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Genetic basis of cardiac
arrhythmias
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* Authors contributed equally

To be published in part as bookchapter in: Ion Channel Biophysics
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GENETIC BASIS OF CARDIAC ION CHANNEL DISEASES

1.1 Introduction

Normal excitation of the human heart depends amongst others on the proper movement of
charged ions through special cardiac ion channels across the surface membrane of millions of
cardiac cells. Disorders of cardiac ion channels may lead to a heterogeneous group of diseases,
also known as cardiac channelopathies, which may predispose to sudden cardiac death (SCD).1
SCD accounts for up to half a million of deaths yearly in the US and originates from cardiac
arrhythmias which fatally decline cardiac output.2 About 80% of SCD results from ischemia due
to coronary artery disease, but in the remaining 20%, other causes -like channelopathies- play
a causal role. Channelopathies (disorders of cardiac ion channels) may lead to cardiac arrhythmias in the absence of structural abnormalities (also known as primary electrical diseases),
which hitherto may predispose to SCD. These cardiac arrhythmias are of a hereditary nature
and form an extending group of cardiac diseases; they are caused by specific mutations in genes
mostly encoding ion channel proteins. The consequences of such mutations are alterations in the
biophysical properties of ion channel proteins, which may affect normal cardiac electrophysiology and render the heart susceptible to the development of life-threatening arrhythmias.
In the last decade there have been major advances in the recognition of pathophysiological
mechanisms leading to SCD. Primary electrical diseases are often classified according to their
phenotypic expression; these include long QT syndrome, Brugada syndrome and sick sinus
syndrome.

This thesis focuses on the understanding of the genetic basis of cardiac arrhythmias, which
is essential for unraveling the pathogenesis of these arrhythmias. Such knowledge in turn
provides new opportunities for patient management such as early (presymptomatic)
identification and timely treatment of individuals at risk for developing fatal arrhythmias.

The following chapter and chapter 2 provide overviews of the biophysics of ion channels (with
emphasis on the cardiac sodium channel) involved in cardiac arrhythmias and of the clinical
and genetic background of these arrhythmias. Chapters 3-7 discuss variants in the cardiac
voltage-gated sodium channel α-subunit encoding gene SCN5A and in the β1 subunit
encoding gene SCN1B(b), associated with several cardiac arrhythmias. In chapter 8 the first
large gene rearrangement in the potassium channel encoding gene KCNH2 is presented, which
is responsible for the long QT syndrome (type 2). This is followed by a discussion and future
perspectives of genetics of cardiac ion channel diseases.
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1.2 Genetic basis of cardiac arrhythmias
1.2.1 The cardiac action potential

The cardiac action potential (Figure 1) is divided into 5 phases (phase 0 to 4) in which the net
effect of different ion currents is described. Phase 0 starts with the activation of voltage-gated
sodium channels which open quickly in response to a voltage stimulus from a neighboring cell.
This results in the rapid influx of positively charged sodium (Na+) ions into the negatively charged
cardiomyocyte, also known as the rapid depolarization phase. Then, the sodium channels
inactivate quickly and completely. On the surface of the body this depolarization wave can be
documented with an electrocardiogram (ECG). The cascade of depolarization of the atrial
cardiomyocytes corresponds on the ECG to the P wave and for the ventricular cardiomyocytes
it corresponds to the Q, R and S waves.
After the rapid depolarization, a moment of repolarization, phase 1, may follow which
starts as a result of the closure of the fast sodium channels and outward movement of
potassium (K+) ions. A plateau phase in the action potential then quickly follows, known as
phase 2, and an almost perfect balance between influx of calcium (Ca2+) ions and outward
movement of K+ ions maintains the action potential at a relatively constant voltage. Compared
to Na+ channels, voltage-gated calcium channels inactivate less rapidly and less completely and
so they feature prominently in maintaining plateau depolarization. This plateau phase of the
ventricular cardiomyocytes corresponds to the first part of the ST-T segment on the ECG.
Phase 3, the repolarization phase, is determined by the efflux of K+ ions from the cells
and corresponds to the last part of the ST-T segment on the ECG. In contrast to the Na+ and Ca2+
channels which force the potential of the cardiomyocytes to positive levels of at least 40 mV
after opening, the K+ channels steer the cell to a negative level of -90 mV.
Phase 4 is referred to as the resting membrane potential and is determined by the
selective permeability of the membrane to various ions, in particular K+ ions, keeping the resting membrane potential in the vicinity of the potassium equilibrium potential. On the ECG the
TP segment represents phase 4 (i.e. the diastolic phase).
So, depending on which cardiac ion channels are open or closed, the cardiomyocytes
are either positively or negatively charged. Moreover, type and level of expression of ion
channels on the cardiomyocyte membrane differ in the different areas of the heart (e.g. atria vs.
ventricles) and in the different myocardial layers (e.g. endocardial vs. epicardial localized
myocardium), thereby inducing different action potentials and subsequent potential differences
with each heart cycle.
Mutations in the genes encoding ion channels can cause abnormal channel
functioning and may thereby lead to changes in the action potential morphology. These action
potential changes may subsequently give rise to electrical instability with life-threatening
arrhythmias as a direct result.
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1.2.2 Cardiac ion channels

Individual cardiac myocytes express large numbers of ion-channel encoding genes. Ion channels
are membrane proteins which underlie rapid electrical signals among neurons and the spread
of excitation in skeletal muscle and heart. Ion channels constitute a class of macromolecular
protein tunnels that span the lipid bilayer of the cell membrane, which allow ions to flow in or
out of the cell in a very efficient fashion. This flow of ions creates electrical currents large
enough to produce rapid changes in the transmembrane voltage, which is the electrical
potential difference between the cell interior and exterior. Each ionic current has its own
specific ionic selectivity and time course, which generally means that ion channels are selective
for one type of ion over all others in their physiological environment. Variability in the
expression or function of individual ion-channel genes is an increasingly recognized source of
variability in the ion currents recorded in cardiac myocytes under physiological conditions as well
as in disease.

