and β sheets, respectively. Four such 
subunits coassemble in a tetrameric structure 
to form 1 functional HerG channel in the cell 
membrane.
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Figure 2. Fever-associated QTc prolongation and Tdp. (A) Lead ii of the eCG of patient i-1 on admission, showing 
an abnormal repolarization profile and prolonged QTc duration of 540 ms (body temperature, 39.7°C; standard 
calibration, 25 mm/sec and 10 mm/mV). (B) Two episodes of Tdp in patient i-1 during fever. Both episodes are 
pause-dependent, as is typical for LQT2.7 The middle trace shows the pause-dependent onset of multiform ectopic 
beats (lead ii). (C) The left panel shows QTc durations in LQT2 patients i-1 and ii-4 in relation to body temperature. 
Numbers next to the circles indicate serum K+ levels (mmol/l). Solid lines represent linear fits. in both patients, QTc 
durations increased with rising body temperature. The slopes of the fits in patient i-1 (14 ms/°C) and patient ii-4 (16 
ms/°C) are not significantly different. The right panel shows QTc durations in LQT2 patients compared with control 
patients in relation to body temperature. Solid lines represent the regression line through both groups based on the 
common slopes. The common slope of the fit through the LQT2 patients (15 ms/°C) differs significantly from that 
of control patients (-6 ms/°C).
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Patient II-4
Patient II-4, a 41-year-old male and the son of patient I-1, was admitted after an 
episode of syncope with TdP and VF documented by the paramedics. An hour 
before the syncope, he had experienced rigor. This patient had also been diagnosed 
with Romano-Ward syndrome in 1984. He had been asymptomatic on beta-blocker 
treatment (metoprolol, 100 mg once daily), with a prior baseline ECG showing a 
prolonged QTc of 480ms and no further abnormalities. Physical examination after 
resuscitation revealed fever of 38.5°C and an infected wound on digit III of the right 
foot. Laboratory tests showed leukocytosis (16,700/mm3). His ECG on admission 
showed normal sinus rhythm (64bpm), normal conduction intervals, and a prolonged 
QTc of 545ms. Flucloxacillin treatment normalized the body temperature 2 days after 
admission, and the foot wound healed. An ICD was implanted. 

QTc analysis
QTc durations during 2 febrile episodes and following resumption of normothermia 
(body temperature below 38°C)3 were performed on patients I-1 and II-4. Body 
temperature during each ECG recording was assessed by tympanic membrane (ear) 
temperature measurements, along with measurements of serum K+ levels within 1 
hour (Figure 2C, left panel). Repeated ECGs of patient I-1 showed QTc lengthening at 
higher body temperatures (r = 0.78; P < 0.05). Repeated ECGs of patient II-4 revealed 
a similar pattern of temperature-dependent changes in QTc (r = 0.93; P < 0.01). The 
linear fits for both patients were neither different (P = 0.72 for intercepts; P = 0.73 for 
slopes) nor was the location of the fits when plotted with a common slope (covariance 
analysis, P = 0.64). This justified representation of the relation between QTc and body 
temperature for both patients with a common slope (Figure 2C, right panel). Previously, 
QT shortening had been reported during hyperthermia in patients without LQTS.8 To 
study the relation between body temperature and cardiac repolarization in patients 
without LQTS, QTc durations during fever and following resumption of normothermia 
were analyzed from 9 control patients (average age 48.9±6.5 years) who were admitted 
for the treatment of a febrile episode (Figure 2C, right panel). In control patients, 
the average body temperature decreased from 39.6±0.3°C during fever to 37.5±0.3°C 
after recovery. QTc duration increased from 422±9ms during fever to 436±6ms after 
recovery. Thus, QTc duration in both LQT2 patients increased significantly with rising 
temperature (15 ms/°C; P<0.001) but decreased significantly in control patients (–6 
ms/°C; P < 0.01). 

A558P HERG expression
HERG mutations generally lead to deficient trafficking of incorrectly folded mutant 
channel proteins from the ER to the cell membrane.4,9 To test whether the A558P 
mutation also leads to deficient trafficking of HERG proteins, western blot analysis was 
performed in HEK-293 cells, which were transiently transfected with HERG cDNA to 
express WT or A558P HERG channels. Cells expressing WT HERG showed 2 separate 
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protein bands on western blot, representing normal intracellular processing of the 
channel proteins (Figure 3A). The lower band (135 kDa molecular weight) represents 
immature core-glycosylated HERG proteins located in the ER, and the upper band 
(155 kDa) represents mature complexly glycosylated channel proteins located mostly 
in the cell membrane.10 This is characteristic for WT HERG proteins that traffic from 
the ER to the cell membrane through the Golgi apparatus, where they undergo complex 
glycosylation.11 In contrast, cells expressing A558P HERG exhibited only the lower 
immature band, characteristic for trafficking-deficient mutant HERG proteins that are 
retained in the ER, and failed to undergo complex glycosylation in the Golgi apparatus. 

To confirm loss of HERG current with the A558P mutation, HERG tail currents 
(Itail) were measured from HEK-293 cells expressing WT or A558P channels using the 
patch-clamp technique. The cells were depolarized from a holding potential of -80mV 
to 20mV for 5 seconds, followed by a hyperpolarizing step to -120mV for 3 seconds to 
elicit large amplitude Itail (Figure 3B). The depolarizing step induced an outward HERG 
current that partially inactivated, and following the hyperpolarizing step, an inward 
Itail was present as channels recovered quickly from inactivation and then gradually 
closed.5 Itail measurements were consistent with the western blot data (Figure 3B). WT 
channels displayed typical Itail, while only small amplitude Itail could be recorded from 
cells expressing A558P (150±19 and 5±1 pA/pF, respectively; P < 0.001). 

Reducing cell culture temperature or incubating cells with high-affinity HERG 
channel-blocking drugs (e.g., E-4031) are known to correct the deficient trafficking 
of most mutant HERG channel proteins to increase their expression on the cell 
membrane.4 Although the mechanism is incompletely understood, lower cell culture 

Figure 3. Trafficking-deficient phenotype of the A558p HerG mutation and attempts to correct the deficient 
trafficking.(A) representative western blot of cells expressing WT and A558p HerG protein (n = 3). WT shows both 
mature complexly glycosylated (155 kda) and immature core-glycosylated (135 kda) protein bands. A558p displays 
only the immature band, representative for trafficking-deficient mutant HerG proteins. Cells were cultured at 37°C. 
(B) representative whole-cell itail traces of WT or A558p-expressing cells. WT channels display typical itail, while only 
small amplitude itail could be recorded from cells expressing A558p. Cells were cultured at 37°C. Scale bars: 1nA, 
50ms. (C and d) representative western blot (n = 3) and corresponding itail of WT and A558p following culture 
at 27°C or incubation for 24 hours with 10-μmol/l e-4031 (culture at 37°C). only incubation with e-4031 could 
minimally correct the deficient trafficking. Scale is as in B. (e) Average itail densities. All itail were measured at 23°C. 
n, number of cells. *P < 0.05 compared with WT itail; 

#P < 0.05 compared with A558p itail.
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temperatures or binding of HERG channel-blocking drugs may stabilize intermediate 
folding states of the mutant proteins and promote their export out of the ER.11 However, 
trafficking of the A558P proteins could not be corrected by reducing the cell culture 
temperature to 27°C for 24 hours (Figure 3, C and D). Incubation of cells for 24 hours 
with 10 μmol/l E-4031 resulted in the occurrence of a faint, mature protein band on 
western blot, suggesting limited correction of the trafficking-deficient phenotype of the 
A558P proteins. Incubation with E-4031, followed by drug washout for 1-2 hours, also 
led to a small increase of Itail density (14±1 pA/pF and 5±1 pA/pF for A558P cultured 
with or without E-4031, respectively; P < 0.05). To verify adequate washout of E-4031 
(to exclude for the possibility that mutant currents were small because they were 
blocked by E-4031), we also incubated cells expressing WT HERG channels with 10-
μmol/l E-4031. No difference in Itail density was seen between WT channels incubated 
with or without E-4031 (150±19 pA/pF and 155±18 pA/pF, respectively; Figure 3E), 
confirming adequate washout of E-4031. The Itail densities are summarized in Figure 
3E. Unfortunately, because the amplitudes were small, detailed biophysical analysis of 
A558P currents could not be performed. 

Coexpression of WT and A558P
Since patients I-1 and II-4 are heterozygous for the A558P mutation, they carry both 
WT and mutant HERG alleles. Therefore, we determined whether the A558P mutant, 
HERG-encoded subunit proteins coassemble with WT subunit proteins, thereby 
disrupting the trafficking of WT proteins to the cell membrane (dominant-negative 
effect). For this, we coexpressed WT and A558P HERG in HEK293 cells. Western 
blot analysis of cells transfected with 3 μg or 1.5 μg WT cDNA showed both HERG 
protein bands (Figure 4A). In contrast, cells cotransfected with 1.5 μg WT and 1.5 
μg A558P cDNA displayed the immature band with minimal or no mature protein 
band, indicating a dominant-negative effect of the A558P mutation on the trafficking 
of WT proteins. Itail densities of cells coexpressing WT+A558P (52±12 pA/pF) were 
significantly reduced (P < 0.01) compared with cells expressing 3 μg WT (144±13 pA/
pF) or 1.5 μg WT cDNA (92±3 pA/pF) (Figure 4, B and C), confirming the dominant-
negative effect.

The rate of HERG protein intracellular turnover, which includes its trafficking, is 
slow in heterologous expression (approximately 11 hours in HEK293 cells)12 and may 
be even slower in cardiac myocytes.13 In contrast, the time course of clinical events was 
fast (i.e., arrhythmia in patient II-4 occurred 1 hour after experiencing rigor). Therefore, 
altered expression of A558P HERG proteins during fever, leading to further disruption 
of WT protein trafficking, was not considered as a likely mechanism of fever-induced 
arrhythmia. However, in additional experiments, we cultured cells expressing A558P at 
40°C to mimic fever. Similar to culture at 37°C and 27°C, western blot analysis showed 
only an immature band (data not shown), indicating that the expression of A558P 
proteins is not changed at 40°C. 
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Effect of temperature on WT and WT+A558P currents
Coexpression of WT HERG with A558P HERG showed a dominant-negative effect 
of the A558P mutation on the trafficking of WT HERG proteins, represented by loss 
of the mature band on western blot and reduction of Itail densities. Next, we studied 
whether the presence of the A558P mutant subunits also affected the function of the 
WT HERG channel and whether this effect was temperature-dependent. While the 
effect of temperature on protein trafficking was studied by altering the cell culture 
temperature, the effect of temperature on channel function was studied by altering 
the current recording temperature in the cell perfusion chamber. To study channel 
function, we measured gating properties (current density, activation, inactivation, 
recovery from inactivation, and deactivation) of WT and heteromeric WT+A558P 
mutant channels at 23°C, 35°C, and 40°C recording temperature. 

Current density
Figure 5A illustrates representative Itail from WT and WT+A558P channels at different 
recording temperatures. Each temperature increase was achieved within 30 seconds. 
From -80mV, cells were depolarized to 20mV for 5 seconds and then repolarized to 
-50mV for 3 seconds to measure Itail (Figure 5A). As shown in Figure 5B, Itail densities of 
both WT and WT+A558P channels increased with rising temperatures (89±7, 150±11, 
and 173±15 pA/pF for WT at 23°C, 35°C, and 40°C versus 26±3, 31±4, and 36±5 
pA/pF for WT+A558P at 23°C, 35°C, and 40°C, respectively; P < 0.005). However, 
compared with WT channels, the temperature-dependent increase of Itail density was 
significantly smaller for WT+A558P channels (60±11 and 23±6 pA/pF for WT from 
23°C to 35°C and 35°C to 40°C versus 7±1 and 5±1 pA/pF for WT+A558P from 23°C 
to 35°C and 35°C to 40°C, respectively; P < 0.001). Thus, at each temperature, the 
heteromeric WT+A558P channel current was smaller than WT channel current, 

Figure 4. dominant-negative effect of A558p HerG protein.(A) representative western blot of cells transfected 
with 3 μg WT HerG cdNA, 1.5 μg WT cdNA plus 1.5 μg pCdNA3 vector, or 1.5 μg WT plus 1.5 μg A558p cdNA 
(n = 3). Cells transfected with 3 μg or 1.5 μg WT cdNA show both immature and mature protein bands. Cells 
coexpressing WT+A558p show the immature band with minimal or no mature protein band. Cells were cultured at 
37°C. (B) representative whole-cell itail. Scale bars: 1nA, 50ms. (C) Average itail densities. Cells were cultured at 37°C, 
and all itail were measured at 23°C. *P < 0.05 compared with 3 μg WT itail; 

#P < 0.05 compared with 1.5 μg WT itail. 
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and the temperature-dependent increase in HERG current density for heteromeric 
channels was a small fraction of that found for WT channels. Taken together, these 
findings led to a larger difference in Itail density between WT and WT+A558P channels 
at higher temperatures (Figure 5C). 

To study whether other trafficking-deficient HERG mutations show a similar 
temperature-dependent phenotype to A558P, we studied the effect of temperature 
on Itail density of WT HERG coexpressed with the F640V mutation (WT+F640V 
channel). F640V, first associated with LQT2 in a genetic screening study,14 is a missense 
mutation, substituting the amino acid phenylalanine (F) for valine (V) at codon 640 of 
the transmembrane S6 segment of the HERG channel protein. We previously showed 

Figure 5. effect of temperature on current density.(A) representative itail for WT and WT+A558p mutant channels 
first measured at 23°C, repeated at 35°C, and then at 40°C for each cell. Scale bars for representative itail: 1nA, 1s; 
scale bars for enlarged WT itail: 2nA, 0.25s; scale bars for enlarged WT+A558p itail: 0.5nA, 0.25s. itail increased for 
both channels with rising temperature. (B) Average itail densities at 23°C, 35°C, and 40°C. Compared with WT, the 
temperature-dependent increase of itail density was significantly smaller for WT+A558p and WT+F640V channels. 
Cells were cultured at 37°C. (C) Average differences between WT and WT+A558p or WT+F640V itail densities at 
23°C, 35°C, and 40°C. differences in itail densities increased with rising temperature. *P < 0.001 compared with 
23°C; #P < 0.001 compared with 35°C. 
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that, similar to A558P, (a) F640V homomeric channels have a trafficking-deficient 
phenotype; (b) their deficient trafficking is not correctable by culture at 27°C; and 
(c) coexpression of F640V with WT HERG imposes a dominant-negative effect.4 

As shown in Figure 5, B and C, Itail densities of cells coexpressing WT+F640V were 
significantly reduced compared with cells expressing WT (P < 0.001). Itail densities of 
WT+F640V channels increased with rising temperatures (12±2, 25±4, and 28±4 pA/
pF at 23°C, 35°C, and 40°C, respectively; P < 0.005). However, compared with WT, 
the temperature-dependent increase of Itail density was significantly smaller for the 
WT+F640V channels (13±2 and 3±1 pA/pF from 23°C to 35°C and 35°C to 40°C, 
respectively; P < 0.001). Similar to WT+A558P channels, this led to a larger difference 
in Itail density between WT and WT+F640V channels at higher temperatures (Figure 
5C). 

Activation
Figure 6A shows the voltage-dependence of activation for WT and WT+A558P 
channels. To study activation, cells were depolarized from -80mV to 60mV in 10mV 
increments for 5 seconds (prepulse), followed by a test pulse to -50mV for 5 seconds to 
measure Itail (Figure 6A, inset). Itail values were normalized to maximum value, averaged, 
and plotted as a function of the prepulse voltage. Corresponding current-voltage curves 
were fitted to a Boltzmann equation to determine the membrane potential of half-
maximal activation (V1/2) and the slope factors of activation. Raising the temperature 
shifted the V1/2 toward more negative potentials in equal measures in both cell groups 
(–18±3, –32±3, and –38±4 mV for WT at 23°C, 35°C, and 40°C versus –19±2, –30±2, 
and –35±4 mV for WT+A558P at 23°C, 35°C, and 40°C, respectively; P < 0.001) but 
did not affect the slope factor values (7.1±0.4, 6.5±0.5, and 7.0±0.7 for WT at 23°C, 
35°C, and 40°C versus 7.7±0.2, 7.2±0.3, and 7.4±0.3 for WT+A558P at 23°C, 35°C, and 
40°C, respectively). These data indicate earlier activation of both WT and WT+A558P 
channels at higher temperatures. At each temperature, there was no difference in V1/2 
or slope factor between WT and WT+A558P channels. 

Inactivation
Figure 6B shows the voltage-dependence of inactivation for WT and WT+A558P 
channels. To study inactivation, cells were depolarized from -80mV to 50mV for 
1.5 seconds, followed by hyperpolarization to -100mV for 5 milliseconds, and next 
stepped to test pulses between -20mV and 60mV in 10mV decrements for 1.5 seconds 
(Figure 6B, inset). Time constants of inactivation were calculated by fitting the decay 
of Itail during the test pulses to a single exponential function. The data indicate that 
inactivation is accelerated (a) at more depolarized membrane potentials; (b) at higher 
temperatures; and (c) in the presence of A558P (P < 0.05 for comparison at all tested 
voltages). Accelerated inactivation suggests a further reduction of HERG current in the 
WT+A558P channels, due to faster closing of the channels after activation. 
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Recovery from inactivation
Figure 6C shows the voltage-dependence of recovery from inactivation. To study 
recovery from inactivation, cells were depolarized from -80mV to 50mV for 1.5 
seconds, followed by hyperpolarizing test pulses between -100mV and -20mV in 
10mV increments for 3 seconds (Figure 6C, inset). The initial phase of Itail during the 
test pulses reflects recovery from inactivation and was fitted to a single exponential 
function. Due to the fast biophysical properties of Itail at 35°C and 40°C, only time 
constants for pulses between -70mV and -20mV could be analyzed. At 23°C, WT+A558P 
channels recovered significantly faster at -30mV and -20mV compared with WT (time 
constants, 8.1±0.4 ms and 7.9±0.4 ms for WT at -30mV and -20mV versus 6.9±0.2 ms 
and 6.6±0.3 ms for WT+A558P; P < 0.01). At 35°C, there was no difference between 
the cell groups. At 40°C, recovery of WT+A558P channels became slower at -70mV 
and -60mV compared with WT (time constants, 1.8±0.2 ms and 2.5±0.3 ms for WT at 
-70mV and -60 mV versus 2.7±0.2 and 3.0±0.2 ms for WT+A558P; P < 0.01). Although 
the differences are small, these data suggest an abnormal response of recovery rates to 
changing temperature in the WT+A558P channels. 