Figure 1: Schematic representation of the ionic currents contributing to the action potential; A. the electrocardiogram
(ECG) and the P-QRS-T segments in time aligned with; B. the ventricular action potential with phase 0 to 4 and the ionic
currents originating from; C. the cardiomyocyte displaying (only) those transmembrane ion channels, β-subunits and ionic
currents involved in the pathogenesis of the described inherited arrhythmia syndromes. Abbreviations as in the text.
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Voltage-gated Na+ channels are responsible for the upstroke of the action potential (Figure 1)
and for the generation of cell-to-cell current, which underlies propagation of the action potential
in excitable tissues including muscle, nerve and the heart. The channels are composed of
pore-forming α-subunits of ~260 kDa associated with one or two β-subunits of 30–40 kDa that
alter the properties of the channel. The α-subunit gene family consists of nine genes3 (and one
additional sodium channel-like gene), that are highly conserved across species. The channels are
characterized by differential (in)activation kinetics and by different sensitivities to the sodium
channel blocker tetrodotoxin (TTX): highly TTX-sensitive α-subunits (encoded by SCN1A, SCN2A,
SCN3A, SCN4A, SCN8A, SCN9A) have faster inactivation kinetics compared to α-subunits that
are less sensitive to TTX (encoded by SCN5A, SCN10A, SCN11A).
The four β-subunit isoforms, which are all expressed in the heart, can be divided into
2 groups: β1 (SCN1B4) and β3 (SCN3B5,6) are most similar in amino acid sequence and are
noncovalently associated with the α-subunits6,7; β2 (SCN2B) and β4 (SCN4B8) subunits are also
closely related in amino acid sequence to one another but as opposed to β1 and β3 are
disulfide-linked to the α-subunits.5,8

α-Subunits
The pore-forming α-subunit of the cardiac specific voltage-gated Na+ channel (encoded by
SCN5A), is a large transmembrane protein that contains four structurally homologous domains
(DI-DIV), each composed of six helical transmembrane segments (S1-S6) (Figure 2). The S5 and
S6 segments and the P-loop between them line the channel pore. The pore contains the
selectivity filter also referred to as the DEKA ring (consisting of aspartic acid, glutamate, lysine,
alanine; one of these amino acids per P-loop), which attracts positive Na+ ions and excludes
negatively charged ions.9 The lysine residue in the P-loop of DIII is important for discrimination
for Na+ over Ca2+.10,11
Depending on the membrane potential, voltage-gated Na+ channels can occupy three
functional states: resting (closed), activated (open), and inactivated (closed). The highly
conserved S4 region in each domain has a positive amino acid at every third position, and is
considered the voltage sensor. The transition from the resting state to the activated state
occurs when a change in transmembrane voltage moves S4 from inside the pore towards the
extracellular side of the cell, activating the channel which becomes permeable to ions.12
Inactivation is mediated mainly by the inactivation gate (DIII-DIV linker), which blocks the
inside of the channel shortly after it has been activated, and the C-terminal cytoplasmic
domain.13-15 During an action potential the channel normally remains open for only a few
milliseconds after depolarization before it is being inactivated. When the membrane potential
reaches the threshold potential during the repolarization phase, the channels return to their
resting state and can be activated again during the next action potential.
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β-Subunits
β-Subunits consist of one transmembrane segment, an intracellular domain and a glycosylated
extracellular domain. The structure of the extracellular domain resembles the structure of the
V-like family of Ig-fold proteins, containing domains similar to the variable regions of antibodies and including motifs as found in cell adhesion molecules.16
The multifunctional β-subunits modulate channel gating, regulate the level of
expression of the α-subunit at the plasma membrane,17,18 and are involved in cell adhesion
through interaction with the cytoskeleton, extracellular matrix, and other cell adhesion
molecules that regulate cell migration and aggregation.19

Potassium channels

Many types of K+ channels act together to determine the configuration and duration of the
cardiac action potential (Figure 1). In the heart, K+ channels include voltage-gated channels, such
as the rapidly activating and inactivating transient outward current (Ito1), the ultrarapid (IKur),
rapid (IKr) and slow (IKs) components of the delayed rectifier current, and the inward rectifier
current (IK1).
The delayed rectifier K+ current (IK) has a major role in modulating action potential
duration and in the heart comprises at least three distinct components: IKur, IKr and IKs. These
currents are easily distinguished on the basis of their pharmacological and biophysical
properties.
IKur has been recorded in human atria but not in human ventricular tissue. This means
that IKur is the predominant delayed rectifier current responsible for human atrial repolarization. This K+ current activates rapidly in the plateau range and inactivates very slowly during the
time course of the action potential.20,21
IKr activates rapidly compared to IKs, but also partially inactivates. In cardiac
myocytes, IKs activates very slowly in response to membrane depolarization and activates slower
than any other known K+ current. Due to its slow rate of activation, the contribution of IKs to
the net repolarizing current is greatest in phase 3 of the cardiac action potential.
The transient outward current Ito can be divided into two distinct transient outward K+
currents, Ito,f and Ito,s, which are differentially distributed in the myocardium. These currents are
differentiated based on their rate of inactivation and recovery from inactivation.
The cardiac inward rectifying potassium current (IK1) stabilizes the resting membrane
potential and is responsible for determining the threshold for the initial depolarization and final
repolarization of the action potential.22 IK1 is a strong rectifier that passes K+ currents over a
limited range of membrane potentials. Upon depolarization, IK1 channels close almost
immediately, remain closed during the plateau phase and open again at negative potentials.

α-Subunits
The membrane-spanning domain of all voltage-gated K+ channels contains two highly conserved
parts: the voltage-sensing part that surrounds the central pore and the pore domain itself. The
channels are composed of a tetramer of the primary subunits: functional potassium channels are
made up of four identical primary subunits, that each contain six transmembrane-spanning
domains (S1–S6), with the S4 segment containing six positive charges.23
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The pore domain, S5 segment, the P-loop, and S6 segment all together make up the ion
permeation pathway, including the selectivity filter.24 The opening of the channel and generation of the alleged gating current is caused by membrane depolarization, which mediates a
movement of the positively charged residues of S4 through the gating channel. However, the
voltage sensor of voltage-gated K+ channels is not exclusively S4. Transmembrane segments S2
and S3 (and possibly S1) also contribute to voltage sensing.25
The human ether-a-go-go-related gene KCNH2 encodes the α-subunit of the IKr
channel (HERG). When Drosophila flies with mutations in the ether-a-go-go gene are
anaesthetised with ether, their legs start to shake, like dancing.
Similar to other voltage-gated K+ channels, changes in membrane potential induce a
sequence of conformational changes within the HERG protein that allow permeation of K+ ions.
Opening of the channel involves widening of the inner helices.24 The S6 of HERG has a
conserved glycine, which might be involved in channel opening by splaying of the inner
helices.26 In the closed state, the four inner helices that line the channel pore create a narrow
opening that prevents passage of ions by leaning towards the membrane and interlace near the
cytoplasmic border. HERG channels contain a PAS (Per–Arnt–Sim; Per stands for Drosophila
period clock protein, Arnt stands for aryl hydrocarbon receptor nuclear translocator and Sim is
Drosophila single-minded protein) domain on their cytoplasmic N-terminus that may interact
with other regions of HERG such as the S4–S5 linker to affect channel deactivation,27,28 but the
exact role of this domain in HERG remains unclear.
KCNQ1, encoding the α-subunit of the IKs channel, has a typical pore loop (Figure 2).
The structural basis of KCNQ1 channel activation has not been studied, but it is likely that most
of the general features of S4 movement and involvement of S6 in channel opening will be
similar to HERG. Unlike HERG, KCNQ1 has a motif similar to the S6 proline-X-proline sequence
of other voltage-gated K+ channels: proline-alanine-glycine, which is expected to play a role in
gating. Furthermore, S6 contains an alanine hinge, a residue that would favor maintenance of
the α-helical structure. Membrane repolarization causes a transient increase in KCNQ1
channel conductance that precedes deactivation. The molecular mechanism of KCNQ1 channel
inactivation is poorly understood, but is independent of extracellular K+ concentration.29
Kv4.3 is the pore-forming subunit for Ito,f in human hearts. Voltage-gated K+
channels only form homomultimers (multimerize) with members of their own subfamily. This
means that Kv4.x genes can only multimerize and form functional channels with other Kv4.x
genes. The structural feature responsible for this, is the highly conserved C-terminus of the
channel known as the tetramerization domain (T1 domain),30 which is a ~130 amino acid
sequence directly preceding the first transmembrane domain. This domain is also thought to
play a role in channel gating.
Different gene families (Kir2.1–2.3) encoding IK1 have been found in human heart.
Similar to voltage gated K+ channels, the Kir2.x channels are tetramers.31 However, Kir subunits
contain only two transmembrane domains (M1 and M2), which are highly homologous to the
S5 and S6 of the abovementioned voltage-gated K+ channels (Figure 2).32 Each Kir subunit has
cytoplasmic amino-terminal and carboxyl-terminal regions and a pore loop structure (P or H5
region) between M1 and M2. The P loop contains a selectivity filter that determines K+
selectivity.

15

GENETIC BASIS OF CARDIAC ION CHANNEL DISEASES

Interacting subunits
Heterologous expression of the pore-forming α-subunits is sufficient to generate functional K+
channels. However, the essential role of β-subunits in current characteristics is being
increasingly recognized: an expanding family of function-altering β-subunits has been
identified, which can modulate functional expression.33

Figure 2: Schematic representation of the cardiac ion channel proteins Nav1.5, Cav1.2, KvLQT1, Kir2.1 and the HCN4
encoded nonspecific cation channel. See text for further explanation. (Courtesy of A.C. Linnenbank)
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KCNQ1 encoded subunits interact with KCNE1 encoded minK subunits; small channel
subunits (<130 amino acids) that coassemble with α-subunits to form functional channels that
considerably alter gating.34,35 The role of MinK-related protein (MiRP1), encoded by KCNE2, as
a physiologically relevant modulator of HERG channels remains controversial. The structural
basis of altered KCNQ1 gating by MiRP subunits has not been determined yet.
Besides several cytoskeletal proteins, Kv4.3 interacts with: (1) K+ channel interacting
proteins (KChIPs),36 which have a conserved C-terminus that contains four EF-hand-like
calcium-binding motifs; (2) NCS-1 (also called frequenin), which increases the current density
and slows the rate of inactivation of the Kv4.x current when coexpressed with Kv4.x α-subunits.37,38 In contrast to KChIPs, however, NCS-1 does not affect the voltage dependence of
inactivation or rate of recovery from inactivation of the channel; (3) K+ channel accessory
proteins (KChAPs),39 which can increase current expression, without an effect on current
kinetics; (4) dipeptidyl-aminopeptidase-like protein 6 (DPPX or DPP6), which causes an increase
in surface expression, an increase of recovery from inactivation, and a shift in inactivation
voltage dependence when coexpressed with Kv4.3.40,41

Calcium channels

Muscle contraction is regulated by elevation of the intracellular Ca2+ concentration mediated
by the interaction of two membrane proteins, the L-type voltage-gated calcium channels and
the ryanodine receptors. Cardiac muscle contraction requires Ca2+ entry with each beat which
triggers Ca2+ release from the sarcoplasmic reticulum (SR) via Ca2+-release channels, such as the
ryanodine receptor, resulting in a cascade of Ca2+ ions released into the cytosol, i.e. calciuminduced calcium release.
The cardiac L-type Ca2+ channel is assembled from three tissue-specific isoforms; α1
(α11.2), α2δ1, and β isoforms, which are considered the functional minimum core for Ca2+
channel assembly (for review see: Bodi et al.42). Four hydrophilic and nonglycosylated β-subunit
isoforms (β1– β4) have been described, but only β2 and β3 form cardiac L-type voltage-gated
Ca2+ channels.
The accessory subunits (β, α2/δ) are tightly but not covalently bound to the α1 subunit and
modulate the biophysical properties and trafficking of the α1 subunit to the membrane.