Deactivation
Figure 6D shows the voltage dependence of the fast and slow time constants of 
deactivation. The same voltage-clamp protocol as for recovery from inactivation was 
used, except that the decay of Itail was fit to a double-exponential function to obtain 
fast and slow time constants of deactivation. In WT and WT+A558P channels, 
deactivation time constants decreased at more negative membrane potentials. 
Increasing temperature accelerated the fast and slow time constants, but the effect was 
small. At each temperature, the presence of A558P did not alter the response of the 
WT channels. 

Discussion
Fever has not been recognized as a trigger of cardiac events in LQTS. In Brugada 
syndrome (BrS), fever is an established trigger of cardiac events.15-17 A possible 
biophysical basis of the increased risk of arrhythmia during fever was revealed by 

Figure 6. effect of temperature on gating properties: activation, inactivation, recovery from inactivation, and 
deactivation. For each parameter (portion of) representative current traces of WT and WT+A558p channels at 
23°C, 35°C, and 40°C within the same cell are shown. Voltage-clamp protocols are shown in the insets. Cells 
were cultured at 37°C. (A) For activation, the scale bars for representative current traces: 1nA, 1s. Arrows indicate 
itail. The mean itail normalized to maximum value are plotted as a function of the prepulse voltage. The solid lines 
represent Boltzmann equation fits. (B) For inactivation, the scale bars for representative current traces: 4nA, 10ms. 
Arrows indicate channel inactivation. Mean time constants of inactivation are plotted as a function of test voltage. 
(C) For recovery from inactivation, the scale for representative current traces: 1nA, 10ms. Arrows indicate channel 
recovery. Mean time constants of recovery from inactivation are plotted as a function of test voltage. (d) For 
deactivation, the scale bars for representative current traces: 1nA, 50ms. Arrows indicate channel deactivation. 
Mean time constants of deactivation are plotted as a function of test voltage. *P < 0.05 compared with WT 
(ANoVA). See results for details.

CArdiAC ioN CHANNeLS iN HeALTH ANd diSeASe

7

137



patch-clamp studies of BrS-linked SCN5A mutations conducted at near-physiologic 
temperatures. These studies showed temperature-sensitive biophysical properties 
of mutant Na+ channels that reduced INa compared with studies conducted at room 
temperature.18-19 Thus, the reduction of INa at febrile temperatures is thought to increase 
arrhythmogenicity in BrS patients. 

In this study, we described 2 related LQT2 patients with the A558P HERG 
missense mutation who experienced syncope, TdP, and VF during recurrent fever. 
ECG analysis during fever and following resumption of normothermia revealed 
QTc lengthening with rising body temperature in both patients. In healthy subjects, 
Karjalainen and Viitasalo showed that the QT interval significantly shortened during 
fever.20 Accordingly, we observed a significant decrease of QTc duration with rising 
body temperature in control patients without LQTS. Indeed, experiments in canine 
cardiac ventricular preparations have reported action potential shortening at 40°C,21 
indicating faster cardiac repolarization at higher temperatures and providing support 
for the clinical observations. Based on this sharp contrast in QTc response to rising 
body temperature between the 2 LQT2 patients and control subjects, we hypothesized 
that the A558P mutation affects HERG channel function in a temperature-dependent 
manner. To test this hypothesis, we studied the effect of temperature on heterologously 
expressed WT and A558P containing mutant HERG channels. The key new findings 
are (a) A558P homomeric channels showed a severe trafficking-deficient phenotype; 
(b) the trafficking of A558P homomeric channels was not temperature-dependent 
(not correctable by culture at 27°C or 40°C); (c) the deficient trafficking could only 
be minimally corrected by incubation with E-4031; (d) coexpression of WT+A558P 
HERG revealed that the mutation imposes a dominant-negative effect; (e) the 
normal increase in WT HERG current density at higher temperatures was reduced 
by coexpression of A558P subunits; and (f) A558P coexpressed with WT selectively 
accelerated the inactivation rates. A558P had little or no effect on HERG channel 
activation, recovery from inactivation, or deactivation. Our findings are in agreement 
with previous studies of WT HERG currents measured at room temperature and near-
physiologic temperature.5,22 We believe this is the first report studying WT and mutant 
HERG currents at 40°C. 

HERG mutations are thought to decrease IKr to cause LQT2, mostly by deficient 
trafficking of mutant channel proteins to the cell membrane.4 The coassembly of 
mutant subunits with WT subunits also can lead to the formation of dysfunctional 
channel tetramers in the cell membrane.23 While abnormal trafficking results in 
decreased number of functional HERG channels in the cell membrane, the formation of 
dysfunctional tetramers results in the presence of channels that may have altered gating 
or ion permeability properties.11 Ion channel gating is a complex, multistep process, 
involving multiple different conformational states of the channel protein. The rate of 
the gating process is temperature sensitive, and it is increased at higher temperatures.22 
The presence of mutant subunits in the tetrameric HERG channel may alter the normal 
temperature sensitivity of gating. In the present study, we coexpressed WT+A558P 
HERG in HEK293 cells. Although we did not selectively label the individual subunits 
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to assess coassembly biochemically,24 the marked reduction in current density, along 
with the selective acceleration of inactivation, provides strong evidence for coassembly 
of WT and A558P subunits. Compared to WT channels, HERG current density in 
coassembled WT+A558P channels was reduced 77% at 35°C. In the computer 
simulation model of the ventricular action potential developed by Luo and Rudy, a 75% 
reduction in IKr led to an approximately 17% increase in the action potential duration at 
physiological temperatures.25 Furthermore, although both WT and WT+A558P current 
densities increased with rising temperatures, for WT+A558P channels this increase 
was small compared with that found with WT channels. Since current densities of 
the depolarizing cardiac Na+ and L-type Ca2+ currents also are significantly greater at 
higher temperatures,18-19,26 we speculate that failure of repolarizing WT+A558P HERG 
currents to adequately increase at higher temperatures alters the balance between 
depolarizing and repolarizing currents in favor of depolarization. This will lead to 
a further delay in cardiac repolarization during fever. The increased rate of channel 
inactivation would also favor a further reduction in WT+A558P HERG current to 
further delay repolarization.

The importance of IKr for maintaining an adequate balance between depolarizing 
and repolarization during hyperthermia has been previously studied in isolated canine 
left ventricular M cells and Purkinje fiber preparations.27 When HERG channels were 
blocked by pretreatment with E-4031, elevation of recording temperature into the fever 
range (up to 40°C) induced prolongation of action potential duration and triggered 
early afterdepolarizations (EADs). EADs are thought to be responsible for the initiation 
of TdP.28 Remarkably, EADs were not seen at temperatures lower than 33°C. Although 
this study did not investigate whether HERG channel block by E-4031 was more potent 
at higher temperatures, other studies did not find a temperature-dependent change 
in the potency of E-4031 block of HERG channels.29-30 These data illustrate that the 
functional implications of IKr reduction are greater during hyperthermia and support 
our postulate that failure of mutant HERG current to adequately increase at higher 
temperatures delays cardiac repolarization.

Finally, the increase in current density with rising temperatures was also small 
for the WT+F640V channels, leading to a larger difference in current density at 
higher temperatures compared with WT channels. We previously showed that most 
LQT2–linked HERG channel mutations, including F640V, have a trafficking-deficient 
phenotype and impose a dominant-negative effect on WT protein trafficking.4 Thus, 
although fever-induced QTc lengthening and arrhythmias for F640V or other HERG 
mutations are not yet reported, our experimental data suggest that a temperature-
dependent phenotype may be expected for other LQT2–linked mutations. 

In summary, we described fever-induced QT interval prolongation, TdP, and VF 
in 2 LQT2 patients with the A558P mutation. Biochemical and biophysical analysis 
revealed that A558P is trafficking deficient, that it coassembles with WT subunits to 
cause dominant-negative behavior, and that its current density fails to increase with 
increasing temperature to the same extent as WT channels. Although the effects of 
fever on the heart are complex, our findings, together with previous experimental 
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observations in LQTS, provide a potential mechanism that may explain the QTc 
lengthening with rising body temperature in our LQT2 patients. We believe our 
findings demonstrate a novel arrhythmogenic mechanism for the A558P mutation at 
febrile temperatures, which possibly has mechanistic implications for other LQT2-
linked HERG mutations. Clearly, the role of fever in LQT2 patients merits further 
investigation. 
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Abstract
Introduction: Inherited arrhythmias may underlie intrauterine and neonatal 
arrhythmias. Resolving the molecular genetic nature of these rare cases provides 
significant insight into the role of the affected proteins in arrhythmogenesis and (extra) 
cardiac development. The purpose of this study was to perform clinical, molecular, and 
functional studies of a consanguineous Arabian family with repeated early miscarriages 
and two intrauterine fetal losses in the early part of the third trimester of pregnancy 
due to persistent arrhythmias.
Methods: In-depth clinical investigation was performed in two siblings, both of whom 
developed severe arrhythmia during the second trimester of pregnancy. Homozygosity 
mapping with microsatellite repeat polymorphic markers encompassing various 
cardiac ion channel genes linked to electrical instability of the heart was performed. 
Screening of the candidate gene in the homozygous locus was performed. Biochemical 
and electrophysiological analysis was performed to elucidate the function of the 
mutated gene.
Results: Screening of the HERG gene in the homozygous locus detected a homozygous 
nonsense mutation Q1070X in the HERG C-terminus in affected children. Biochemical 
and functional analysis of the Q1070X mutant showed that although the mutant HERG 
had the ability to traffic to the plasma membrane and to form functional channels, it 
was destroyed by the nonsense-mediated decay (NMD) pathway before its translation. 
NMD leads to near absence of HERG in homozygous Q1070X mutation carriers, 
causing debilitating arrhythmias (prior to birth) in homozygous carriers but no 
apparent phenotype in heterozygous carriers.
Conclusion: Homozygous HERG Q1070X is equivalent to near functional knockout 
of HERG. Clinical consequences appear early, originating during the early stages of 
embryonic life. The NMD pathway renders HERG Q1070X functionless before it can 
form a functional ion channel.
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Introduction
Inherited arrhythmias may underlie intrauterine and neonatal arrhythmias. 
Homozygous missense mutations in HERG are associated with a severe form of long 
QT syndrome, 1-2 with symptoms appearing in the early years of life. Natural human 
knockout of HERG has more severe effects, with intrauterine fetal death and severe 
fetal arrhythmias in newborns diagnosed in utero with tachyarrhythmias.3 In this 
study, we investigated a family with recurrent stillbirths and neonatal/intrauterine 
manifestations of long QT syndrome. We mapped the disease locus to HERG and 
identified a nonsense mutation in HERG segregating with disease. Interestingly, cell 
surface expression and electrophysiologic properties of the mutant HERG channel 
proteins were normal. Because the mutation truncated the distal C-terminus of the 
protein, we examined whether loss of interaction of the HERG C-terminus with its 
interacting protein 14-3-3ε contributed to the phenotype.4-5 We also investigated the 
hypothesis that Q1070X results in accelerated mRNA degradation and thus failure of 
protein translation, the phenomenon of “nonsense-mediated decay” (NMD) recently 
implicated as a mechanism for loss of function in ion channel and other diseases.6

Methods

Clinical data
The study was performed according to a protocol approved by the local ethics 
committee. The patients studied were the offspring of asymptomatic, consanguineous, 
Arabian parents (see Figure 1A). The mother had two miscarriages at 8 (II:1) weeks and 
10 (II:2) weeks of pregnancy, followed by delivery of a stillborn (II:3) hydropic baby 
with reported irregular heartbeat at week 29 of pregnancy. Autopsy, complete workup 
of the stillbirth, and chromosome culture were performed. The fourth pregnancy was 
uneventful, with delivery of a healthy male infant (II:4). The fifth pregnancy (II:5) 
was complicated by bradyarrhythmia and tachyarrhythmia in the second trimester, 
followed by fetal demise at 29 weeks. Autoantibody screening was negative for 
antinuclear antibodies anti-SS-A, anti-SS-B, anti-Sm, and anti-RNP.

The mother was 29 years old when she conceived the proband (II:6). She was closely 
followed throughout the pregnancy. The first fetal echocardiogram was performed at 
16 weeks, and from 20 weeks on the fetus was monitored weekly. Bradyarrhythmia and 
tachyarrhythmia were noted from 22 weeks. The proband was followed closely after 
birth, with continuous monitoring, ECG, and echocardiogram. Resting ECG, exercise-
induced ECG, and 24-hourHolter monitoring were performed in both parents.

Haplotype and mutation analyses
Considering the consanguinity of the parents and the absence of cases of sudden death 
in the family, we performed homozygosity mapping around several candidate genes, 
SCN5A, KCNH2, KCNQ1, CLCN2, ANK-B, CALNA2, KIR6.2, CACNA1C, KCNJ12, 
KCNE1, MIRP1, and KCNJ4, mutations of which reportedly cause electrical instability 
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of the heart. Homozygosity mapping is based on the concept that affected individuals 
will be homozygous by descent for a mutation and polymorphic markers nearby. 
Microsatellite repeat markers from the ABI Prism Linkage Mapping Set (PE Biosystems, 
Foster City, CA, USA) encompassing these genes were used. After polymerase chain 
reaction (PCR), the amplified fragments were separated using the ABI Prism 377 
automatic DNA sequencer (PE Biosystems) and analyzed with the Genotyper program 

Figure 1. (A) pedigree of the studied family and homozygosity mapping with microsatellite repeats encompassing 
the HERG gene. Affected individuals are shown as filled circles (female) and squares (male). obligate carriers by 
genotyping are denoted by black dots in symbols. deceased individuals are indicated by slashes. proband is indicated 
by the arrow. Two miscarriages that occurred at 8 and 10 weeks, respectively, are shown as triangles. results of 
genotypic analysis are shown for four different markers: d7S661, d7S636, d7S798, and d7S2465. Two on each 
side of the HERG gene are shown below each individual. The disease haplotype is denoted by the filled vertical bar. 
Normal haplotypes are indicated by open vertical bar (i:1) and hatched vertical bar (i:2). Consanguineous marriage 
is indicated by =. Note that the affected children (ii:5, ii:6) inherited two disease-carrying HERG alleles, one from 
each parent. (B) Screening of the HERG gene shows substitution of nucleotide C for T at cdNA position 3208 (NCBi 
reference NM_000238), which creates a stop codon at this position. Left: Homozygous changes in the proband 
(ii:6) and the stillborn sister (ii:5) of the proband. right: Heterozygous changes of the same nucleotide in the father 
(i:1), mother (i:2), another son (ii:4), and the recently conceived child (ii:7).
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(PE Biosystems). DNA from peripheral blood lymphocytes and amniotic fluid cells 
was isolated using the PUREGENE kit (Gentra Systems, Minneapolis, MN, USA). 
All 15 exons of the HERG gene were amplified from genomic DNA by the PCR 
primers described by Itoh et al.7 PCR products were purified using the QIAquick PCR 
purification kit (Qiagen, PE Biosystems, Foster City, CA) and sequenced bidirectionally 
using an ABI 377 sequencer.

cDNA and minigene constructs
Mutant HERG cDNA (Q1070X) was generated using PCR-based site-directed 
mutagenesis and subcloned into the eukaryotic expression vector pCGI.8 The minigene 
was constructed by PCR amplification of genomic DNA fragment spanning from 
HERG exons 12 to 15 as previously described.6 The N-terminus of the minigene was 
tagged by Myc epitope, which is in-frame with the HERG translation sequence. The 
Q1070X mutation in the minigene was generated using the pAlter in vitro site-directed 
mutagenesis system (Promega, Madison, WI, USA). Human 14-3-3ε cDNA containing 
expression vector was kindly provided by Dr. Dirk Isbrandt (Institute for Neural Signal 
Transduction, ZMNH, Germany).4

Transfection
HEK-293 cells were incubated at 37°C in 5% CO2 and cultured in minimal essential 
medium supplemented with 10% fetal bovine serum, penicillin (100 U/mL, Invitrogen, 
CA), streptomycin (100 µg/mL, Invitrogen), and nonessential amino acids (0.1 mM, 
Invitrogen). Transient transfections were performed with Superfect (Qiagen) using 
3µg HERG cDNA (homomeric channels) or 1.5µg wild-type (WT) and 1.5µg Q1070X 
cDNA (heteromeric channels). The 14-3-3ε protein is member of a protein family 
that participates in a wide variety of biologic processes, including potentiating HERG 
activity by stabilizing HERG in its phosphorylated state.4-5 To study the effect of 14-3-3ε 
on the biophysical properties of Q1070X HERG channels (as it lacks the C-terminus 
S1137), cotransfection of 1.5µg HERG cDNA and 14-3-3ε cDNA was performed. 
Transfected cells were identified by epifluorescence microscopy using 1µg of green 
fluorescence protein (GFP) as a reporter gene. All measurements were obtained 48 
hours after transfection. For Western blot and RNAse protection assay analyses, the 
HERG cDNAs and minigenes in the pcDNA5/FRT vector were stably transfected into 
Flp-In HEK293 cells as previously described.6