α-Subunits
Like voltage-gated Na+ channels, Ca2+ channel α1-subunits (170–240 kDa) consist of 4
homologous domains (I–IV), each composed of 6 transmembrane-spanning α-helices (S1 to S6)
linked by variable cytoplasmic loops (figure 2). To date, 10 α1 subunit genes have been
identified and separated into 4 classes: Cav1.1 (α1S), 1.2 (α1C), 1.3 (α1D), and 1.4 (α1F). Only
the α1C (dihydropyridine-sensitive) -subunit is highly expressed in cardiac muscle.
The α1-subunit consists of the ion-selective pore, voltage sensor and the binding sites
for channel-modulating drugs and is autoregulatory. The S5 and S6 segments and the P-loop
between them from each domain line the channel pore. The pore contains the selectivity filter,
with one conserved glutamate residue (E) per P-loop.43 The positively charged S4 region of each
domain is highly conserved and has a positively charged residue (arginine or lysine) at every
third or fourth position. Like voltage-gated Na+ channels and K+ channels, this segment is
considered the voltage-sensor.
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β-Subunits
The β-subunit, which does not have a membrane-spanning region, is tightly bound to a highly
conserved motif in the cytoplasmic linker between domains I and II of voltage–gated α1-subunit isoforms, called the α-interaction domain (AID), and also to a secondary site.44-46 The
β-interaction domain (BID) connects with the AID through a α-binding pocket (ABP), a
conserved hydrophobic crevice.47 Coexpression of β-subunits modulates the biophysical properties of the α1-subunit. A 153-aa sequence in the human cardiac short β2f and β2g-subunits
was recently described as being essential for modulating Ca2+ channel function and interaction
with the α1C subunit.48

α2/δ-Subunits
The α2/δ-subunits are closely associated with the α1-subunit by surface interaction and are
intracellularly linked to the δ-subunit through a disulfide bridge. The α2-subunit is completely
extracellular, while the δ-subunit has a single transmembrane region with a short intracellular
part. Both subunits are encoded by the same gene, which is separated by proteolytic cleavage.49
The in vivo function (and structure) of the α2/δ-subunits is still unknown, however, coexpression of these subunits in heterologous expression systems affects α1 function by increasing
channel density with variable minor effects on channel kinetics.50

HCN channels

HCN (hyperpolarization-activated cyclic-nucleotide-modulated) channels form a family of
nonselective cation channels, which are present mainly in neurons and heart cells, and are
responsible for If, the “funny” current in heart tissue, mainly in pacemaker cells (K+-Na+ inward
current). If is activated upon hyperpolarization and is the main source of depolarizing current
and responsible for the duration of diastolic depolarization interval, thereby it controls the heart
rate in normal conditions. Because of the functional properties of HCN channels and their
presence in sinusnode cells, the HCN channels are considered pacemaker channels. Four
different isoforms have been described and except for HCN3, these isoforms are significantly
expressed in the human heart. The dominant HCN isoform in the adult sinusnode is HCN4.51,52
It is thought that the slowly activating HCN4 contributes to the pacemaker activity and the
modulation of the heart rate by β-adrenergic stimulation, but the faster activated HCN1 and
HCN2 may play a role in maintaining the resting potential of pacemaker cells and other cells.
The HCN channels share a highly conserved core region containing 6 transmembrane
segments, with the S4 segment being the voltage sensor (Figure 2). The intracellular N and C
termini are less conserved between the different HCN channels except for a 120 amino acid
long cyclic nucleotide binding domain starting about 80 amino acids downstream of S6. The
S1, S1-S2 linker, S2, and S6 C-terminal region are essential for the activation of HCN
channels.53-55
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1.2.3 Channelopathies and their clinical relevance

Normal cardiac functioning is determined by the appropriate timing and functioning of millions
of cardiac cells. Loss-of-function or gain-of-function of cardiac ion channels may result in
critical changes of the action potential in parts of or throughout the heart, which may
subsequently result in abnormal cardiac behaviour. Complete loss-of-function channelopathies
are considered to be not compatible with life, so most clinically observed channelopathies will
show moderate impairment or attenuation of ion channel function. Importantly, as malignant
arrhythmias may only occur once or intermittently during life, day to day functioning of the
heart is most often normal, or at least sufficient. This implies that only during certain conditions
(such as psychological stress, exercise, auditory stimuli, hyperthermia, use of certain drugs,
premature ventricular contractions, bradycardia etc.) and a simultaneously increased vulnerability of the heart, the channelopathy emerges and gives rise to the aforementioned arrhythmias,
which may ultimately lead to syncope or not rarely SCD. Most channelopathies follow a
Mendelian pattern of inheritance and are classified as either autosomal dominant (most
observed) or autosomal recessive (rare). The phenotypic expression of channelopathies is often
heterogeneous; where it may give a disastrous outcome in one patient, another may experience
no or only minor complaints. Probably, delicate gene-gene interactions and co-existing
abnormalities play an important role in determining the ultimate phenotype of the disease.
Furthermore, abnormal ion channel functioning may not only alter the cardiac action potential
in different ways, but in rare cases may also give rise to other cardiac or extra-cardiac
abnormalities.
Cardiac ion channelopathies are often classified according to their phenotypic
expression; these include Long QT syndrome, Short QT syndrome, Brugada syndrome,
Catecholaminergic polymorphic ventricular tachycardia, Sick sinus syndrome and Familial atrial
fibrillation,56 all of which will be discussed in the following section.