Electrophysiology and statistical analysis
HERG currents were measured using the whole-cell patch-clamp technique described 
previously.9 The Axopatch-200 patch clamp amplifier (Axon Instruments Inc., Union 
City, CA, USA) was used to record currents and to measure cellular capacitance. 
The pCLAMP 8.0 software (Axon Instruments) and Origin 7.5 (Origin-Lab Corp., 
Northampton, MA, USA) were used for generation of voltage-clamp protocols and data 
analysis. Pipettes were pulled from borosilicate glass capillaries using a micropipette 
puller (model P-57, Sutter Instruments, Novato, CA, USA). Open tip resistances 
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of pipettes filled with intracellular fluid for current recordings were 2-3 MΩ. The 
extracellular bath solution contained 137mM NaCl, 4mM KCl, 1.8mM CaCl2, 1 mM 
MgCl2, 10 mM glucose, and 10 mM HEPES (pH 7.4 with NaOH). The intracellular 
pipette solution contained 130 mM KCl, 1 mM MgCl2, 5 mM EGTA, 5 mM MgATP, 
and 10 mM HEPES (pH 7.2 with KOH). After obtaining intracellular access, only cells 
with seal resistances >1 GΩ were used. Series resistance was compensated between 
75% and 85%. Currents were filtered at 5 kHz and digitized at 10 kHz. The holding 
potential in all experiments was -80mV. Current density was calculated by dividing 
current amplitude by cell capacitance (Cm). Cm was estimated by dividing the decay 
time constant of the capacitive transient in response to 5mV hyperpolarizing voltage-
clamp steps from -40mV by the series resistance (Rs). All experiments were performed 
at room temperature within 2 hours of removing the cells from their culture conditions. 
Voltage-clamp protocols: details of each voltage-clamp protocol are given schematically 
in the figures. HERG tail currents (Itail) were measured by depolarizing cells to 50mV 
for 5s followed by a test pulse to -120mV for 3s to elicit Itail. Activation characteristics 
of WT and Q1070X channels were determined by depolarizing cells were from -80mV 
to 60mV in 10mV increments for 5s, followed by a test pulse to -50mV for 5s. Current-
voltage (I-V) relations were generated by normalizing Itail to maximum value, measured 
during test pulse, and plotting as a function of the prepulse voltage. The data were 
fitted to a Boltzmann distribution curve to obtain V1/2 (membrane potential for half 
maximal activation) and slope factor k values. To measure channel inactivation, cells 
were depolarized from a holding potential of -80mV to 50mV for 1.5s, hyperpolarized 
to -100mV for 2.5ms, and next stepped to test voltages between 0mV and 100mV in 
10mV decrements for 1.5s. The decay of the generated HERG currents during the 
test pulses was fitted to a single exponential function to obtain a time constant for 
channel inactivation. To measure recovery from inactivation cells were depolarized 
from -80mV to 50mV for 1.5s, followed by hyperpolarizing test voltages between 
-120mV and -30mV in 10mV increments for 3s. The initial phase of Itail (indicated 
by arrow in Figure 1D) reflects recovery from inactivation and was fitted to a single 
exponential function. The same protocol as recovery from inactivation was used to 
measure deactivation time constants. To obtain the fast and slow time constants of 
inactivation the decay of Itail (indicated by arrow in Figure 1E) was fitted to a double-
exponential function. The time constants of inactivation, recovery from inactivation 
and deactivation were plotted as a function of the test voltage.

Western blot analysis
Western blot procedures were described previously.10 In briefly, Flp-In HEK-293 
cells stably transfected with WT HERG or Q1070X mutant cDNAs were lysed 
in buffer containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% 
Triton X-100, and protease inhibitors. Cell lysates were subjected to sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and electrophoretically transferred onto 
nitrocellulose membranes. HERG proteins were detected with an anti-HERG antibody 
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against the N-terminus (Santa Cruz, CA) and visualized with an ECL detection kit 
(USB, Cleveland, OH).

RNAse protection assay of mRNA transcripts from minigene transfected cells
RNA isolation and RNAse protection assay were performed as previously described.6 
Briefly, cytosolic RNA was isolated from Flp-In HEK-293 cells stably expressing HERG 
minigenes using the RNeasy kit (Qiagen) and analyzed with the riboprobes using 
RPAIII and BrightStart BioDetect kits (Ambion, Foster City, CA). Yeast RNA was used 
as a control for the complete digestion of the probes by RNAse. The expression level of 
the hygromycin B resistance gene from the pcDNA5/FRT vector was used as a loading 
control for normalization. The intensity of each band was quantified using Scion Image 
software (PE Biosystems, Foster City, CA).

Statistics
Values are expressed as mean ± standard error of the mean (SEM). Unpaired t test 
was used for statistical analysis of current densities, V1/2 and slope factors. Values were 
considered significantly different if P < 0.05. Two-way repeated measure of analysis of 
variance (ANOVA)  followed by pair-wise comparison using the Student-Newman-
Keuls test was used for statistical analysis of time constants of inactivation, recovery 
from inactivation and deactivation.

Results

Clinical analysis
II:5: Fetal bradycardia with a heart rate of approximately 90 bpm without fetal hydrops 
was noted at 22 weeks, and the mother (I:2) was referred to a tertiary fetal medicine 
unit. Fetal echocardiography performed at 23+2 weeks of gestation showed persistent 
ventricular tachycardia and hydrops with mild ascites, pericardial and pleural 
effusions, and skin edema. Ventricular rates were 210-220 bpm, and atrial rates were 
120-130 bpm. The fetal heart was structurally normal; however, important circulatory 
compromise was noted as almost complete cessation of flow through the right heart. 
Maternal treatment with oral flecainide led to a decrease in the rate of tachycardia 
(~170-190 bpm). At 24 weeks, episodes of sinus rhythm (rate ~120 bpm) were 
documented. These episodes were short lived and alternated with 2:1 atrioventricular 
(AV) block (atrial rate 120 bpm, ventricular rate 60 bpm). A fetal ECG performed at 
24+5 weeks demonstrated ventricular tachycardia and the presence of persistent and 
periodic waveforms at 3 Hz (rate ~180 bpm). Despite therapeutic flecainide levels, the 
fetus continued to show frequent and increasing episodes of tachycardia alternating 
with episodes of 2:1 block. At 26+3 weeks, sotalol was added but had no effect. Fetal 
hydrops had progressed considerably, with massive ascites, pericardial effusion and 
skin edema. Amiodarone was commenced at 27 weeks, and sotalol and flecainide 
were stopped. Eighteen hours after amiodarone was started, the mother complained of 
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shortness of breath and chest pains. ECG showed first-degree heart block with a QTc 
of 461ms, maximal QTc of 519ms at 36 hours, and normal QTc of 416ms 1 week later. 
By 28 weeks’ gestation, evidence of a maternal pericardial effusion was seen. In view of 
the mother’s health and the poor prognosis for the fetus, labor was induced. A stillborn 
female baby was delivered. Autopsy confirmed fetal hydrops. Detailed examination of 
the heart revealed patchy endocardial fibroelastosis, compatible with chronic cardiac 
failure. No structural abnormalities were noted. No evidence of a metabolic disease 
was seen. Histologic examination of the cardiac conduction system showed a well-
formed sinus node, AV node, AV bundle, and bundle branches.

II:6: The first fetal echocardiogram performed at 16 weeks showed normal rhythm 
and normal myocardial function. The mother (I:2) was followed weekly from 20 weeks 
on, and at 22 weeks persistent bradycardia at 60 bpm was noted. The mother was placed 
on dexamethasone 4mg daily. One week later, the mother had symptoms of ongoing 
bradycardia and was placed on ritodrine 10mg every 4 hours. One week later, the 
fetal heart rate showed a mixed pattern of approximately 50% sinus rhythm and the 
remainder episodes of bradytachycardia and tachycardia. Hydrops was not present. 
Ritodrine was discontinued, and the mixed pattern continued for the next few weeks. 

At 29 weeks, ventricular ectopy was noted, with rhythm changes from 120 bpm 
to 220 bpm, most likely due to ventricular tachycardia. Dissociation was noted on 
fetal M-mode echocardiography. At 30 weeks, with the possible diagnosis of long QT 
syndrome, propanolol was started at a low dose, with gradual increase to 10mg every 6 
hours. Dexamethasone was continued until 32 weeks. 

The fetus showed episodes of ventricular arrhythmia, but with decreased frequency 
and better controlled heart rate. Repeat fetal echocardiography revealed no hydrops 
and no evidence of hemodynamic dysfunction. At 32 weeks, an elective cesarean 
delivery was performed, with the delivery of an 1800 grams boy having an Apgar score 
of 7 at 1 minute and Apgar score of 9 at 5 minutes. The baby’s irregular heart rate was 
confirmed at delivery. On admission to the neonatal intensive care unit, the baby had 
normal vital signs. Cardiac monitoring showed short runs of polymorphic ventricular 
tachycardia and (functional) AV block with variable escape rhythms having different 
QRS morphology and a QTc of 605ms (Figure 2D). Lidocaine loading dose was given 
twice, and maintenance therapy of 20 mg/kg/min was established without any effect on 
the aberrant rhythm. Intravenous lidocaine and magnesium sulfate proved ineffective 
in controlling the arrhythmia. Therefore, central access was obtained, a temporary 
pacemaker was inserted, and a beta-blocker was started. At 12 hours of age, the child 
underwent placement of a permanent epicardial pacemaker (VVI), resulting in a stable 
rate of 150 bpm. The baby was discharged home after 1 month in stable condition, on 
beta-blocker treatment. On follow-up examinations, the child is healthy and growing 
well. He now is 14 months old. The pacemaker is functioning well, and his ECG shows 
ventricular pacing, with a rate of 100 bpm to 120 bpm. The brother (II:4) of the proband 
(II:6) now is 6 years old and is growing well; his ECG is normal (Figure 2C). The 
mother now is 24 weeks pregnant with a son with no signs of intrauterine arrhythmia. 
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No other organ was found to be affected in the proband (II:6), the heterozygous carrier 
brother, and the parents. The ECG of both parents showed borderline QTc intervals 
(Figure 2A and 2B), without any symptoms, but the mother showed several premature 
extrasystoles during 24 hours Holter monitoring.

Genetic analysis
Homozygosity mapping around the candidate genes (see Methods) showed homozygosity 
of the microsatellite repeat markers encompassing the HERG gene in the proband (II:6) 
and his stillborn sister (II:5; Figure 1A), which led us to screen for the HERG gene in 
the proband. We identified a homozygous nonsense mutation in exon 14 of HERG at 
nucleotide position 3208 (c.3208 C > T; National Center for Biotechnology Information 
[NCBI] Reference NM_000238) in II:6 (Figure 1B), which causes a premature stop codon 

Figure 2. eCG recordings from the father (i:1), mother (i:2), brother (ii:4), and proband (ii:6). Leads i, ii, and iii are 
shown for each tracing. (A-C) All three individuals showed normal sinus rhythm, with QTc of 453ms, 464ms, and 
406ms, respectively. The conduction interval is normal. (d) Twelve-lead eCG recorded from the proband on the day 
he was born shows prolonged QTc, AV conduction disturbances, and torsades de pointes arrhythmia.
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at peptide position p.1070 that eliminates the distal C-terminal domain of the protein. 
The same mutation was found heterozygously in both parents (I:1 and I:2) (Figure 2A 
and B) and in the other living brother (II:4) (Figure 2A and B). It was not present in 200 
control individuals. Analysis of DNA isolated from amniotic fluid cells derived from the 
stillborn sister (II:5; Figure 2A) revealed that she also carried the homozygous mutation 
in HERG (Figure 2B). The mother now is 24 weeks pregnant with a son (II:7), who is a 
heterozygous carrier for the Q1070X mutation.

Western blot analysis of the Q1070X mutant protein
To study biochemical properties of the Q1070X mutant, we performed Western blot 
analysis of HERG channel proteins. As shown in Figure 3, WT HERG expressed two 
protein bands: a lower band of 135 kDa and an upper band of 155 kDa. The 135 kDa 
band represents the core-glycosylated immature form of the channel protein located in 
the endoplasmic reticulum, and the 155 kDa band represents the complex-glycosylated 
mature form of the channel protein located in the plasma membrane.11 The Q1070X 
mutant generated two protein bands of 125 kDa and 145 kDa, reflecting a truncation of 
90 amino acids by the mutant termination codon. The relative level of the two protein 
bands in the Q1070X mutant was comparable to that of WT HERG, suggesting that 
the Q1070X mutant protein also has complex-glycosylated mature form comparable to 
that found in the WT HERG in the plasma membrane.

Electrophysiology
Electrophysiologic properties of WT and Q1070X channel are shown in Figure 4. In 
Figure 4A, representative Itail from WT and Q1070X transfected cells are shown. Mean 
peak Itail, normalized for cell capacitance, for WT and Q1070X channels were not 
significantly different (-171±10 pA/pF and -164±16 pA/pF, respectively). Activation 
current-voltage (I-V) relations of WT and Q1070X matched closely (Figure 4B). 
Accordingly, V1/2 and k values for WT and Q1070X activation were not significantly 
different (-15.9±1.8 mV and -15.2±1.8 mV for V1/2 and 6.9± 0.2 and 7.1±0.3 for k 
value, respectively). Next, we studied the voltage-dependence of inactivation of WT 
and Q1070X channels. Both channels showed a voltage-dependent decrease in the 
inactivation time constant. However, inactivation of Q1070X was faster than of WT 

Figure 3. Western blot analysis of the Q1070X 
mutation. Flp-in HeK-293 cells were stably transfected 
with wild-type (WT) HerG or Q1070X. Cell lysates were 
subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and immunoblotted with anti-HerG 
antibody against the N-terminus. results shown are 
representative of three independent experiments.
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at all test voltages, and statistical significance was reached at voltages between 0mV to 
60mV (P < 0.05; Figure 4C). Recovery from inactivation showed a voltage-dependent 
increase in WT and Q1070X channels. Although no significant differences in recovery 
time constants were found at voltages between -120mV to -60mV, at higher voltages 
(-50mV to -30mV) Q1070X channels recovered significantly faster from inactivation 

Figure 4. Biophysical properties of wild-type (WT) and Q1070X HerG currents. (A) Current density. representative 
HerG itail traces recorded at -120mV. Graph shows mean peak itail for WT and Q1070X, normalized to cell capacitance. 
(B) Activation. representative families of HerG current traces of WT and Q1070X transfected cells. Corresponding 
current-voltage curves show mean itail (indicated by arrow), normalized to maximum value and plotted as a function 
of the prepulse voltage. Solid lines represent Boltzmann equation fits. (C) inactivation. representative families of 
HerG current traces and corresponding mean inactivation time constants (τ) plotted as a function of test pulse 
voltage. Arrows indicate channel inactivation. Time constants were calculated using a mono-exponential fit. (d) 
recovery from inactivation. representative families of HerG current traces and corresponding mean time constants 
of recovery from inactivation plotted as a function of test pulse voltage. Arrows indicate channel recovery. Time 
constants were calculated using a mono-exponential fit. (e) deactivation. representative families of HerG current 
traces and corresponding mean fast (circles) and slow (squares) deactivation time constants plotted as a function of 
the test pulse voltage. Arrows indicate channel deactivation. deactivation time constants were calculated using a 
double-exponential fit. n indicates the number of cells. Time scales and protocols are shown as insets.
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than WT (P < 0.05). Finally, fast and slow time constants of deactivation were 
measured and showed no significant difference between the two channels (P < 0.05 for 
comparisons at all voltages).

To determine whether Q1070X has a dominant negative effect, we measured HERG 
current density after coexpression of WT and Q1070X in HEK-293 cells. Compared to 
WT, coexpression of WT and Q1070X did not alter mean peak Itail at -120 mV: 150±13 
pA/pF and 153±18 pA/pF for WT and WT-Q1070X, respectively (n = 5 for each group). 

The 14-3-3ε protein plays an important role in beta-adrenergic stimulation of 
HERG channel activity.4-5 In the case of HERG channels, 14-3-3ε binding stabilizes 
a phosphorylated state and enhances HERG activity by shifting channel activation 
toward hyperpolarizing membrane potentials.5 Findings suggest that beta-adrenergic 
stimulation induces phosphorylation of particular serine (S) residues in the HERG 
channel.12 In vitro experiments have shown that phosphorylation of the N-terminal 
S283 and C-terminal S1137 residues in the HERG channel stimulates binding of 14-
3-3ε.5 This binding produces a hyperpolarizing shift in V1/2 activation, consequently 
producing a possible increase in the HERG channel activity. Furthermore, particular 
C-terminal HERG mutations lacking the 1137 residue and clinically associated with 
stress-induced arrhythmias in LQT2 disrupt 14-3-3ε–induced enhancement of HERG 
channel activity.4 Therefore, we studied the effect of 14-3-3ε on V1/2 activation of the 
Q1070X channel, which also lacks the S1137 residue (Figure 5). After coexpression of 
WT HERG with 14-3-3ε, V1/2 showed, as expected, a hyperpolarizing shift to -23.2±1.0 
mV (n = 8, P < 0.05). In contrast, coexpression of 14-3-3ε with Q1070X induced a 
depolarizing shift of V1/2 to 10.0±1.7 mV (n = 12, P < 0.05).

Minigene analysis of the Q1070X mutation
Because the Q1070X mutant has normal membrane localization and functional 
properties attributable to functional IKr that do not explain the mechanism of fatal 
arrhythmias in homozygous Q1070X carriers, we searched for an alternative 
mechanism as described for various disease pathologies.13-15 NMD is an RNA 
surveillance mechanism that selectively degrades mRNA transcripts containing 
premature termination codons resulting from nonsense or frameshift mutations. 
The role of NMD as a disease-causing mechanism of premature termination codon 
mutations is becoming increasingly evident. 13-15 According to the proposed rule, NMD 
occurs when translation terminates 50 to 55 nucleotides upstream of the 3’-most exon-
exon junction The molecular mechanisms of NMD have been studied extensively as 
they relate to the pathogenicity of various diseases. 13-15 HERG nonsense mutations 
have been shown to cause a decreased level of mutant mRNA by the NMD pathway.6 
To study whether the Q1070X mutation is subject to NMD, we used a minigene 
construct containing the HERG genomic sequence spanning from exon 12 to exon 
15.10 In these experiments, Flp-In HEK-293 cells were stably transfected with either 
WT or Q1070X mutant minigenes, and the expressed mRNA was analyzed by RNAse 
protection assay. Figure 6A shows the structure of the minigene and the mRNAs after 
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splicing. The Q1070X mutation results in a premature termination codon in exon 14, 
which is expected to trigger NMD. As shown in Figure 6B, the mRNA level of the 
Q1070X minigene was significantly (88%) lower than that of the WT minigene. To test 
whether NMD is responsible for the decrease in Q1070X mutant mRNA, we examined 
the effect of the protein synthesis inhibitor cycloheximide, which has been shown to 
abrogate NMD.6 Cells expressing WT-type or Q1070X minigenes were treated with 
cycloheximide for 3 hours before RNA isolation. Treatment with cycloheximide had no 
effect on the level of WT mRNA but significantly increased the level of Q1070X mutant 
mRNA, suggesting that the mutant mRNA is degraded by NMD.