Long QT syndrome

The Long QT syndrome (LQTS) is a cardiac arrhythmia characterized by a prolonged (heart rate
corrected) QT interval on the ECG (QTc). LQTS is associated with syncope and sudden death
caused by polymorphic ventricular tachycardia also known as torsades de pointes.57 LQTS is
estimated to affect 1 per 5000 individuals.58 The LQTS phenotype is caused by mutations in
different genes which have been classified into different LQTS types (Table 1).
The most common form of LQTS inherits in an autosomal dominant fashion, also
referred to as Romano-Ward syndrome.59,60 Autosomal recessive inheritance is rare and described
as Jervell-Lange-Nielsen syndrome61 in combination with deafness and homozygosity or
compound heterozygosity for mutations in the α-subunit encoding K+ channel KCNQ1 (JLN1) or
its interacting subunit encoding gene KCNE1 (JLN2). This latter form particularly is very
malignant and has a high incidence of syncope and death during follow-up.62Of importance,
the use of many drugs and/or substances is associated with prolongation of the QT interval,
leading to ‘acquired’ LQTS, which may subsequently result in malignant arrhythmias.63 Probably, some of these patients exhibit a subclinical form of congenital LQTS,
either with mutations or polymorphisms in the LQTS genes. Also hypokalemia and factors
influencing pharmacokinetics and pharmacodynamics of the aforementioned drugs may
19
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predispose these patients to prolongation of the QT interval and arrhythmias. Clearly, these
provoking factors need to be avoided in all patients with LQTS.

Ion channel mutations
The most common cause of LQTS involves mutations in the genes that encode α-subunits of K+
channels that conduct the slow (IKs, KCNQ1; LQT1) and rapid (IKr, KCNH2; LQT2) delayed
rectifier K+ currents.
More than 200 mutations, mostly missense, have been found in KCNQ1. Functional
analysis showed that the net effect of LQT1 mutations is a decreased outward K+ current
during the plateau phase of the cardiac action potential. The channel remains open longer,
ventricular repolarization is delayed, and the QT interval is prolonged. A multicenter study of 670
LQTS patients of known genotype showed that LQT1 patients (n=371) experience a majority of
their cardiac events (62%) during exercise, and only 3% occur during rest or sleep.64 Of the
patients who experienced cardiac events while swimming, 99% had LQT1.
Also over 200 mutations have been reported in KCNH2. The majority of the pore region
defects are missense mutations, while non-pore defects demonstrate a variety of missense,
nonsense, and frameshift mutations. Mutations can result in either structural ion channel
defects having dominant-negative effects or intracellular “trafficking” abnormalities causing a
reduction in the number of functional ion channels, both leading to loss-of-function. Electrophysiological studies showed that KCNH2 mutations cause K+ ion channels to deactivate (close)
much faster, blunting the normal rise in IKr current that results from rapid recovery from
channel inactivation/slow deactivation. The IKr current during the plateau phase is reduced and
ventricular repolarization delayed, leading to a prolonged QT interval. Interestingly, unexpected
auditory stimuli (e.g. arousal by an alarm clock or telephone) and emotional stress may serve as
triggers for arrhythmic events in LQT2 patients, which may be caused by a systemic
catecholamine effect or a catecholamine-related shift in the extracellular environment.65
A rather relatively uncommon type of LQTS is associated with mutations in SCN5A
(LQT3). Thus far, over 70 LQTS-causing missense mutations and small (in frame) insertions and
deletions have been identified in SCN5A.66 These gain-of-function mutations result in an increase
in the late component of the Na+ current by slowing of inactivation or an increase in the
reversibility of inactivation, resulting in a small but constant entry of Na+ in the plateau phase
of the action potential.67 Because in SCN5A-related LQTS QT-prolongation is most pronounced
at lower heart rates, bradycardia presents an important risk factor for developing lethal
arrhythmias in LQTS families with mutations in SCN5A.68 The frequency of cardiac events is
higher among LQT1 patients (63%) or LQT2 patients (46%) than among LQT3 patients (18%).
However, the likelihood of dying during a cardiac event was highest among patients with LQT3.69
Mutations (missense or in-frame deletions/insertions) in KCNE1 and KCNE2, encoding
K+ channel interacting subunits, have also been associated with LQTS (LQT5 and LQT6
resp.).70-72 Furthermore, the first mutation in the SCN4B gene encoding Navβ.4 was recently
presented (LQT10), which altered sodium channel function.73
Adaptor protein mutations
Mutations in the gene encoding ankyrin-B (Ank2), a non-ion channel protein, present QT
interval prolongation with unusual electrocardiographic features (LQT4).74,75 Ankyrins are thought
to participate in localization of Na+ or Ca2+ channels to the sarcolemma and bind to several ion
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channel proteins, such as the anion exchanger (Cl-/HCO3- exchanger), Na+,K+–ATPase, voltagegated Na+ channels and Na+/Ca2+ exchanger (NCX). How loss of ankyrin-B function can lead to
ventricular arrhythmias remains unclear, but it is thought that disturbed Ca2+ dynamics may
play a role: the reported mutations interfere with anchoring of Na+,K+–ATPase and NCX,
resulting in Na+ build-up and a compensatory increase in intracellular Ca2+ stores.74
Caveolin-3 is a component of the dystrophin glycoprotein complex, which plays a role
in mediating interactions between the cytoskeleton, membrane and extracellular matrix in
cardiac and skeletal muscle. CAV3 can form caveolae, small membrane invaginations that
participate in signal transduction, protein transcytosis and fluid homeostasis. Interestingly,
caveolae have been described to colocalize with SCN5A and thereby may be involved in the
formation of a Na+ channel macromolecular complex.76 Electrophysiological studies of
mutations in LQTS associated CAV3 (missense) mutations (LQT9) demonstrated a gain-offunction effect on late Na+ current which is quantitatively similar to that reported in LQT3,67,77
suggesting that this may cause the prolonged QT interval and associated arrhythmias. However,
the molecular mechanisms between these CAV3 mutations and the changed sodium channel
function are not fully defined.
Recently, a mutation in the A-kinase anchoring protein 9 (AKAP9; LQT11) has been
described that reduces the cAMP-dependent phosphorylation of KCNQ1, thereby eliminating the
functional response of the IKs channel to cAMP, resulting in prolongation of the action
potential in a computational model of the ventricular cardiomyocyte.78 Furthermore, mutations
in the syntrophin-α encoding gene SNTA1 were recently reported to be responsible for
secondary gain-of-function of the cardiac Na+ channel (LQT12).79,80