Figure 5. Coexpression of wild-type (WT) and Q1070X with 14-3-3ε. representative families of HerG current traces 
and corresponding current-voltage curves from WT (A) or Q1070X (B) transfected cells in the absence or presence 
of 14-3-3ε.
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Discussion
The HERG gene encodes IKr, the rapid component of the delayed rectifier current. 
Heterozygous missense mutations and mutations giving rise to premature truncations 
are causally involved in LQT2. The HERG nonsense mutation Q1070X described in this 
study is expected to lead to a premature termination codon at the C-terminal region of 
HERG channels. The parents in this study are consanguineous, and both are heterozygous 
for the same mutation. The heterozygous carriers display virtually no clinical phenotype, 
the father and mother show only borderline prolonged QT interval (I:1; Figure 1A and 
B), and the child with heterozygous Q1070X displays no symptoms or ECG changes 
(Figure 1C). The siblings of both parents are asymptomatic, and no suspected premature 
sudden cardiac death has occurred in three generations. Despite the heterozygous HERG 
truncating mutation, carriers showed no apparent long QT phenotype. Homozygosity 
led to profound QT prolongation, with 2:1 (functional) AV block and severe ventricular 
arrhythmias well before and immediately after birth. In both II:5 and II:6 (Figure 
2A), homozygosity for the HERG mutation (Figure 2B) was detected. Significant fetal 
arrhythmias with severe hemodynamic deterioration were observed in both individuals.

Western blot and patch clamp analyses showed that the Q1070X mutant trafficked 
normally to the plasma membrane and generated near-normal HERG current with 

Figure 6. Analysis of the Q1070X mutation using minigene constructs. (A) Structure of the Myc-tagged minigene 
and spliced mrNAs. The positions of the wild-type (WT) termination codon (Ter) and mutation-induced premature 
termination codon are indicated. (B) Analysis of mrNA by rNAse protection assay. Flp-in HeK-293 cells were stably 
transfected with WT HerG or Q1070X minigenes, and the expressed mrNA was analyzed by rNAse protection 
assay. Cells expressing WT and mutant minigenes were treated (+) or not treated (-) with 100 µg/ml of cycloheximide 
(CHX) for 3 hours before rNA isolation. The level of hygromycin B resistance gene (Hygro) served as a loading 
control. Quantitative data after normalization using protected hygromycin B resistance gene mrNA are plotted as 
percentage of WT control from three independent experiments. NMd = nonsense-mediated decay.
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minor kinetic changes and perturbation of 14-3-3ε regulation. Although Choe et al. 
proposed attenuated 14-3-3ε activity as a disease-causing mechanism in LQT2,4 this 
alone does not explain the absence of phenotype in heterozygous carriers and the severe 
(fatal) phenotypes in homozygous carriers. Using a minigene construct, we showed 
that the Q1070X mutation led to a marked decrease in mutant mRNA transcripts by 
the NMD pathway. Degradation of mutant mRNA transcripts by NMD would preclude 
the formation of functional mutant HERG channels. Thus, in homozygous Q1070X 
patients, most HERG mRNA transcripts are expected to be destroyed by the NMD 
mechanism before they form functional channels. We conclude that elimination 
of mutant HERG mRNA is the disease-causing mechanism for the severe clinical 
phenotypes seen in homozygous carriers. In heterozygous Q1070X carriers, NMD 
eliminates most of the mutant HERG mRNA and leads to haploinsufficiency, thereby 
reducing the dominant-negative effect of the mutant protein. This explains the normal 
clinical phenotype and borderline QT interval found in these individuals.

Clinical phenotypes in homozygous Q1070X carriers presumably include the two 
miscarriages at 8 to 10 weeks and the two stillbirths with documented arrhythmias 
at weeks 29 and 28, respectively. Hence, these observations may extend the long QT 
phenotype into the early stages of life leading to miscarriages and stillbirths. Mouse 
homologue of HERG (Merg) expresses as early as two-cell stages of development, 
and its distribution becomes localized after compaction at the eight-cell stage.16 The 
relocalization of Merg could be affected by treatment with specific inhibitors of Merg 
channel function,16 and mice with complete knockout of the Merg gene die during 
early development.17 In a separate study, antisense “knockdown” of the zebrafish HERG 
ortholog (Zerg) in the single-cell stage elicited bradycardia to asystole, depending on 
the dose.18 Experiments in both mice and zebrafish suggest that HERG is essential for 
rhythmic propagation from the very early stages of life.

Of note, several studies have reported the presence of various HERG isoform.19 
The HERGb isoform differs from the HERGa isoform in its N-terminal sequence. 
Functional IKr channels may result from coassembly of HERGa and/or HERGb subunits 
into a tetrameric protein. Natural human knockout of HERGa, the larger isoform, 
has more severe effects, with intrauterine fetal death and severe fetal arrhythmias in 
newborns diagnosed in utero with tachyarrhythmias.3 Biallelic nonsense mutations 
affecting both HERG isoforms (HERGa and HERGb) have not been described. We 
previously described a nonsense mutation that presumably led to lack of the HERGa 
isoform, with retention of the HERGb isoform.3,20 The phenotype compared reasonably 
well with the current phenotype, although the arrhythmias seem to appear later in 
intrauterine life and no stillbirths occurred. Clinical phenotypes, although severe, are 
relatively attenuated among homozygous missense mutation carrier.1-2 They include 
frequent ventricular premature beats in the late stage of pregnancy and in the neonatal 
period associated with prolonged QTc and 2:1 functional AV block.

In conclusion, this study, which was based on homozygosity for the nonsense 
Q1070X mutant, demonstrates that degradation of the mutant HERG mRNA by NMD 
causes almost complete loss of HERG, leading to a severe exclusively cardiac phenotype 
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that presumably includes miscarriages and stillbirth. Because our data show that the 
Q1070X mutant can form HERG channels with near-normal function, interventions 
to prevent degradation of mutant mRNA transcripts might be a therapeutic approach 
for homozygous HERG Q1070X patients, as has been effective for nonsense mutation 
carriers with the CFTR (cystic fibrosis), dystrophin (Duchenne muscular dystrophy), 
and AVPR2 gene associated with X-linked nephrogenic diabetes insipidus.21-23
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Abstract
Romano-Ward syndrome (RWS) and Jervell and Lange-Nielsen Syndrome (JLNS) 
are two inherited arrhythmia disorders caused by monoallelic or bi-allelic mutations, 
respectively, in the KCNQ1 or KCNE1 genes. Both disorders could cause long QT 
syndrome (LQTS) either without deafness (RWS), or with deafness (JLNS). We have 
performed clinical, molecular and functional investigation in two consanguineous 
Arabian families with history of sudden death of several children. Importantly, none 
of the affected individuals had (or have) any hearing impairment. Homozygosity 
mapping followed by molecular analysis identified a novel splice acceptor site 
mutation (homozygously) in intron-1 of the KCNQ1 gene (c.387 -5 T > A), in these 
two apparently unlinked families. RNA analysis revealed that this splice site mutation 
causes incomplete transcriptional aberration of the KCNQ1 gene, leaving 10% of the 
normal allele transcript intact, which restores the hearing function. Our molecular 
and functional data provide the first evidence that small amount (as low as 10%) of 
normal KCNQ1 current can effectively maintain the hearing function but fails to 
maintain cardiac repolarization characteristics within normal limits. Additionally, we 
have revealed four extra low frequency aberrant isoforms emphasizing the importance 
of intronic and other non-coding sequences in maintaining cellular homeostasis as 
pathologic changes in a single nucleotide can affect splicing events at distant sites. The 
novel KCNQ1 mutation found in this study is very likely a founder mutation in the 
southern province of Saudi Arabia emphasizing its screening in the LQTS population 
in this region.

CHApTer 9

162



Introduction
Jervell and Lange-Nielsen syndrome (JLNS) is an autosomal recessive disorder 
clinically manifested by severe cardiac arrhythmias and congenital bilateral sensory 
neural deafness.1 On ECG, the cardiac phenotype is characterized by a prolonged QT 
interval and polymorphic ventricular arrhythmias (torsades de pointes). Homozygous 
or compound heterozygous mutations in the KCNQ1 or KCNE1 genes could cause 
JLNS.2-6 In contrast to JLNS, heterozygous mutations in either of the genes (KCNQ1, 
KCNE1) are responsible for the autosomal dominant Romano-Ward syndrome 
(RWS).4,7-9 Heterozygous carriers for JLNS causing mutations commonly show a milder 
cardiac phenotype including only moderate prolongation of the QT interval.10 Another 
important distinguishing clinical feature between the homozygous and heterozygous 
mutation carriers (KCNQ1/KCNE1 genes) is that the heterozygous carriers do not 
show any congenital hearing impairment.2-4,7-9

KCNQ1 and KCNE1 proteins co-assemble to form the cardiac K+ channel, 
responsible for the slowly activating delayed rectifier outward  current (IKs).11 However, 
IKs channel has also been detected in the inner ear as a functional channel.12-13 In the 
inner ear, IKs channel functions as K+ charge carrier for sensory transduction and 
the generation of the endocochlear potential in the endolymph required to maintain 
normal hearing.12-13 In a mouse model, Knipper et al. elucidated decline of functional 
IKs channel as the primary cause of deafness.14

Though, JLNS causing homozygous or compound heterozygous KCNQ1 mutation 
carriers in general suffer from congenital deafness and cardiac arrhythmias, yet, there 
are several reports where homozygous mutation carriers suffered only from cardiac 
arrhythmias and no deafness.15-18 Mechanism of hearing function preservation in 
severe arrhythmia patients (with homozygous/compound heterozygous KCNQ1/
KCNE1 mutations) remained unclear. It was suggested that these recessive mutations 
are probably mild mutations and thus are unable to abolish the IKs channel completely 
like in the JLNS patients19, and the residual IKs could effectively maintain hearing, but 
not the normal cardiac electrical potential properties.15-16 Proper and quantitative 
experimental data to support this hypothesis is lacking.

To date only one splice site mutation in KCNQ1 has been described in connection 
to JLNS patients.20 A homozygous mutation (c.477 + 1 G > A) at the splice donor site in 
exon-2-intron-2 junction (mentioned as exon-2 in the study of Zehelein et al.)20 in the 
KCNQ1 gene was found as a causal mutation in JLNS patients. At the mRNA level this 
donor site mutation exclusively produced KCNQ1 transcripts lacking exon-2 leading 
to a frameshift at the 129th amino acid (p.129fs205X). Homozygous mutation carrier 
siblings are profoundly deaf in addition to the severe long QT syndrome (LQTS) 
cardiac phenotype.20

In the present study, we have performed clinical, molecular and functional 
studies in two consanguineous Arabian families with history of sudden cardiac death 
of several children. Importantly, none of the affected individuals had any hearing 
impairment. Our study has elucidated a novel mutation, which is highly likely to be 
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a founder mutation, in the KCNQ1 gene pathogenic to severe recurrent and familial 
arrhythmias in a Yemeni tribe from southern part of Saudi Arabia. In depth molecular, 
functional and clinical analysis elucidated several new findings: a) intronic mutation 
in our patients did affect transcriptional aberration, but 10% of KCNQ1 gene still 
could escape aberrant transcription, which could effectively rescue the hearing in our 
patients, but not the cardiac repolarization function; b) intronic mutation detected in 
this study could jeopardise the homoeostasis in the exon-intron splicing leading to 
aberrant splicing which includes exon skipping, inclusion of introns in the mRNA and 
also activation of cryptic splicing. Further, this aberration affects not only the following 
exon/intron immediately downstream to the mutation-spot, exons/introns further 
downstream/in a distant location could also be affected. 

This is the first real evidence of dose effect of KCNQ1 protein on functional and 
clinical consequences into the heart and ear function.

Methods

Clinical analysis
Clinical consultation of the patients was performed at the Prince Sultan Cardiac Centre, 
Riyadh, Saudi Arabia. We have done our investigation in two probands from two 
unlinked families originating from the southern part of Saudi Arabia. Both probands 
are offsprings of asymptomatic, consanguineous, Arabian parents (Figure 1A, families 
A and B). We have done our study on these two symptomatic and alive individuals who 
were affected by repeated syncope. The subjects underwent detailed cardiovascular 
examination and audiological examination.

Mutation and haplotype analyses
Genetic investigation was performed at the Department of Clinical Genetics, 
Academic Medical Center, University of Amsterdam, the Netherlands. Considering 
the consanguinity of the parents, and the absence of cases of sudden death among the 
siblings of both parents in the family A, we have performed homozygosity mapping 
around several candidate genes SCN5A, KCNH2, KCNQ1, KCNE1, KCNE2, ANKB, 
KCNJ4, KCNJ11, KCNJ12, CALNA2, CLCN2, CACNA1C, and in which mutations were 
reported to cause electrical instability of the heart. Microsatellite-repeat markers from 
ABI-Prism (PE Biosystems, Foster City, CA, USA) encompassing these genes were used. 
After PCR, the amplified fragments were separated using the ABI-Prism 377 automatic 
DNA sequencer (PE Biosystems), and analyzed with the Genotyper program (PE 
Biosystems). DNA from peripheral blood lymphocytes was isolated by PUREGENE® 
kit (Gentra Systems, Minneapolis, MN 55447). All 16 exons of the KCNQ1 gene were 
amplified from genomic DNA by the PCR primers. PCR products were sequenced bi-
directionally on an ABI 377 sequencer (PE Biosystems).

Thereafter, we have performed a haplotype analysis in both family A and family 
B (Figure 1A) based on the microsatellite-repeat markers (D11S4046, D11S1338, 
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Figure 1. (A) pedigree of the studied families and homozygosity mapping with the microsatellite repeats and 
intragenic SNp markers in and around the KCNQ1 gene. Affected individuals are shown as filled circles (female) 
and squares (male). obligate carriers by genotyping are denoted with black dots in symbols. deceased individuals 
are indicated by slashes, proband is indicated by an arrow. results of genotypic analysis are shown for 4 different 
markers d11S4046, d11S1338, d11S902, and two intragenic SNps in exon-13 and exon-16 of the KCNQ1 gene are 
shown below each individual. Consanguineous marriage is indicated by =. (B) eCG recordings in father (V:1; family 
A), mother (V:2; family A) and brother (Vi:3; family A) and the proband (Vi:4; family A) and proband ii:4 (family B). 
Leads ii, and V5 are shown for each tracing. V:1, V:2 and Vi:3 showed normal sinus rhythm with QTc of 424ms, 
456ms and 381ms, respectively. The conduction interval is normal. proband in both families (Vi:4, family A; ii:4, 
family B) show prolonged QTc of 557ms and 529ms, respectively.
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D11S902) and intragenic (KCNQ1) exonic SNPs c.1638 G/A (exon-13), c.1986 C/T 
(exon-16) (NCBI ref. NM_000218).

Identification of aberrantly spliced KCNQ1 mRNAs using RT-PCR
mRNA analysis for KCNQ1 has been successfully performed with the RNA from 
lymphocytes in previous studies.20-21 Total RNA was extracted from leukocytes of fresh 
blood using PAXgeneTM Blood RNA kit (PreAnalytiX, Qiagen & BD, Venlo, Netherlands 
and Franklin Lakes, NJ, USA) according to the manufacturer’s instructions. First strand 
cDNA synthesis was performed by SuperScriptTM III Reverse Transcriptase (Invitrogen, 
CA, USA) according to their protocol. This first strand cDNA was used for PCR 
amplification, for which exon specific primers spanning exons 1-5 were used. Primers 
are as follows: KCNQ1-Exon-1-For-1: 50- CGCGCGTCTCCATCTACAGCAC-30; 
KCNQ1-Exon-1-For-2: 50-GCGTCTACAACTTCCTCGAGCGT-30; KCNQ1-Exon-
3-Rev: 50-AGAGGCGGACCACGTACTCCGTC-30. Transcripts were sequenced bi-
directionally in an ABI 377 sequencer (PE Biosystems).

We have additionally amplified the RT-PCR product (patients and controls) with 
the primers KCNQ1-Exon-1-For-3: 50-ATGGCCGCGGCCTCCTCCCCG-30; Exon-
5-Rev-1: 50- TAGCATCCTCAGGATCTGCAG-30 and cloned in a TOPO cloning 
vector (TOPO Cloning Kit, Invitrogen, CA, USA) and were then transformed into 
Escherichia coli XL-1 Blue. Fifty transformants containing plasmids were directly 
sequenced bi-directionally on an ABI 377 sequencer (PE Biosystems).

cDNA constructs for functional study
Wild-type (WT) KCNQ1 and KCNE1 cloned in pSP64 were kindly provided by Dr. 
Michael C. Sanguinetti, University of Utah, Salt Lake City, Utah, USA. For mammalian 
cell transfection, we have subcloned the WT KCNQ1 and WT KCNE1 from the above 
plasmids in the eukaryotic expression vector pCGI.

Mutant KCNQ1 cDNA was generated by RT-PCR amplification of the 
lymphocyte RNA from the patient. For amplification and cloning the mutant 
KCNQ1 following PCR primers were used: KCNQ1- HindIII-For (exon-1): 
TTAAGCTTATGGCCGCGGCCTCCTCCCCG and KCNQ1-EcoRI-Rev (exon-5): 
GTGAATTCTAGCATCCTCAGGATCTGCAG and the amplified RT-PCR product 
cloned into the eukaryotic expression vector pCGI.

Cell preparation and heterologous expression
HEK-293 cells were cultured in Minimal Essential Medium (MEM) supplemented 
with 10% fetal bovine serum, penicillin, streptomycin, and non-essential amino 
acids. To express KCNQ1 + KCNE1 channels, cells were transiently transfected with 
lipofectamine using 1µg wild-type (WT) or 1µg mutant KCNQ1 cDNA and 1µg KCNE1 
cDNA for homomeric channels, and 1µg WT KCNQ1 cDNA, 1µg mutant KCNQ1 
cDNA and 1µg KCNE1 cDNA for heteromeric channels. Green fluorescence protein 
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(GFP) was co-transfected to identify transfected cells under epifluorescent microscopy. 
After transfection, the cells were incubated in 5% CO2 at 37˚C for 48 hours.

Electrophysiology
KCNQ1 + KCNE1 currents were recorded using the whole-cell configuration of the 
patch-clamp technique with an Axopatch-200 amplifier (Axon Instruments). Pipettes 
were pulled from borosilicate glass to have tip resistances of 2-3 MΩ when filled with 
solution containing (in mM): 145 KCl, 1 MgCl2, 5 EGTA, 5 MgATP, and 10 HEPES (pH 
7.2 with KOH). Cells were superfused with solution containing (in mM): 140 NaCl, 5.4 
KCl,1.8 CaCl2,1 MgCl2, 5.5 glucose, and 5 HEPES (pH 7.4 with NaOH). Currents were 
filtered at 5 kHz and digitized at 10 kHz. Membrane capacitance and series resistance 
were compensated to obtain minimal contribution of the capacitive transients. Data 
acquisition and analysis were performed using the pCLAMP 10.0 software (Axon 
Instruments). All recordings had a holding potential of -80mV and were made at room 
temperature.

Statistics
Values are expressed as mean ± standard error of the mean (SEM). Statistical analysis 
for in vitro experiments was carried out using two-way repeated measures of variance 
(ANOVA). P < 0.05 was considered as statistically significant.

Results

Clinical analysis
- Family A

Proband (VI:4, Figure 1A) is a 3-year-old boy. He was referred to a Pediatric Neurology 
clinic due to suspicion of epilepsy. He had an episode of loss of consciousness while 
swimming. Neurology evaluation was normal. He was later evaluated at the Cardiology 
clinic and diagnosed with long QT with QTc of 557 ms (Figure 1B and Table 1). His 
audiogram was normal. He was given atenolol 12.5 mg/day and he further did not 
develop any syncope. There was a family history of sudden cardiac death of several 
members; one brother (VI:1, Figure 1A) died at the age of 10 year while diving, one 
sister (VI:2, Figure 1A) died at 5 years of age while playing in the ground. She had 
prior history of unconsciousness during swimming and activity, but, was without any 
medication. She was diagnosed with LQTS. One niece (VI:5, Figure 1A), known with 
a history of syncope, died at 12 year. None of the children had any history of hearing 
impairment. Parents are first degree relatives and without any complaints and their 
ECG is normal (Figure 1B). However, no provocative testing (exercise ECG) on the 
parents was performed.

- Family B

Proband is now a 16-year-old boy (II:1; Figure 1A). No complication was reported 
during intrauterine stage and also during birth. At age 1 he started to have generalized 
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seizure with cyanotic lips and the seizure lasted for about 1-2 minutes. He had multiple 
attacks of seizure till he was 4 years; seizure was triggered by physical activity. He was 
given phenytoin which could not control the seizures. At age 4, he was referred to 
the Prince Sultan Cardiac Centre, Riyadh, for proper evaluation and his ECG showed 
prolonged QT. He was prescribed propranolol (adjusted for age) and after that he did 
not develop any seizure. Presently, he is quite active and regularly plays football at 
school. Now, he is receiving 20mg of propranolol thrice daily. His present ECG showed 
a prolonged QTc of 529ms (Figure 1B and Table 1). Audiogram was completely normal. 
Further family history revealed that proband’s older brother (II:4; Figure 1A) died at 
age 2 year with similar seizure disorder. He had also normal hearing. Parents are first 
degree relatives without any clinical complaints, genetic investigation was performed 
in the father, but the mother declined for a genetic screening. Parents and remaining 
siblings are devoid of any symptoms and they declined for any further test.

Genetic analysis
- Family A

Homozygosity mapping around the candidate genes (mentioned in materials and 
methods) showed homozygosity of the microsatellite-repeat markers encompassing the 
KCNQ1 gene only in the proband (II:6, Figure 1A). Homozygosity of the microsatellite-
repeat markers was not found for any other candidate genes (see experimental 
procedures) in this proband, which led us to screen the KCNQ1 gene in this family. We 
have identified a homozygous mutation in intron-1 of KCNQ1 at 5-base upstream from 
the first nucleotide of exon-2 (c.387 -5 T > A; NCBI ref. NM_000218) in II:6 (Figure 2). 
The same mutation was found heterozygously in both parents (I:1 and I:2, Figure 1A 
and Figure 2), and also in the other living brother (II:4, Figure 1A and Figure 2). It was 
not present in 200 control individuals.

- Family B

Family B is not knowingly linked to family A. But, due to their ancestral origin from 
the southern part of the Saudi Arabia, we have first decided to check for KCNQ1 gene 
in the proband. We have identified the same homozygous mutation in intron-1 of 
KCNQ1 at 5-base upstream from the first nucleotide of exon-2 (c.387 -5 T > A; NCBI 

Table 1. ECG parameters of the proband and the family members from family A, and from the 
proband in family B.

Individual identity RR (ms) PQ (ms) QRS (ms) QTc (ms)

V:1 (family A) 1040 160 70 431

V:2 (family A) 760 140 80 459

VI:3 (family A) 700 160 80 430

VI:4 (proband, family A) 820 120 70 557

II:4 (proband, family B) 1140 120 70 529
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ref. NM_000218) in II:4 (Figure 2). This was found heterozygously in the father (I:1) 
(Figure 1A). Mother’s DNA was not available for analysis.

This finding of the same intronic KCNQ1 mutation in both families prompted us to 
investigate whether this mutation originated from a single source (founder mutation). 
Figure 1A shows that mutated allele/s in both families share the same haplotype based 
on microsatellite repeats and KCNQ1 intragenic SNPs, which means that the mutation 
in these apparently unrelated families originated from a single source.

cDNA Analysis
Figure 3A shows RT-PCR product amplified from leukocyte mRNAs, by KCNQ1-
Exon-1-For-1: 50- CGCGCGTCTCCATCTACAGCAC-30, KCNQ1-Exon-3-Rev: 
50-AGAGGCGGACCACGTACTCCGTC-30 primers. In contrast with the single WT 
band (261 bp) identified in normal individuals, the affected individuals had shorter 
bands (170 bp) as well as the normal-sized (261 bp) faint band. Intensity of this WT 
faint band in the patients is about 10% of the shorter band (170 bp). Direct sequencing 
of these both transcripts revealed skipping of exon-2 in the shorter transcript from the 
patients (Figure 3B).

Additionally, E. coli cloning and sequencing of RT-PCR amplified transcripts from 
the patients revealed more aberrant variants of KCNQ1 transcripts shown in Figure 
4 and Figure 5, which were absent in the controls. As shown in Figure 4 and Figure 
5, exon-2 only skipping variant mRNA remained the major transcript (85%) in the 
patients, followed by WT transcript (10%).

Minor transcripts (Figure 5) are in-frame inclusion of intronic CAG (from intron-
1) without skipping any exons (<2%); inclusion of intronic CAG (from intron-1) and 
activation of second cryptic splice site within exon-3 leading to deletion of last 56 
nucleotides from exon-3 (<2%); complete skipping of exon-2, exon-3 and exon-4 
(<2%). The distance between the mutation site in intron-1 and the exon-4 is 43 kb, 

Figure 2. Screening of the KCNQ1 
gene shows substitution of 
nucleotide T for an A at intron-1 
(c.387 -5 T > A, arrow marked) 
(NCBi ref: NM_000218). Left panel 
shows homozygous changes in the 
probands (ii:6, family A; ii:4, family 
B). right panel shows heterozygous 
changes of the same nucleotide in 
the carriers. exon-intron boundary 
was shown by a dotted line with 
arrow pointing towards exons.
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which means that an intronic mutation could affect splicing aberration in nearby exons 
as well as exons in a distant site.

Functional analysis of the major spliced mutant
WT KCNQ1 produces two mRNA transcripts, which differs in the exon-1.We have 
shown in our mRNA experiments that the aberrant splicing caused by the c.387 -5 T > A 
mutation leads to a truncated KCNQ1 protein p.Val129fsX205 in isoform-1. Regarding 
the second isoform, a frameshift occurs immediately after the first methionine codon. 
This finding led us to make the first truncating isoform for functional study as the 
isoform-1 still preserves some native features of KCNQ1. We have made the mutant 
KCNQ1 cDNA without exon-2 from lymphocyte RNA (see Section 2) and checked 
their biophysical properties in HEK-293 cells.

Cells expressing WT KCNQ1 + KCNE1 channels (1mg each) showed a slowly 
activating time-dependent outward current from membrane potentials positive to -10mV 
with its amplitude increasing at more positive membrane potentials (Figure 6B, upper 
panel; Figure 6C). Cells expressing mutant KCNQ1 + KCNE1 channels (1mg each) also 
showed an outward current with a time-dependent component. However, the currents 
activated faster and decayed more rapidly to a steady value. The currents were of smaller 
amplitude, and showed a linear relation with increasing membrane potentials (Figure 6B, 
middle panel; Figure 6C). These properties are characteristic for endogenous HEK-293 
currents,22 and strongly suggest non-functional mutant KCNQ1 + KCNE1 channels.

Since heterozygote carriers have both WT and mutant KCNQ1 alleles, we 
coexpressed WT and mutant KCNQ1 channel subunits to determine whether the 

Figure 3. (A) Agarose gel analysis of rT-pCr products, rNA obtained from probands with homozygous mutations 
(ii:6, family A; ii:4, family B) and non-carrier family members. Lanes 1 and 3: probands from both families show 
predominantly the mutant (170 bp) fragment and a faint normal-sized fragment (261 bp) intensity of which is about 
10% of the lower aberrant fragment. Lanes 2 and 4: rNA analysis from non-carrier (WT) family members show only 
the WT-fragment of 261 bp. Heterozygous carriers were not analyzed for this assay. (B) cdNA generated from the 
rNA was sequenced. Left panel shows cdNA sequences of part of exon-1 followed by exon-2. right panel shows 
the cdNA sequences generated from homozygous carrier probands; in this panel exon-1 sequences are followed by 
exon-3 sequences missing the exon-2.
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Figure 4. Schematic representation of exons-introns of the KCNQ1 and the location of the intronic mutation 
detected in patients in this study. exons are depicted as squares; filled square (box) represents the exon involved in 
the transcriptional aberration due to intronic mutation. Hatched boxed represents exons e1a and e1b, alternatively 
transcribed in two isoforms 1 and 2, respectively. WT isoforms (1 and 2) due to normal splicing are shown; below 
them the mutant transcripts are shown. Translation consequences of the mutant transcripts are shown at the right 
hand side of the transcripts.

Figure 5. rT-pCr amplified mrNA was cloned in e. coli and sequenced to analyze various transcripts and their 
ratios. ratios of various transcripts and their putative consequence on protein translation have been mentioned.
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Figure 6. Heterologous expression of KCNQ1 + KCNe1 channels in HeK-293 cells. (A) Voltage clamp protocol: 
currents were elicited by depolarization steps of 5s between -60mV and 120mV in 10mV increments applied every 
15s, followed by a repolarization step of 1s to -50mV. (B) representative current traces from cells expressing WT 
(upper panel), mutant (middle panel) or WT and mutant (lower panel) KCNQ1 + KCNe1 channels. (C) Current-
voltage relations for KCNQ1 + KCNe1 currents obtained by plotting average current amplitudes at the end of the 
depolarization steps versus the membrane potentials. ‘n’ indicates number of cells.

presence of mutant KCNQ1 subunits alters WT KCNQ1 + KCNE1 currents. Similar 
to cells expressing WT KCNQ1 channel subunits, cells co-expressing WT and mutant 
KCNQ1 channel subunits showed a slowly activating time-dependent outward current 
from membrane potentials positive to -10mV with its amplitude increasing at more 
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positive membrane potentials (Figure 6B, lower panel; Figure 6C). At each tested 
membrane potential, the presence of mutant KCNQ1 channel subunits did not alter 
the amplitude of the WT KCNQ1 + KCNE1 currents. Hence, no dominant negative 
effect on WT currents could be demonstrated.

Discussion
In this study, we describe a novel homozygous mutation in the splice regulatory 
site at intron-1 of the KCNQ1 gene which causes only severe arrhythmias (without 
any deafness) in several children from two presumably unlinked families. In all our 
patients swimming and exercise were the triggers for the arrhythmia events, which 
is typical of arrhythmias caused by KCNQ1 mutations.10,23 A previous study from 
Germany described a splice regulatory site mutation involving the same exon as in 
our study in the KCNQ1 gene in children with JLNS (arrhythmia and deafness).20 As 
described in this study from Germany,20 JLNS causing mutations in KCNQ1 are mostly 
truncating and cause complete abolishment of IKs channel function.19 Intronic mutation 
in the Zehelein et al. study (Figure 7A, upper panel) results in complete skipping of 
KCNQ1 exon-2 leading to transcriptional aberration with a frameshift of the protein 
at 129th amino acid 129fs205X (Figure 7B). Two siblings who carried homozygous 
mutations suffered from severe cardiac arrhythmias with significantly prolonged 
QTc and profound sensorineural deafness, i.e. a true JLNS phenotype. Heterozygous 
carrier parents had no clinical phenotype. Functional studies with the mutant KCNQ1 
channel showed that there was no discernible IKs current, which is compatible with 
the ear phenotype (deafness) as this channel is required for K+ cycling in the inner 
ear endolymph that maintains the hearing.12-13 This is more frequently observed in 
mutations that are causal to JLNS, i.e. no dominant negative effect.10,24-25

In contrast to the findings of Zehelein et al.,20 the analysis of leukocyte KCNQ1 
transcript in our patients has identified a mutation in intron-1 (Figure 7A, lower panel) 
that has resulted in incomplete skipping of exon-2, such that WT transcript comprised 
10% of the total transcripts. Furthermore, unlike the patients of the Zehelein et al. 
study,20 our homozygous mutation carrier patients have normal hearing, but for both 
studies heterozygous carriers show no cardiac phenotype. Our findings have led us to 
conclude that this residual WT rescued the hearing in our patients who have otherwise 
LQTS related cardiac symptoms.

Co-transfection of mutants showed a dominant negative effect on the WT KCNQ1 
in the study by Zehelein et al.,20 which is in contrast to our findings where there was 
no dominant negative effect on the WT KCNQ1. In our study, we used mammalian 
HEK-293 cells for functional studies. KCNQ1 cDNA cloned in a plasmid vector driven 
under a promoter effective for transcription in these cells is more reminiscent of the 
native condition than injecting prepared mRNA into Xenopus oocytes as used by 
Zehelein et al.20 Heterozygous carriers are left with 60% normal IKs current with no 
cardiac or hearing phenotype. On the other hand, homozygous carriers are left with 
approximately 10% of the normal current which in our patients is able to maintain 
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hearing function, but not the cardiac function. These data, for the first time, provide 
a real evidence of the previously suggested hypothesis of residual IKs in maintaining 
hearing function in the bi-allelic KCNQ1 mutation carriers.15-16 Biophysical study with 
the mutant protein showed that 90% of the transcripts due to c.387 -5 T > A homozygous 
mutation are unable to perform any IKs function and have no negative effect on the 
residual 10% of the WT current. This suffices to preserve hearing function whereas 
the cardiac phenotype is typically severe. The functions of the other transcripts were 
not studied, but as the quantity of these transcripts is very low it is not expected that 
they will play an important role. Some might argue, whether the aberrant transcripts 
are stable. We have not studied whether the aberrant transcripts are susceptible to the 
nonsense-mediated decay (NMD) pathway as this aberration leads to a premature 
stop codon.26 But, our biophysical analysis showed that the aberrant RNA, if it escapes 
NMD, would make a non-functional protein without any dominant negative effect on 
the normal allele in the heterozygous carriers. In the homozygous carriers, patients are 
left only with residual IKs current made from the non-skipped residual KCNQ1. The 
two families investigated in this study are not knowingly linked, investigation with 
polymorphic markers, in and outside of the causative gene, showed that the mutation 
in both families originated from a single origin. In a highly endogamous society, 
where marriages within families and within the same tribe are the norm rather than 
the exception, we could speculate that the reported mutation could well be a founder 
mutation in this tribal community from Southern Saudi Arabia. This emphasizes 
population screening for this mutation in children with arrhythmias from this region 
without any structural defect in the heart.

Figure 7. (A) The location of intronic mutations (arrow head) and their effects on splicing and clinical phenotypes of 
the homozygous mutation carriers found in this study and also in the study by Zehelein et al.20 (B) Schematic diagram 
of the KCNQ1 protein. * mark shows that the protein is truncated after this part due to skipping of exon-2 in the 
studies by Zehelein et al.20 and in the present study. Channel consists of 6 transmembrane segments/domains (S1-S6).
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In conclusion, this is the first report of a homozygous mutation in any cardiac ion 
channel genes that causes an incomplete aberration of transcription with minor leakage 
of the WT transcript. In addition, it is the first clinical proof of evidence that only 
residual IKs is sufficient enough to preserve ear function, in the presence of a severe 
cardiac phenotype. Another, basic finding of this study is the identification of aberrant 
transcripts far from the location of the mutation. This signifies that the intronic and 
exonic nucleotides are in homeostasis to maintain the transcriptional machineries in 
order.