Multisystem disorders
Mutations in KCNJ2, encoding the inward rectifier K+ channel Kir2.1 or IK1 are associated with
QT interval prolongation in the context of the multisystem disorder Andersen syndrome (LQT7).81
Andersen syndrome (also referred to as Andersen-Tawil syndrome) is a rare skeletal muscle
disorder often associated with prolongation of the QT interval, with the classical triad of
periodic paralysis, cardiac arrhythmias, and congenital dysmorphisms.82,83 Contrary to other long
QT syndromes, sudden death occurs infrequently in patients with this syndrome. Andersen
syndrome associated mutations in KCNJ2 cause dominant-negative suppression of Kir2.1
channel function, or intracellular “trafficking” defects.81,83,84 Inheritance of Andersen syndrome
is autosomal dominant, although penetrance of the disease and disease expression and
severity are highly variable. For instance, patients with the heterozygous missense mutation
p.Arg67Trp have been found to display nonspecific ECG abnormalities but no QT prolongation,
despite a history of syncope and frequent ventricular premature beats.85
Gain-of-function mutations in the voltage-gated Ca2+ channel CACNA1c have been
described that present QT interval prolongation in the context of the multisystem disorder
Timothy syndrome (LQT8).86 This disorder is characterized by multiorgan dysfunction, including
lethal arrhythmias, congenital heart defects, immune deficiency, intermittent hypoglycemia,
syndactyly, cognitive abnormalities, and autism. Two de novo mutations were identified in exon
8 and in the alternatively spliced exon 8a of the gene, encoding transmembrane segment S6 of
domain I, resulting in a reduction of channel inactivation and thereby leading to maintained
depolarizing Ca2+ currents during the plateau phase of the action potential.
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Treatment
Preliminary clinical studies indicate the possibility for genotype-specific therapy based on
abbreviations of the QT interval by agents or other interventions in congenital LQTS. When the
genotype cannot be identified, β-blockers are the first choice of therapy in LQTS patients.
The international registry of LQTS reported that β-blockers reduce the incidence of syncope and
sudden cardiac death in patients with congenital LQTS, especially in LQT1 patients (80 %).64
However, β-blockers are less effective in LQT2 and LQT3 patients. LQT2 patients could benefit
from longterm oral K+ administration, which was reported to improve repolarization abnormalities in these patients.87 It was also suggested that K+ channel openers may be effective when
LQTS is secondary to reduced IKs or IKr, but not when it is due to augmented late INa (LQT3). The
latter may be given a class Na+ channel blocker, as first line therapy in LQT3 patients, but should
be used at the moment in the presence of β-blockers or in combination with an implantable
cardioverter-defibrillator (ICD). Patients with the SCN5A mutation p.Asp1790Gly showed an
abbreviated QT interval after administration of the class IC Na+ channel blocker
flecainide.88 However, class IC Na+ channel blockers might elicit a Brugada syndrome phenotype
in LQT3 patients.89 Pacemaker therapy might also be useful in LQT3 patients: studies have shown
that atrial pacing without sympathetic stimulation shortens the QT interval more significantly
in patients with LQTS than in control patients, which was specifically clear in LQT3 patients
during exercise.90

Short QT syndrome

The short QT syndrome (SQTS) is an inherited syndrome characterized by a QTc ≤ 320 ms and
high incidence of ventricular tachycardia/fibrillation in infants, children and young adults.91,92
The first genetic defect responsible for the SQTS (SQT1), involved two different missense
mutations resulting in the same amino acid substitution in KCNH2 (p.Asn588Lys), which caused
a gain of function in IKr.93 Hereafter, two missense mutations in KCNQ1 were reported that
caused a gain-of-function in IKs (SQT2).94,95 One of these mutations (p.Val141Met) was a de
novo mutation responsible for SQTS and atrial fibrillation in utero, confirming the hypothesis
that gain-of-function mutations in KCNQ1 channels can shorten the duration of ventricular
and atrial action potentials. The third gene to be associated with this syndrome is KCNJ2.96 SQT3
is associated with QTc intervals, < 330 ms, not quite as short as SQT1 and SQT2. Mutations in
KCNJ2 caused a gain-of-function in IK1, leading to an abbreviation of QT interval. Also a
shortening of the terminal part of the ST segment can be observed.
Mutations in CACNA1c and CACNB2b, encoding the α1- and β2b-subunits of the
L-type calcium channel, have recently been documented in patients with Brugada syndrome
and somewhat shorter than normal QT intervals (ranging from 330 to 370 ms).97 The clinical
significance of moderate shortening of the QT interval is currently under debate.98

Treatment
Because shortening of the QT interval is likely due to an increase in the outward current,
blocking the current with class III antiarrhythmic drugs (which are known to increase the QT
interval) may be a therapeutic approach for treating SQTS. However, the high incidence of SCD
necessitates the implantation of an ICD, especially in symptomatic patients in whom sudden
death has been aborted.
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Brugada syndrome (BrS) is characterized by specific ‘coved type’ or ‘type-1’ ST segments in the
right precordial ECG leads (V1 to V3 and leads placed in a higher intercostal space) and is
associated with SCD at young age particularly in situations with an augmented vagal tone (e.g.
during sleep).99-101 BrS has an estimated prevalence of 1 case per 2000 individuals,99 although
this is probably too high for the specific ‘type-1’ ECG. It is thought to be more prevalent in Asia
than in Europe and the US, but exact figures are uncertain because large prevalence studies are
scarce and the typical ECG may often be concealed. It is believed to cause 4 to 12% of all
sudden cardiac deaths and ~20% of deaths in patients without structural abnormalities.102
However, most patients with BrS are -and remain- asymptomatic.103 Furthermore, the
pathophysiologic mechanisms determining the vulnerability of the heart for ventricular
arrhythmias and the coved type morphology on the ECG are still under debate.
BrS displays an autosomal dominant inheritance, but the genetic origin of this
syndrome is still largely uncertain with a yield of genetic testing of only 15-30%. Mutations
leading to loss of Nav1.5 channel function can result in BrS (Table 1).104 To date, over 90
mutations in SCN5A (of which ~14 % are nonsense or frameshift mutations, leading to
truncation of the protein) have been described in BrS patients.66 These loss-of-function
mutations are associated with dysfunctional channels or with a reduction of membrane
expression of the channel due to a trafficking defect. Loss of Na+ channel function reduces the
upstroke of the action potential and may slow down action potential propagation. Thus, not
surprisingly, patients with BrS often present with (progressive) conduction
defects.105,106 Futhermore, a haplotype in the promoter region of SCN5A that frequently occurs
in Asians was found to be associated with slower conduction in control patients and also in
Brugada patients,107 suggesting that decreased expression of SCN5A transcripts may contribute
to differences in BrS prevalence as a function of ethnicity.
As mentioned earlier, mutations in SCN5A result in multiple arrhythmia syndromes,
among which LQT3, conduction disorders or as overlap syndromes displaying combinations of
these disorders.108 The same may be true for calcium channel mutations. Genetic and heterologous expression studies recently revealed loss-of-function missense mutations in CACNA1c and
CACNB2b in BrS patients with shorter-than-normal QT intervals.97
Other genes associated with BrS are the glycerol-3-phosphate dehydrogenase 1-like
gene (GPD1L)109 and the Na+ β-subunit encoding gene SCN1B. Mutations in GPD1L can modulate ion channels (probably the Na+ channel) in the heart, but are rare.110 Also a mutation in
SCN1B was found to have an effect on the INa, leading to BrS and isolated conduction defects.
Recent reports indicate that there could be (ultra)structural abnormalities involved in
BrS.111,112 Overlap with arrhythmogenic right ventricular cardiomyopathy has even been
suggested before the original report on BrS.113
The ECG and arrhythmias associated with BrS may -alike LQTS- be provoked by many
drugs.101 In daily clinical practice this knowledge is used to provoke the type-1 Brugada-ECG with
potent sodium channel blockers (e.g. ajmaline or flecainide) in patients suspected of BrS who
do not spontaneously display the type-1 ECG. These drugs include antiarrhythmic drugs,
antianginal drugs, psychotropic drugs and also substances like cocaine and alcohol. Obviously,
these drugs need to be avoided in BrS patients. Intriguingly, also hyperthermia114,115 (e.g. fever)
may provoke the ECG and arrhythmias in a subset of BrS patients.
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Treatment
An ICD should be implanted in BrS patients with a history of cardiac arrest/aborted sudden
cardiac death or syncope, because of a high recurrence rate of cardiac events during followup periods after the first cardiac event.116-119 The indication of ICD is still controversial in patients
with asymptomatic BrS (i.e. without a history of cardiac arrest/aborted sudden cardiac death and
syncope). To reduce the incidence of VF episodes, pharmacological treatment can be considered
in symptomatic BrS patients, in combination with ICD therapy. This treatment consists of the
administration of agents that reduce outward currents (e.g. Ito, IK-ATP, IKs, IKr) or induce
inward currents (e.g. ICa-L) at the end of phase 1 of the action potential and as a result
attenuate ST segment elevation.

Conduction defects

Cardiac conduction disease is most often caused by fibrosis of the conductive tissue in the heart
following myocardial infarction, surgery, neuromuscular disease or in combination with
congenital cardiac defects. However, cardiac conduction disease may also be caused by
channelopathies. Four loci have been described for cardiac conduction disease with an autosomal dominant form of inheritance. Progressive conduction disease is often referred to as
Lev-Lenègre’s (or Lenègre-Lev’s) disease.120,121 Typical of Lev-Lenègre’s disease is the progression
of the disease with aging.
One form of progressive cardiac conduction disease or progressive familial heart block
is caused by loss-of-function mutations in SCN5A (Table 1).122,123 The decrease of depolarizing
current induced by the SCN5A mutation will slow the upstroke of the action potential and also
decrease the depolarizing current to neighboring cells, thereby slowing conduction. Early
fibrosis of the conduction system, distinct from the fibrosis observed in normal aging, also seems
to be related to the SCN5A mutations.122,124,125
The other forms of conduction disease have been described as diseases with different
electrocardiographic characteristics of conduction disturbance126 and have been linked to
chromosome 19q13.2–q13.3127 and 16q23–24.128 Another locus on chromosome 1q32.2-q32.3
was recently linked to conduction defects in a family with dilated cardiomyopathy.129 The
causative genes in the three latter forms are, however, not yet identified.