Finally, the identification of the regulatory components/machineries that relieve 
the mutant alleles found in our study from aberrant transcription might form the basis 
of an effective therapeutic strategy in rescuing the cardiac phenotypes in these patients. 
We have examined the patients on several occasions and none of them showed any 
deafness and there was no history of deafness among any children who died of sudden 
cardiac death. A detailed study of hearing could be crucial to measure the level of 
hearing, but this was not possible as both families refused to appear in the hospital 
when informed and explained of the genetic findings. Though the residual IKs is 
sufficient to maintain the hearing in the children, it might be of clinical significance 
to screen patients for hearing function, if consent given, on a long term basis to check 
whether this function remains constant or is affected by age progression.
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Abstract
Aims: Heterozygous mutations in KCNQ1 cause type 1 long QT syndrome (LQT1), 
a disease characterized by prolonged heart rate-corrected QT interval (QTc) and 
life-threatening arrhythmias. It is unknown why disease penetrance and expressivity 
is so variable between individuals hosting identical mutations. We aimed to study 
whether this can be explained by single nucleotide polymorphisms (SNPs) in KCNQ1’s 
3'untranslated region (3'UTR). 
Methods and results: This study was performed in 84 LQT1 patients from the Academic 
Medical Center in Amsterdam and validated in 84 LQT1 patients from the Mayo 
Clinic in Rochester. All patients were genotyped for SNPs in KCNQ1’s 3'UTR, and six 
SNPs were found. Single nucleotide polymorphisms rs2519184, rs8234, and rs10798 
were associated in an allele-specific manner with QTc and symptom occurrence. 
Patients with the derived SNP variants on their mutated KCNQ1 allele had shorter 
QTc and fewer symptoms, while the opposite was also true: patients with the derived 
SNP variants on their normal KCNQ1 allele had significantly longer QTc and more 
symptoms. Luciferase reporter assays showed that the expression of KCNQ1’s 3'UTR 
with the derived SNP variants was lower than the expression of the 3'UTR with the 
ancestral SNP variants.
Conclusion: Our data indicate that 3'UTR SNPs potently modify disease severity in 
LQT1. The allele-specific effects of the SNPs on disease severity and gene expression 
strongly suggest that they are functional variants that directly alter 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. 

CHApTer 10

180



Introduction
Long QT syndrome type 1 (LQT1) is characterized by incomplete penetrance and 
variable expressivity whereby family members carrying identical KCNQ1 mutations 
have profound differences in their QTc and clinical course.1-5 The cause for this 
heterogeneity remains largely elusive. Kv7.1 is a tetrameric channel resulting from the 
post-translational assembly of four KCNQ1-encoded subunits. Therefore, patients 
heterozygous for an LQT1-causative mutation combine the translated products from 
normal and LQT1-mutation-containing alleles to form tetrameric channels. If both 
alleles are similarly expressed, one would predict that 2/16 of the Kv7.1 channels stem 
solely from either the normal or the mutated allele. The remaining channels are hybrids 
of the healthy and the mutated alleles. This reasoning predicts that factors that influence 
the balance between normal and mutant allele expression affect the proportion of 
mutated protein in the Kv7.1 channels, and thereby modify disease severity. 

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. The 3'UTR 
is known to play an important regulatory role in gene expression, in particular by 
controlling mRNA stability and translation.6,7 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 Kv7.1 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 disease phenotype in an allele-
specific fashion. We initially assessed this in LQT1 patients from the Academic Medical 
Center (AMC) in Amsterdam (the Netherlands) and validated our findings in patients 
from the Mayo Clinic (MC) in Rochester (MN, USA). 

Methods

Patient inclusion
From both institutions (AMC and MC), we included families where a mutation in 
KCNQ1 was identified in at least three members, and at least one affected member 
displayed QTc prolongation. Genomic DNA (if available) was used for sequencing the 
3'UTR of KCNQ1. These data were used to determine whether 3'UTR SNP variants 
occur in trans (opposite allele) or in cis (on the same allele) as the pathogenic KCNQ1 
mutation (as defined by analysis of phase in the families). From each family, at least 
three members were genotyped (unless patients were homozygous for the SNP 
variants). Next, we included those patients in whom the KCNQ1 mutation was the only 
mutation present in a LQTS-linked gene, and in whom a 12-lead electrocardiogram 
(ECG) and clinical data were available for analysis. All patients (and their family 
members) with double and compound mutations in major LQT-susceptibility genes 
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(i.e. KCNH2, SCN5A, KCNE1, and KCNE2) were excluded. Individuals with acquired 
cardiac diseases, electrolyte abnormalities, or repolarization prolonging medication 
were also excluded. The following clinical parameters were obtained from medical 
records: age, gender, proband status, family history of sudden cardiac death at age 
<45 years, incidence of torsades des pointes, VF and/or syncope, and type of KCNQ1 
mutation. The researchers who obtained clinical parameters (and those who analyzed 
ECGs) were blind to the 3'UTR SNP haplotypes. The study was approved by the 
institutional review committees and the subjects had given informed consent. 

Genetic analysis
LQT1-associated KCNQ1 mutations had been identified previously using standard 
protocols.8 For this study, the final exon and the 3'UTR of KCNQ1 were additionally 
sequenced. The region to be analysed comprised of three amplicons, and was 
amplified with polymerase chain reaction (PCR) using oligonucleotide pairs: 
5'-GGCACCTTCCCTTCTCTGG-3' with 5'-ACCACCATGCCAGTGATGTC-3', 
5'-CACAGCCTGCACTTGGG-3' with 5'-CAGGGCTCCTCTCCAGC-3', and 
5'-CAGTCTCACCATTTCCCCAG-3' with 5'-GCCCAGAACAGGAGCGAC -3'. 

ECG analysis
Twelve-lead electrocardiograms were enlarged to facilitate manual analysis. QT 
duration (lead II or V5) was corrected for heart rate using Bazett’s formula (QTc = 
QT/√RR, where RR is the interval, measured in seconds, from the onset of 1 QRS 
complex to the onset of the following QRS complex). To measure QTc within each 
individual, the mean value of five consecutive beats was calculated. 

The effect of SNPs on QTc in the general population
To study the effect of SNPs rs2519184, rs8234, and rs10798 in the general population, we 
contacted the investigators of the KORA Study to evaluate whether the SNPs rs2519184, 
rs8234, or rs10798 are correlated with the QTc duration in the general population. 
The KORA Study is a series of independent population-based epidemiological surveys 
of participants residing in the region of Augsburg, Southern Germany. All survey 
participants had German nationality, were identified through the registration office, 
and were examined in 1994-95 (KORA S3) and 1999-2001 (KORA S4). In 2004-05, 
3006 subjects participated in a 10-year follow-up examination of S3 (KORA F3). 
Individuals for genotyping in KORA F3 and KORA S4 were randomly selected. 

Luciferase reporter assay
- Plasmid construction

Luciferase reporter plasmids were constructed by PCR amplification of the 3'UTR 
of KCNQ1 from a patient heterozygous for the SNPs rs2519184, rs8234, and 
rs10798 with the primers: 5'-ACTGACTAGTCATGGACCATGCTGTCTG-3' and 
5'-ACTGGAGCTCCAGCCTGTGATTCTCCACG-3'. This 878bp fragment was cloned 
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into the pMIR-REPORTTM Luciferase vector (Ambion) downstream of the luciferase 
coding region, creating luciferase KCNQ1-3'UTR-G-A-A (ancestral haplotype) 
and luciferase KCNQ1-3'UTR-A-G-G (derived haplotype). The plasmids luciferase 
KCNQ1-3'UTR-A-A-A, luciferase KCNQ1-3'UTR-G-G-A, and luciferase KCNQ1-
3'UTR-G-A-G were generated from the luciferase KCNQ1-3'UTR-G-A-A plasmid by 
PCR-based mutagenesis. 

- Cell isolation and preparation

Neonatal rat cardiac myocytes, immortalized with a temperature-sensitive SV40 
T antigen (H10 cells),9 were cultured in Dulbeccos modified Eagles medium 
supplemented with 10% Fetal Calf Serum (Gibco-BRL) and glutamine at 33°C. One 
day prior to transfection, cells were seeded in a 24-well plate at a density of 1.4x106 cells 
per plate. Cardiomyocytes from 1 to 2-day-old Lewis neonatal rats were isolated and 
cultured as described previously.10

- Transfection and luciferase assay

H10 cells were transiently transfected per well with 5 ng Renilla luciferase plasmid, phRL 
vector (Promega), and 5 ng or 10 ng of either luciferase KCNQ1-3'UTR-G-A-A, luciferase 
KCNQ1-3'UTR-A-A-A, luciferase KCNQ1-3'UTR-G-G-A, luciferase KCNQ1-3'UTR-
G-A-G, or luciferase KCNQ1-3'UTR-A-G-G using GeneJammer (Agilent Technologies). 
Neonatal rat cardiomyocytes were transfected with 50 ng Renilla luciferase plasmid, 
phRL vector, and 100 ng of either luciferase KCNQ1-3'UTR-G-A-A, luciferase KCNQ1-
3'UTR-A-A-A, luciferase KCNQ1-3'UTR-G-G-A, luciferase KCNQ1-3'UTR-G-A-G, or 
luciferase KCNQ1-3'UTR-A-G-G using lipofectamine 2000 reagent (Invitrogen). At 48 h 
after transfection, cells were lysed and assayed for luciferase and Renilla luciferase activity 
with a luminometer (Glomax multi detection system, Promega) by using the Renilla 
reporter assay system (Promega). Renilla luciferase activity was assayed to normalize 
luciferase results for cell densities and transfection efficiency. The luciferase assays were 
performed at least three times, and in every experiment plasmids were isolated from 
three different colonies per haplotype. Per plasmid, four wells were transfected and the 
average signal of these four wells was used for the statistical analysis. 

Statistical methods
QTc was compared between various LQT1 genotype and 3'UTR SNP haplotype 
combinations. We used a linear mixed effect regression model from the kinship 
package in R.11 Differences in symptom prevalence were analyzed with a logistic 
regression model using generalized estimation equations. In both models, a correction 
for the relatedness among individuals was applied. Furthermore, age at the time of 
ECG, gender, and proband status were included as covariates and genotype effects 
were modelled as additive effects. For the in vitro experiments, differences between 
groups were compared using analysis of variance (ANOVA) or Student’s t test, where 
appropriate. Values are expressed as mean ± standard error of the mean (SEM). We 
regarded P-values < 0.05 as statistically significant. 
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Results

Patient inclusion and KCNQ1 3'UTR SNP detection 
From AMC, 84 LQT1-positive subjects from 24 families were included. From MC, 
84 LQT1-positive subjects from 17 families were included. Demographic data and 
details of the identified mutations are displayed in Table 1 and Table 2, respectively. 
In all subjects, the final exon and the complete 3'UTR of KCNQ1 were sequenced. 
In the AMC cohort, seven SNPs were found of which six SNPs were in the 3'UTR. 
Single nucleotide polymorphisms at nucleotide positions 403092 and 403641 were not 
reported previously (NCBI build 36, hg18). Except for the SNP at nucleotide position 
403092, all SNPs (and no additional SNPs) were also found in the MC cohort (Figure 1; 

Table 1. Clinical characteristics, mutation types, and ECG parameters of the study populations 
from the AMC and the Mayo Clinic.

Variable AMC Mayo

Clinical characteristics

Patients, n (%) 84 (100) 84 (100)

Male/female, n 34/50 38/46

Age, years 34±3 27±2

Proband, n (%) 22 (26) 13 (15)

Family history for sudden death, n (%) 40 (48) 58 (69)

Syncope, n (%) 18 (21) 18 (21)

Documented TdP/VF, n (%) 5 (6) 1 (1)

Mutation type

Missense, n (%) 63 (75) 67 (80)

Frameshift, n (%) 7 (8) 1 (1)

Splice site, n (%) 11 (13) 4 (5)

Deletion, n (%) 3 (4) 12 (14)

ECG parameters

RR interval (ms) 859±19 917±24

          Males 879±26 968±41

          Females 844±28 875±27

QT duration (ms) 411±7 426±6

          Males 405±8 429±10

          Females 416±10 425±8

QTc (ms) 446±7 451±4

          Males 435±6 445±6

          Females 454±7* 457±4*

* Statistical significance compared with males. Values are expressed as number of patients (percentage of 
total), or as mean ± standard error of the mean (SEM).
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Table 2. Mutations in KCNQ1 found in the study populations from the Academic Medical 
Center Amsterdam and the Mayo Clinic.

Region Nucleotide change Mutation Mutation type Location Cr. # Ref.

Exon 1 360 G>C W120C Missense N-terminus A 2 5
Exon 1 365 G>A C122Y Missense N-terminus M 1 12
Exon 2 387-?_1393+?del Deletion S1 A 3 -
Intron 2 477+1 G>C Splice site S2 A 3 13
Exon 3 551 A>C Y184S Missense S2/S3 A 7 14
Exon 3 739 T>C F193L Missense S2-S3 A 1 15*
Exon 4 674 C>T S225L Missense S3/S4 A, M 1, 3 16*
Exon 5 704 T>A I235N Missense S4 M 20 17*
Exon 5 727 C>T R243C Missense S4 A, M 14, 3 18*
Exon 5 775 C>T R259C Missense S4/S5 A 2 19*
Exon 5 776 G>T R259L Missense S4/S5 M 1 12
Exon 6 797 T>C L266P Missense S5 M 3 20
Exon 6 805 G>A G269S Missense S5 M 3 21*
Exon 6 806 G>A G269D Missense S5 M 2 22*
Exon 6 820 A>G I274V Missense S5 A 4 5
Exon 6 875 G>A G292D Missense S5/pore A 2 5
Exon 6 887 T>C F296S Missense S5/pore A 9 23*
Exon 7 940 G>A G314S Missense Pore A 1 24*
Exon 7 941 G>A G314D Missense Pore A 1 25
Exon 7 944 A>G Y315C Missense Pore M 7 16*
Exon 7 964 A>G T322A Missense Pore/S6 M 9 25
Exon 7 1015_1017delTTC 339delF Deletion S6 M 12 26*
Exon 7 1031 C>T A344V Missense S6 A 4 27*
Intron 7 1032+5 G>A Splice site S6 A, M 8, 4 28*
Exon 9 1189 C>T R397W Missense C-terminus A 6 5
Exon 10 1265 A>C K422T Missense C-terminus A 3 29
Exon 10 1343  ins C P448fsX13 Frameshift C-terminus A, M 7, 1 -
Exon 12 1571 T>G V524G Missense C-terminus M 2 5
Exon 13 1615 C>T R539W Missense C-terminus M 4 30*
Exon 14 1700 T>G I567S Missense C-terminus M 4 25
Exon 15 1771 C>T R591C Missense SAD A 2 5
Exon 15 1772 G>A R591H Missense SAD M 5 31*

Exon 15 1781 G>A R594Q Missense SAD A 4 32*

Del, deletion; ins, insertions; P448fsX13, frameshift mutation whereby P448 represents the last normally 
encoded amino acid followed by a frameshift (fs) in the coding sequence generating 13 miscoded amino acids 
leading up to a premature stop codon (X); 387-?_1393+?del, mutation leading to the deletion of exon 2 (starting 
from nucleotide 387) to exon 10 (ending at nucleotide 1393), but whereby the exact nucleotide change is not 
yet determined (?); N-terminus, amino-terminus; S, transmembrane segment; C-terminus, carboxyl-terminus; 
SAD, subunit assembly domain; Cr., center in which the mutation was found (A: Academic Medical Center 
Amsterdam, M: Mayo Clinic); #, number of individuals within each study population affected with the mutation 
(of whom an 12-lead ECG and clinical data were available); Ref., reference linking the mutation with long QT 
syndrome; *, biophysical/loss-of-function properties of the mutation are described in the reference.
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see Table 3 for SNP frequencies). Single nucleotide polymorphisms rs8234 and rs10798 
were in complete linkage disequilibrium in all patients in this study. 

Association between KCNQ1 3'UTR SNPs and QTc in LQT1 patients 
Next, we studied whether the three most frequent SNPs, for which group sizes in both 
the AMC and MC cohorts were large enough for statistical analysis, were associated 
with QTc. We hypothesized that SNP variants would modify the QTc depending 
on whether they occur in trans (opposite allele) or in cis (on the same allele) as the 
pathogenic KCNQ1 mutation as defined by analysis of phase in the families. 

The presence of the derived variant of rs2519184 (A) in trans to the mutated allele 
was indeed associated with a marked increase in QTc by 46 ± 16 ms in the AMC cohort 
(P = 0.005; Figure 2A). This was corroborated by similar findings in the MC cohort 
where the derived variant in trans was associated with 60±16 ms longer QTc (P < 0.001; 
Figure 2D). Notably, in the MC cohort, we also identified subjects where this derived 
variant resided on the LQT1-mutation containing allele. Here, location of this variant 
in cis was associated with 16±8 ms shorter QTc (P < 0.001). 

The same effects were seen for SNPs rs8234 and rs10798. When the derived variants 
of rs8234 and rs10798 (G-G) were in trans to the mutated allele, QTc was increased 
by 26±10 ms (P = 0.010; Figure  2B). Again, this was confirmed in the MC cohort 
where the derived variants located in trans increased the QTc by 33±7 ms (P < 0.001; 
Figure 2E). The opposite location of the derived variants (i.e. in cis to the mutation) was 
related with shorter QTc (−41±25 ms; not significant), which was confirmed in the MC 
population (reduction by 9±9 ms; not significant). 

Allele-specific haplotype analysis revealed that location of the derived variants of 
the SNPs (A-G-G) in trans to the mutation was associated with 49±16 ms longer QTc 
in the AMC cohort (P = 0.003) and 60±14 ms longer QTc in the MC cohort (P < 0.001; 
Figure 2C and F). Subjects where the A-G-G haplotype was in cis to the mutation were 
only present in the MC cohort. Indeed, in these subjects, the anticipated opposite effect 
on QTc was seen, as the QTc was attenuated by 12±9 ms (not significant). Various 
allele-specific haplotype combinations of KCNQ1 and the derived SNP variants, as 

Figure 1. Genetic variation in the 3'untranslated region of KCNQ1. Single nucleotide polymorphisms (SNps) found 
in the study cohorts of the Academic Medical Center Amsterdam (AMC) and the Mayo Clinic (MC). position of the 
nucleotide change is starting from the ATG start codon (NCBi build 36, hg18).
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shown in Figure 2C and F, displayed an intermediate effect on QTc. Finally, the effects 
of SNPs rs2519184, rs8234, and rs10798 on QTc in the combined study population 
(both AMC and MC) are shown in the Figure 3. 

Since our study cohorts included LQT-1 patients with different types of mutation 
in KCNQ1, we analyzed whether the effect of the 3'UTR SNPs on QTc is significantly 
different for different mutation types or whether this effect is different between carriers 
of a missense mutation vs. carriers of a frameshift, splice site, or deletion mutation. The 
effect of the SNPs on QTc was not significantly different for different mutation types 
(P = 0.118 for rs2519184, P = 0.493 for rs8234 and rs10798, and P = 0.148 for all three 

Table 3. Single nucleotide polymorphisms found in the 3'untranslated region of KCNQ1.

Genetic
location

Nucleotide  
change 

position

Allele
(Ancestral /

derived) SNP ID Genotype

AMC (n = 84) Mayo (n = 84)

N (%)

Minor
allele

frequency N (%)

Minor
allele

frequency

Exon 16 402865 C/T rs11601907 CC 38 (45) 0.327 50 (60) 0.214

CT 37 (44) 32 (38)

TT 9 (11) 2 (2)

3’UTR 403092 G/A not 
available GG 81 (96) 0.018 84 

(100) 0.000

GA 3 (4) 0

AA 0 0

3’UTR 403321 C/T rs45460605 CC 81 (96) 0.018 83 (99) 0.006

CT 3 (4) 1 (1)

TT 0 0

3’UTR 403389 G/A rs2519184 GG 78 (93) 0.036 50 (60) 0.202

GA 6 (7) 34 (40)

AA 0 0

3’UTR 403641 G/A not 
available GG 83 (99) 0.006 83 (99) 0.006

GA 1 (1) 1 (1)

AA 0 0

3’UTR 403785 A/G rs8234 AA 52 (62) 0.208 31 (37) 0.351

AG 29 (34) 47 (56)

GG 3 (4) 6 (7)

3’UTR 403842 A/G rs10798 AA 52 (62) 0.208 31 (37) 0.351

AG 29 (34) 47 (56)

GG 3 (4) 6 (7)

Position of the nucleotide change is starting from the ATG start codon (NCBI build 36, hg18). The SNP id 
denotes single nucleotide polymorphism identity from public databases. N (%) denotes number of patients 
(percentage of total). 
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SNPs), and was also not different between carriers of a missense mutation vs. carriers 
of a frameshift, splice site, or deletion mutation (P = 0.118 for rs2519184, P = 0.493 for 
rs8234 and rs10798, and P = 0.148 for all three SNPs). 

Association between KCNQ1 3'untranslated region single nucleotide 
polymorphisms and QTc in single families 
Our data suggest that assessing these 3'UTR SNPs can predict disease severity of a 
given KCNQ1 mutation in one family. To test this, we analyzed the allele-specific 
haplotype of SNPs rs2519184, rs8234, and rs10798 with regard to QTc in three families 
with more than 10 members affected, including one family with the KCNQ1-R243C 
mutation (14 affected), one family with the KCNQ1-I235N mutation (20 members), 
and one family with the KCNQ1-339delF mutation (12 affected). Indeed, the KCNQ1-
R243C carriers where the derived variants of the SNPs (A-G-G or G-G-G) were found 
in trans to the mutation exhibited markedly longer QTc than their KCNQ1-R243C-
positive relatives who did not carry these variants (P < 0.001; Figure 4A, see Figure 
5A for family pedigree). The opposite was seen in the family with the KCNQ1-I235N 
mutation, where all affected members carried the derived variants of the 3'UTR SNPs 
(A-G-G) on their mutation-containing allele. Family members with the derived SNP 
variants in cis to the mutation displayed mostly normal to near-normal QTc values, 
while members who were homozygous for the derived variants of SNPs rs8234 and 

Figure 4. Allele-specific haplotype analysis of single nucleotide polymorphisms (SNps) rs2519184, rs8234, and 
rs10798 on QTc in three single families. Allele-specific haplotype analysis of SNps rs2519184, rs8234, and rs10798 
with regard to QTc are displayed for the three largest families: one family carrying the KCNQ1-r243C mutation 
(A), one family with the KCNQ1-i235N mutation (B), and one family carrying the KCNQ1-339delF mutation (C). 
Numbers below genotypes denote group sizes. data are presented as mean; i bars represent standard errors. N, 
normal KCNQ1 allele; M, mutant KCNQ1 allele; green box, ancestral SNp variant; yellow box, derived SNp variant.
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rs10798 (thus carrying these variants also on their healthy allele) displayed longer QTc 
values (P = 0.129; Figure 4B, see Figure 5B for family pedigree). Finally, in the KCNQ1-
339delF family, members with the derived SNP variants (A-G-G or G-G-G) in trans to 
the mutation exhibited longer QTc than their relatives who were homozygous for the 
ancestral SNP variants (P = 0.001; Figure 4C; see for family pedigree Figure 5C). 

Association between KCNQ1 3'untranslated region single nucleotide 
polymorphisms and symptomatology in LQT1 patients 
Next, we assessed in the total combined study population (AMC and MC) whether 
allele-specific location of the derived SNP variants in the KCNQ1’s 3'UTR also modifies 
the known cardiac sequelae of LQT1 [unexplained syncope, documented torsades de 
pointes ventricular tachycardia/ventricular fibrillation, and/or (aborted) sudden death]. 
Location of the derived haplotype of SNPs rs8234 and rs10798 (G-G-G) in trans to the 
mutation was associated with a statistically significant increased occurrence of symptoms 
(P = 0.004). Inversely, the opposite location of the derived SNP haplotype (i.e. in cis to the 
mutation) tended to be related to fewer symptoms (not significant; Figure 6). Additionally, 
we corrected the effects of the 3'UTR SNPs on symptomatology also for QTc (thus not 
only for age, sex, and proband status). Interestingly, after correction for QTc, the 3'UTR 
haplotype was still associated with the occurrence of symptoms (Figure 7).

The effect of single nucleotide polymorphisms rs2519184, rs8234, and 
rs10798 on QTc in the general population
To study the effect of SNPs rs2519184, rs8234, and rs10798 in the general population, 
we evaluated whether the SNPs rs2519184, rs8234, or rs10798 are correlated with 
the QTc duration in two populations of the KORA study (KORA F3 and KORA S4). 
The data about rs2519184 have been published previously.33 This study indeed found 
a correlation between the SNP and QTc duration in their screening sample of 689 
individuals, but this association was not found in a confirmation sample of 3277 
individuals. Our novel analysis in the KORA study populations showed that rs8234 and 
rs10798 were not associated with QTc duration in KORA F3 and KORA S4 (Table 4). 

In vitro effects of KCNQ1 3' untranslated region single nucleotide 
polymorphism on expression
Since the above shows that the derived variants of SNPs rs2519184, rs8234, and 
rs10798 attenuate QTc prolongation when they are located in cis (i.e. on the same 
allele) to the LQT1 mutation, but aggravate QTc prolongation when located in trans 
(i.e. on the normal allele) to the mutation, we hypothesized that these SNP variants 
suppress the expression of the alleles on which they reside. Thus, the occurrence of 
these ‘suppressive’ 3'UTR variants in cis to the LQT1 mutation may attenuate QTc 
prolongation by decreasing the abundance of mutant protein available for tetrameric 
assembly, while ‘suppressive’ 3'UTR variants in trans to the mutation exerts the opposite 
effects on QTc by decreasing expression of the normal allele and thereby increasing the 
relative amount of mutant Kv7.1 subunits. To test this hypothesis, we cloned KCNQ1’s 
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Figure 6. Allele-specific effects of single nucleotide polymorphisms (SNps) rs2519184, rs8234, and rs10798 on 
symptomatology. Allele-specific effects of SNps rs2519184, rs8234, and rs10798 with regard to the occurrence 
of cardiac symptoms [unexplained syncope, documented torsades de pointes ventricular tachycardia/ventricular 
fibrillation, and/or (aborted) sudden death] are shown in the total combined study population (AMC and MC). 
effects of SNp rs2519184 are displayed in (A). effects of SNps rs8234 and rs10798 are displayed in (B). Allele-specific 
haplotype analysis of the three SNps with regard to the occurrence of symptoms is displayed in (C). Numbers below 
genotypes denote group sizes. data are presented as mean; i bars represent standard errors. N, normal KCNQ1 
allele; M, mutant KCNQ1 allele; green box, ancestral SNp variant; yellow box, derived SNp variant.

Figure 5. pedigree structure and allele-specific haplotype analysis of single nucleotide polymorphisms (SNps) 
rs2519184, rs8234, and rs10798 on QTc in three single families. pedigree structure and allele-specific haplotype 
analysis of SNps rs2519184, rs8234, and rs10798 with regard to QTc are displayed for the three largest families: one 
family carrying the KCNQ1-r243C mutation (A), one family with the KCNQ1-i235N mutation (B), and one family 
carrying the KCNQ1-339delF mutation (C). Numbers above genotypes denote QTc values. * indicates syncope; # 
indicates sudden cardiac death. ‘n.a.’ means not available. N, normal KCNQ1 allele; M, mutant KCNQ1 allele; green 
box, ancestral SNp variant; yellow box, derived SNp variant.
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Figure 7. Allele-specific effects of single nucleotide polymorphisms (SNps) rs2519184, rs8234, and rs10798 , on 
symptomatology corrected for QTc. Allele-specific effects of SNps rs2519184, rs8234, and rs10798 with regard 
to the occurrence of cardiac symptoms (unexplained syncope, documented torsades de pointes ventricular 
tachycardia/ventricular fibrillation, and/or [aborted] sudden death), and after correction for QTc, are shown in the 
total combined study population (AMC and MC). effects of SNp rs2519184 are displayed in (A). effects of SNps 
rs8234 and rs10798 are displayed in (B). Allele-specific haplotype analysis of the three SNps with regard to the 
occurrence of symptoms is displayed in (C). Numbers below genotypes denote group sizes. data are presented as 
mean; i bars represent standard errors. N, normal KCNQ1 allele; M, mutant KCNQ1 allele; green box, ancestral SNp 
variant; yellow box, derived SNp variant.
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Table 4. The effect of single nucleotide polymorphisms rs8234 and rs10798 on QTc in the 
general population.

SNP Population* Number
Ancestral allele/
haplotype

Derived allele/
haplotype MAF

Effect on QTc
Beta (msec) p- value

rs8234 KORA F3 1459 A G 0.3041 -0.573105 0.52

rs10798 KORA F3 1459 A G 0.304 -0.572674 0.52

rs8234 KORA S4 975 A G 0.3216 1.383768 0.13

rs10798 KORA S4 975 A G 0.3209 1.42896 0.12

Haplotype KORA F3 1459 AA GG 0.3047 0.569323 0.52

Haplotype KORA S4 975 AA GG 0.3185 0.611701 0.42

Number, number of individuals within the screening sample; MAF, minor allele frequency. The effect on the 
QTc duration refers to the dosage (i.e. expected number of copies) of the major allele. The QTc duration is 
calculated by the Bazett’s formula, and is corrected for age and gender.

Figure 8. The functional effects 
of genetic variation in the 
3'untranslated region (3'UTr) of 
KCNQ1 in vitro. Luciferase assays in 
primary neonatal rat cardiomyocytes 
(A) and heart-derived H10 cells (B) 
transfected with two independent 
reporter plasmids containing 
either the ancestral or the derived 
haplotype of single nucleotide 
polymorphisms (SNps) in KCNQ1’s 
3'UTr. observed differences in 
luciferase activity between the 
ancestral and derived haplotype 
suggest that expression is inhibited. 
Luciferase assays in neonatal rat 
cardiomyocytes (C) and heart-
derived H10 cells (d) transfected 
with a reporter plasmid containing 
either the ancestral haplotype of 
the 3'UTr of KCNQ1 or the same 
reporter where the SNps rs2519184, 
rs8234, and rs10798 were 
separately changed to the derived 
allele. introducing either of the 
derived SNp variants was sufficient 
to decrease the luciferase activity. 
data are presented as means; i bars 
denote standard errors. Green box, 
ancestral SNp variant; yellow box, 
derived SNp variant.
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3'UTR with the ancestral 3'UTR haplotype (G-A-A) or the derived haplotype (A-G-G) 
of SNPs rs2519184, rs8234, and rs10798 downstream of the luciferase coding region 
in the pMIR-REPORTTM plasmid (Ambion), and transfected these plasmids into both 
primary neonatal rat cardiomyocytes (Figure 8A) and heart-derived H10 cells (Figure 
8B). The plasmid containing the derived 3'UTR haplotype (A-G-G) had significantly 
lower luciferase activity in both cell types (P = 0.049 and P = 0.032, respectively). 
Moreover, introduction of either derived variant of SNP rs2519184, rs8234, or rs10798 
into the ancestral haplotype was sufficient to decrease luciferase activity, indicating that 
those three nucleotides can separately suppress the expression of KCNQ1 (Figure 8C 
and Figure 8D).

Discussion
This study shows that SNPs rs2519184, rs8234, and rs10798 in the 3'UTR of KCNQ1 
modify the clinical effects of mutations in LQT1. The modifying effects of these 
SNPs on disease severity are robust and depend on the KCNQ1 allele on which they 

Figure 9. The postulated mechanism where single nucleotide polymorphisms (SNps) in the 3'UTr of KCNQ1 
modulate the assembly of the Kv7.1 potassium channel in type 1 long QT syndrome. individuals with LQT1 are 
heterozygous for the disease-causing mutation in KCNQ1. Four KCNQ1-encoded subunits co-assemble to form 
one tetrameric channel. Single nucleotide polymorphisms in this region may influence repolarization by altering 
the balance and composition of the Kv7.1 tetramers derived from expression of the normal allele and the mutant 
allele. if SNps exert no effect on expression, the balance between normal and mutant subunits within each channel 
is equal. However, if the derived variants of the SNps cause reduced expression, then the balance between normal 
and mutant subunits within each channel depends on whether the ‘suppressive’ SNp variants reside on the normal 
allele or the mutant allele. if the ‘suppressive’ SNp variants reside on the normal allele, the number of normal 
subunits in the channels would decrease. inversely, if the ‘suppressive’ SNp variants reside on the mutant allele, this 
would decrease the relative number of mutant subunits and shift the Kv7.1 tetramers to a greater percent of normal 
allele-derived monomeric subunits.

CHApTer 10

196



reside. When the SNPs are on the allele that contains the mutation, disease is less 
severe. Oppositely, when they reside on the healthy allele (free of the LQT1-causing 
mutation), the disease is clearly aggravated. Our in vitro experiments indicate that 
the derived variants of the SNPs suppress expression. This suggests that these SNPs 
modify disease severity in an allele-specific manner, by suppressing the allele on 
which they reside. The clear effects obtained by the isolated SNPs in vitro strongly 
suggest that they are functional and that the clinical effect is a direct consequence 
of these SNPs rather than being caused by distant genetic variation. Taken together, 
our data suggest that with the SNPs on the mutated allele, this mutated allele is 
suppressed and the expressed LQT1 phenotype is less severe. When the SNPs reside 
in trans to the mutation, i.e. on the allele opposite to the mutation, then this healthy 
allele is suppressed and the LQT1 phenotype is more severe (Figure 9). Furthermore, 
the 3'UTR SNPs were still associated with the occurrence of symptoms even after 
correction for QTc, suggesting that the SNPs may play a role in the occurrence of 
symptoms not only by modifying the baseline QTc but possibly also by modifying the 
response to arrhythmogenic triggers. 

In line with our data, it has been previously shown in lymphoblastoid cell lines that 
the KCNQ1 allele containing the ancestral variant of SNP rs10798 is expressed three-
fold higher than the allele with the derived variant of the SNP.34 Although in this study, 
differences in allelic expression of KCNQ1 were attributed to genetic imprinting (i.e. 
preferential expression of the maternal allele), genetic imprinting seems less likely to 
explain the cardiac effects as Lee et al.35 have shown that KCNQ1 is not imprinted in 
the heart. Moreover, if imprinting would explain the allele-specific disease-modifying 
effects of the 3'UTR SNPs, LQT1-positive subjects who have inherited the mutation 
from their father would be expected to have less severe phenotype. However, this was 
not the case for our LQT1 patients (as exemplified in Figure 4). 

Our findings imply that LQT1 genetic testing should include analysis and cis/trans 
phase determination of suppressive 3'UTR SNPs in KCNQ1. More generally, our study 
shows that genetic variation in the 3'UTR may be an important source for clinical 
variability by altering the balance of expression between two alleles. This is the first 
clinical confirmation of previous predictions that genetic variation in the 3'UTR may 
be an essential source for ‘Darwinian fitness’, and hence individual variation in disease 
severity.7 Earlier reports have linked 3'UTR SNPs to various acquired diseases but 
could not establish allele-specific effects of the SNPs.36,37 Furthermore, other genetic 
factors have been shown to modify QTc in LQT1, e.g. SNPs in intronic regions of 
KCNQ1,33 and variants in genes encoding (putative) ion channel regulatory subunits, 
such as NOS1AP which encodes a nitric oxide synthase adaptor protein.38 However, it 
is noteworthy that the size of the effects on QTc and symptoms described here go well 
beyond what has been shown for genetics modifiers described previously. 

Since the suppressive SNPs are expected to decrease overall Kv7.1 levels, we explored 
whether SNPs rs2519184, rs8234, and rs10798 were related to QTc in two populations 
from the KORA study.33 However, no relation with QTc was found in these populations, 
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suggesting that the suppressive effects of these SNPs do not lower Kv7.1 sufficiently to 
induce QTc prolongation in healthy individuals. 

In conclusion, we show that naturally occurring SNPs in KCNQ1’s 3'UTR suppress 
gene expression in an allele-specific manner. In KCNQ1-mutation carriers, these 
functional SNPs may alter the balance between the two alleles. This may explain an 
important part of the incomplete penetrance and variable expressivity associated with 
LQT1. Our findings suggest that the clinical effects of a pathogenic mutation may be 
determined by naturally occurring genetic variation in its 3'UTR which results in the 
alteration of normal or mutant allele expression. This finding also suggests that in 
autosomal dominant diseases like LQTS, disease severity can be importantly modified 
by allelic imbalance induced by sequence variation in the 3'UTR stemming from the 
unaffected parent. 
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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 
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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 

CArdiAC ioN CHANNeLS iN HeALTH ANd diSeASe

11

209



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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Erfelijke  hartritmestoornissen zijn geassocieerd met een  verhoogd risico op 
plotselinge dood en kunnen worden veroorzaakt door mutaties in genen die coderen 
voor ionkanalen in het hart of hun accessoire eiwitten. De ontdekking dat mutaties ten 
grondslag kunnen liggen aan levensbedreigende hartritmestoornissen heeft wereldwijd 
geleid tot de screening van grote  aantallen individuen en gezinnen op erfelijke 
hartritmestoornissen en het behandelen van deze mensen bij het vinden van een mogelijk 
pathogene mutatie. Echter, behandeling wordt sterk gehinderd door het groeiende besef 
dat dragerschap van een mutatie vaak geen goede voorspeller is van de ziekte-ernst. 
Veel mutatiedragers vertonen nooit symptomen, terwijl andere mutatiedragers juist op 
jonge leeftijd overlijden aan een hartstilstand. Het is grotendeels onduidelijk wat deze 
grote variabiliteit in ziekte-ernst bepaalt, waarbij zelfs familieleden met een identieke 
mutatie grote verschillen in ziekte-ernst kunnen vertonen. Hierdoor blijft het moeilijk 
om patiënten met het grootste risico op hartritmestoornissen tijdig te identificeren en 
adequaat te behandelen. Dit proefschrift richt zich op de potentiële rol van genetische 
en niet-genetische factoren die, in combinatie met een pathogene mutatie, het fenotype 
van erfelijke hartritmestoornissen kunnen beïnvloeden en daardoor, tenminste deels, 
de bovenbeschreven grote variabiliteit in ziekte-ernst kunnen verklaren.

Deel I van dit proefschrift introduceert cardiale ionkanalen en hun accessoire eiwitten 
die bijdragen aan de vorming van actiepotentialen in een gezond menselijk hart en hun 
rol in erfelijke en verworven hartaandoeningen. Hoofdstuk 1 geeft een overzicht van 
de genetische, moleculaire, elektrofysiologische  en farmacologische  eigenschappen 
van de belangrijkste ionkanalen in het hart. Hoofdstuk 1 geeft tevens een overzicht van 
de meest voorkomende erfelijke hartritmestoornissen.1  Hoofdstuk 2 beschrijft 
in  meer  detail de structuur en functie van het cardiale natrium (Na+)  kanaal en  de 
diverse  accessoires  eiwitten van dit kanaal in het hart.  De belangrijkste  erfelijke 
hartritmestoornissen die geassocieerd zijn met mutaties in het gen dat codeert voor de 
cardiale Na+ kanaal (SCN5A) of in de genen die coderen voor diverse accessoires eiwitten 
van dit kanaal worden in hoofdstuk 2 beschreven.2

Deel II van dit proefschrift richt zich op de rol van SCN5A mutaties en de niet-
genetische factoren  koorts en  lichamelijke inspanning in  patiënten met Brugada 
syndroom (BrS). In hoofdstuk 3 beschrijven we een nieuwe SCN5A mutatie (D1714G) 
in een 57-jarige man met BrS.3  Omdat  de mutatie zich in een gedeelte van de Na+ 
kanaal bevindt dat verantwoordelijk is voor ion geleiding en ion selectiviteit, hebben 
wij de hypothese getoetst dat de D1714G mutatie de ion selectiviteit van het Na+ 
kanaal kan beïnvloeden en het kanaal meer permeabel kan maken voor andere ionen. 
In vitro elektrofysiologische studies op kamertemperatuur (21°C) en op fysiologische 
temperatuur (36°C) toonden aan dat D1714G-gemuteerde kanalen bijna 80% minder 
Na+ stroom (INa) geleiden vergeleken met gezonde Na+ kanalen. Hoewel de D1714G 
mutatie de ion selectiviteit van het Na+ kanaal niet veranderde, zorgde de mutatie wel 
voor meer langzame inactivatie (“slow inactivation”) van de kanalen bij 36°C, maar niet 
bij 21°C. We concluderen dat de sterke vermindering van INa door de D1714G mutatie 
de manifestatie van BrS in onze patiënt kan verklaren en veronderstellen dat deze 
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vermindering van INa grotendeels het gevolg kan zijn van verminderde expressie van 
het Na+ kanaal op het celmembraan van de hartspiercellen. Bovendien kan meer “slow 
inactivation” van het gemuteerde kanaal bij 36°C, maar niet bij 21°C, resulteren tot 
meer INa vermindering bij hogere lichaamstemperaturen. Dit zou in overeenstemming 
zijn met een aantal  case reports  die suggereren dat koorts geassocieerd is met een 
groter risico op hartstilstand en verergering van ECG afwijkingen in BrS patienten.4-5

In hoofdstuk  4 hebben we het verband tussen  koorts, hartstilstand en  ECG 
afwijkingen in BrS patiënten  systematisch onderzocht.6  In een retrospectieve 
studie hebben wij, 1) de prevalentie van  koortsgeïnduceerde ventrikeltachycardie, 
ventrikelfibrilleren of plotselinge dood in 111 BrS patiënten onderzocht, 2) 
koortsgeïnduceerde ECG veranderingen in 24 BrS patiënten geanalyseerd, en 3) 
onderzocht of een hartstilstand tijdens koorts minder voorkomt in patiënten die op tijd 
paracetamol hebben gebruikt. Koorts bleek de typische ECG veranderingen in BrS te 
verergeren en in bijna 18% van alle gevallen van hartstilstand was er sprake van koorts. 
Tijdig gebruik van paracetamol leek het risico op koortsgeïnduceerde hartstilstand te 
verminderen. 

Naast koorts zou lichamelijke inspanning ook de typische ECG afwijkingen in BrS 
(d.w.z. ST-segment elevatie in de rechter voorwandwandsafleidingen V1-V3) kunnen 
induceren (of verder doen toenemen) en ritmestoornissen kunnen uitlokken.7-9  In 
hoofdstuk 5  hebben we ECG’s van BrS patiënten tijdens inspanning geanalyseerd 
en onderzocht of de ECG veranderingen tijdens lichamelijke inspanning beïnvloed 
worden door de aanwezigheid van een SCN5A mutatie.10 We analyseerden  de 
ECG’s  voor aanvang,  bij maximale inspanning en tijdens de herstelfase  bij 
35 mannelijke proefpersonen, 25 mannen met BrS zonder SCN5A mutatie (BrSSCN5A-) en 
25 mannen met BrS en een SCN5A mutatie (BrSSCN5A+). De ECG afwijkingen in BrS 
bleken tijdens lichamelijke inspanning te verergeren. De aanwezigheid van een SCN5A 
mutatie was geassocieerd met verdere geleidingsvertraging in de ventrikels bij hogere 
hartfrequenties, en dit uitte zich in meer verbreding van het QRS-interval tijdens 
maximale inspanning in BrSSCN5A+ vergeleken met BrSSCN5A- en de proefpersonen. 

In hoofdstuk 6 hebben we de relatie tussen SCN5A mutaties en atriumfibrilleren 
(AFib) in BrS onderzocht. Naast een hoge incidentie van ventriculaire ritmestoornissen 
wordt ook een hoge incidentie van AFib in BrS vermeld.11 Uit elektrofysiologische 
onderzoeken is gebleken dat intra-atriale geleiding is vertraagd in BrSSCN5A+ vergeleken 
met BrSSCN5A-.

12-13 Ondanks tragere intra-atriale geleiding, die het bestaan van re-entry 
circuits in de atria kunnen onderhouden, is de aanwezigheid van een SCN5A mutatie 
niet geassocieerd met een hogere prevalentie van AFib.12-13 Wij hebben de relatie tussen 
SCN5A mutaties, atriale geleiding en atriale ectopische activiteit in 214 BrS patiënten 
(78 BrSSCN5A+ en  136 BrSSCN5A-) onderzocht.  Intra-atriale geleidingssnelheid werd 
gemeten aan de hand van de duur van de P-golf op ECG’s. Atriale ectopische activiteit 
werd gemeten door het bepalen van de frequentie van atriale ectopische slagen op 
24-uurs Holter opnames.  De gemiddelde duur van de P-golf was langer in BrSSCN5A+ 
dan in BrSSCN5A- patiënten. Atriale ectopische slagen kwamen echter vaker voor in 
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BrSSCN5A- dan in BrSSCN5A+ patiënten. Deze resultaten suggereren dat in BrS een SCN5A 
mutatie AFib kan helpen handhaven door de intra-atriale geleiding te vertragen, maar 
ook remmend kan werken op het ontstaan van AFib door de atriale ectopische activiteit 
te verminderen.

Deel III  van dit proefschrift  richt zich op de  genetische subtypes 1 en 2 van 
het lange QT syndroom (LQT1 en LQT2), respectievelijk gekoppeld aan  mutaties 
in  KCNQ1  en  HERG. KCNQ1  en  HERG coderen voor 2 verschillende kalium (K+) 
kanalen in het hart. In hoofdstuk 7 hebben we het herhaaldelijk optreden van 
koortsgeïnduceerde ventrikeltachycardie en ventrikelfibrilleren onderzocht in 2 LQT2 
patiënten met de A558P mutatie in HERG.14 Analyse van de ECG’s van deze patiënten 
liet een langere gecorrigeerde QT-tijd (QTc) zien tijdens koorts.  Biochemische  en 
elektrofysiologische studies toonden aan dat  A558P-gemuteerde HERG eiwitten 
minder op het celmembraan tot expressie komen. Co-expressie van mutant en 
normaal HERG liet een dominantnegatief effect van de mutante eiwitten zien op het 
intracellulaire transport van de normale eiwitten naar het celmembraan en op de 
temperatuurgevoeligheid van de HERG stroom. Dus in de aanwezigheid van de mutante 
HERG eiwitten steeg de HERG stroom in mindere mate bij hogere temperaturen dan in 
de afwezigheid van de mutante eiwitten. We veronderstellen dat de zwakke stijging van 
de HERG stroomdichtheid in de aanwezigheid van gemuteerde eiwitten bijdraagt aan 
de ontwikkeling van langere QTc en ritmestoornissen tijdens koorts in onze 2 LQT2 
patiënten. We suggereren dat koorts een potentiële trigger is van ritmestoornissen in 
LQT2. 

In hoofdstuk 8  beschrijven we  het fenomeen van  “nonsense-mediated 
decay” (NMD) in LQT2.15  NMD  is  een controlemechanisme  dat selectief  mRNA 
transcripten  degradeert  met een vroegtijdige stopcodon ten gevolge van een 
nonsense mutatie of een frameshift mutatie.16 Wij  hebben het voorkomen  van 
herhaalde  vroege  miskramen  en intra-uteriene dood ten gevolge van 
hartritmestoornissen bestudeerd in een consanguïne Arabische familie met de Q1070X 
mutatie in  de carboxy-terminus (C-terminus) van HERG.15 Onze biochemische  en 
elektrofysiologische experimenten laten zien dat de Q1070X-gemuteerde eiwitten in 
staat zijn om op het celmembraan tot expressie te komen en functionerende K+ kanalen 
te vormen, maar hun  mRNA  transcripten wordt door NMD  vernietigd voordat 
de transcripten in eiwitten kunnen worden vertaald.  Onze  resultaten tonen aan 
dat NMD leidt tot bijna volledige afwezigheid van HERG in homozygote dragers van 
de Q1070X mutatie in deze consanguïne familie, waardoor homozygote mutatiedragers 
ernstige hartritmestoornissen ontwikkelen, terwijl heterozygote dragers geen evidente 
symptomen vertonen.

In hoofdstuk 9 beschrijven we de effecten van een nieuwe splice acceptor site mutatie 
in intron-1 van KCNQ1 (c.387 -5 T > A) op het fenotype in 2 Arabische consanguïne 
families waarin meerdere kinderen plotseling zijn overleden.17 Homozygote dragers 
van een mutatie in KCNQ1 lijden aan Jervell  en Lange-Nielsen  syndroom (JLNS), 
die wordt gekenmerkt door  lange QT-interval, hartritmestoornissen en aangeboren 
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doofheid.18 Aangeboren doofheid ontstaat doordat KCNQ1 ook tot expressie komt 
in het binnenoor, waar het de secretie van endolymfe en daardoor normaal gehoor 
mogelijk maakt.19-20 Echter, terwijl homozygote dragers van de c.387 -5 T > A mutatie 
in onze 2 consanguïne families ernstige hartritmestoornissen ontwikkelden, leed geen 
van hen aan gehoorverlies. Moleculaire analyse liet zien dat de c.387 -5 T > A mutatie 
lijdt tot een afwijkende transcriptie van KCNQ1. Echter, ongeveer 10% van KCNQ1 kan 
aan deze afwijkende transcriptie ontsnappen en daardoor een normaal gehoorfunctie 
mogelijk maken. We veronderstellen dat een kleine hoeveelheid (zo laag als 10%) van 
KCNQ1 de gehoorfunctie effectief in stand kan houden, maar niet voldoende is voor 
een normale repolarizatie in homozygote familieleden. 

Zoals  mutaties  in niet-voor-eiwit-coderende gebieden van  een gen tot ernstige 
hartritmestoornissen kunnen leiden (zoals beschreven  in  hoofdstuk 9),  zouden 
ook natuurlijk voorkomende genetische varianten in niet-coderende gebieden het 
fenotype kunnen beïnvloeden. In hoofdstuk  10 hebben wij de hypothese getoetst 
dat single nucleotide polymorfismen (SNPs) in de 3’untranslated  region  (3’UTR) 
van KCNQ1 de  relatieve expressie van  normale versus  LQT1-mutatie-
bevattende allel kunnen beïnvloeden en daarmee bijdragen aan de grote variabiliteit 
in ziekte-ernst.21  De  3’UTR  speelt een belangrijke regulerende  rol in de expressie 
van genen.22-23 Heterozygositeit  voor  SNPs  in de 3’UTR  kan deze regulerende rol 
van de 3’UTR in de genexpressie op een allel-specifieke manier beïnvloeden. Dit zal 
waarschijnlijk vooral van belang zijn wanneer een allel een pathogene mutatie bevat. 
In geval van LQT1 kunnen de 3’UTR SNP varianten, die zich op het gezonde of het 
gemuteerde KCNQ1 allel bevinden, het relatieve aantal van eiwitten afkomstig van elk 
KCNQ1 allel veranderen. We hebben daarom  de hypothese getoetst dat  SNPs in  de 
3’UTR  van KCNQ1  de functie van de  3’UTR kunnen beïnvloeden en  daarmee  het 
fenotype op een allel-specifieke manier kunnen wijzigen. We hebben dit onderzocht 
in 168  LQT1  patiënten. Onze resultaten laten zien dat 3’UTR  SNPs inderdaad op 
een allel-specifieke wijze geassocieerd zijn met de QTc en het optreden van symptomen. 
LQT1 patiënten met de minder voorkomende SNP varianten op hun mutant KCNQ1 
allel vertoonden kortere QTc en minder symptomen, terwijl patiënten met de minder 
voorkomende SNP varianten op hun normaal KCNQ1 allel vertoonden langere QTc 
en meer symptomen. Onze resultaten tonen aan dat 3’UTR SNPs de ziekte-ernst op 
een allel-specifieke wijze kunnen beïnvloeden, waarschijnlijk door de expressie van het 
allel waarop ze zich bevinden, en daardoor het evenwicht tussen de eiwitten afkomstig 
van het normaal of het mutant KCNQ1 allel, te veranderen.

In dit proefschrift  is getracht de rol van  potentiële genetische  en niet-genetische 
factoren, die in combinatie met een pathogene mutatie, het fenotype kunnen beïnvloeden, 
te ontrafelen. De belangrijkste bevindingen in BrS zijn dat 1) een mutatie in SCN5A (in 
dit geval de D1714G mutatie) kan de elektrofysiologische eigenschappen van de Na+ 
kanaal op  een temperatuurafhankelijke manier veranderen, met meer verlies-van-
functie (d.w.z. meer “slow inactivation”) bij hogere temperaturen, 2) koorts verhoogt 
het risico op een hartstilstand en kan de typische ECG afwijkingen in BrS verergeren, 
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3) lichamelijke inspanning kan ook de typische ECG afwijkingen in BrS verergeren en 
in BrSSCN5A+ patiënten tot verdere geleidingsvertraging in de ventrikels leiden, en 4) een 
SCN5A mutatie kan AFib helpen handhaven door intra-atriale geleiding te vertragen, 
maar ook remmend werken op het ontstaan van AFib door atriale ectopische activiteit 
te verminderen. De belangrijkste bevindingen in LQTS zijn dat 1) koorts kan leiden 
tot langere QTc en levensbedreigende ritmestoornissen in LQT2 patiënten, 2) afbraak 
van mutant HERG mRNA met een vroegtijdige stopcodon door NMD kan leiden 
tot bijna  volledig verlies van  HERG  en daardoor ernstige hartritmestoornissen 
in homozygote dragers, zelfs wanneer deze mRNA transcripten voor eiwitten coderen 
die kanalen kunnen vormen met bijna normale functie, 3) een mutatie in een intron 
van KCNQ1 (in dit geval een splice acceptor site mutatie in intron-1) kan het fenotype 
beïnvloeden door de exon-intron splicing te verstoren en tot een afwijkend transcriptie 
en splicing leiden, en 4) SNPs in  de 3’UTR  van KCNQ1 kunnen de functie van  het 
3’UTR  en daarmee het fenotype  in LQT1 op een  allel-specifieke specifieke  wijze 
beïnvloeden.
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