Catecholaminergic polymorphic ventricular tachycardia

Catecholaminergic polymorphic ventricular tachycardia (CPVT) is a rare, autosomal-dominant or
-recessive inherited disorder, mainly affecting children or adolescents with structurally normal
hearts.130 It is characterized by (polymorphic) ventricular tachycardia and a high risk of sudden
cardiac death (30-50% by the age of 20-30 years) triggered by adrenergic stimuli.
Recent studies have identified mutations in genes encoding the cardiac ryanodine
receptor 2 (RyR2; channel located in the membrane of the sarcoplasmic reticulum that is
responsible for the control of calcium release) or calsequestrin 2 (CASQ2; the major calcium
storage protein in the sarcoplasmic reticulum) in patients with this phenotype (Table 1).131-134
Mutations in RyR2 cause autosomal dominant CPVT, whereas mutations in CASQ2 are responsible for either an autosomal recessive or dominant form of CPVT. To date, more than 70 RyR2
missense mutations have been identified in CPVT patients. Most of these mutations are clustered
in two regions corresponding to the C-terminus of the protein and to the central region, which
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is believed to contain regulatory protein FKBP12.6 binding domains. Only 7 mutations have been
reported in CASQ2. Of these, two mutations are nonsense, two are truncations (small deletions),
and three are missense mutations.
Unfortunately, only a limited number of RyR2 mutations have been functionally
characterized and it is for this reason difficult to define whether functional differences exist
among mutations and whether they account for severity of the phenotype.135 It is suggested
that RyR2 mutations in the presence of high adrenergic tone can lead to leaking of intracellular Ca2+ ions which then generates inward depolarizing membrane currents, delayed after depolarizations and subsequent ventricular arrhythmias. Recently, adaptive changes to CASQ2
deficiency (increased posttranscriptional expression of calreticulin and RyR2) were found to
maintain electrical-mechanical coupling, but increase RyR2 leakiness.136 The central role of RyR2
dysfunction in CASQ2 deficiency therefore merges the pathophysiological mechanism underlying CPVT due to RyR2 or CASQ2 mutations.

Treatment
The preferred therapy for CPVT is β-blockers,130 which may prevent syncope and sudden death
because adrenergic activation is the main trigger for cardiac events in these patients.137 An ICD
is required in 30% of patients because of symptomatic recurrence of life-threatening
arrhythmias.138

Sick sinus syndrome

Sick sinus syndrome (SSS) is an abnormality involving the generation of the action potential by
the sinus node and is characterized by an inappropriate atrial rate (too slow) for physiological
requirements. The most common clinical manifestations are syncope, presyncope, dizziness, and
fatigue. Electrophysiological manifestations include severe sinus bradycardia, sinus pauses or
arrest, sinus node exit block and periods of atrial bradyarrhythmias. Many patients with SSS
also have atrial tachyarrhythmias (e.g. atrial fibrillation; also referred to as brady-tachy
syndrome).
Mutations in SCN5A cause a recessive form of SSS (SSS1),139 which is paradoxical
because Nav1.5 is absent in the center of the node (Table 1). For this reason, it is speculated that
the dysfunction is the result of impaired function of Nav1.5 at the periphery of the node. This
feature occasionally is part of a SCN5A-related overlap syndrome.140,141
Mutations in the cardiac pacemaker channel gene HCN4 cause autosomal dominant
SSS (SSS2).142-144 The few described mutations in this gene are responsible for loss of HCN4
function: the first report showed that the mutated channel is insensitive to cAMP and exhibits
altered deactivation kinetics.143 Milanesi et al142 described a missense mutation in the cyclic
nucleotide binding domain in a large family with mild sinus bradycardia, which caused a shift
of the channel activation to more hyperpolarized potentials, while cAMP modulation remained
unaffected. It was suggested that this changed activation behavior decreases the inward
diastolic current in sinusnode cells and consequently slows the heart rate like a mild vagal
stimulation.
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Treatment
The placement of a pacemaker is currently the treatment of choice for symptomatic
bradyarrhythmias in patients with SSS (for overview see: Adàn et al.145). In patients who suffer
from tachyarrhythmias, a pacemaker may decrease the risk of complete heart block or asystole
associated with pharmacotherapy.146 Importantly, β-blockers should be avoided, since severe
sinus bradycardia, sinoatrial arrest, or sinoatrial exit block can occur after administration.147

Familial atrial fibrillation

Atrial fibrillation (AFib) is the most common cardiac arrhythmia worldwide and is often associated with a poor prognosis. The majority of patients have AFib in association with underlying
(cardiac) diseases. However, in 15–30% of the patients an underlying etiology is not found. This
condition is referred to as lone AFib.148 Some of these patients have a positive family history for
AFib (Familial Atrial Fibrillation; FAF) and may have a genetic cause or predisposition. Possible
genes responsible for triggering and maintaining AFib may include genes that affect
automaticity, atrial refractory period duration and conduction. In 2003 Chen et al. published data
on a mutation (p.Ser140Gly) in KCNQ1, found in a large Chinese family with autosomal
dominantly inherited permanent lone AFib (Table 1).149 Functional analysis of this mutation
revealed a gain-of-function effect on the KCNQ1/KCNE1 and the KCNQ1/KCNE2 currents,
thereby reducing the action potential duration and the effective refractory period in atrial
myocytes, which consecutively could be the cause for initiation and maintenance of AFib. The
same group also identified a mutation (p.Arg27Cys) in the KCNE2 gene in 2 Chinese families with
lone AFib.150 The age at diagnosis was older than observed in the families with the KCNQ1
mutation and most patients in these families had symptomatic paroxysmal AFib and also
frequent premature atrial complexes. Functional analyses also revealed a gain-of-function
effect resulting in both inward and outward KCNQ1/KCNE2 K+ currents resulting in a shortening of the action potential duration, which again may trigger and bring about AFib.

Treatment
Patients with lone AFib could benefit from class IC antiarrhythmic drugs, in combination with
a Ca2+ channel antagonist or a β-blocker to prevent rapid ventricular response in the case of
conversion of AFib to atrial flutter. If the sinus rhythm cannot be maintained with pharmacotherapy, the ablation of arrhythmogenic pulmonary veins or the implantation of an atrial
defibrillator are alternative therapies.

1.2.4 Synopsis

Research into inherited arrhythmia syndromes has provided significant insight into the role of
various ion channels and mechanisms of arrhythmias. Although many of the disorders discussed
in this chapter are quite rare, its understanding is essential to unravel the pathogenesis of
arrhythmias in the general population. Also the availability of genetic diagnostic tests has added
an important diagnostic tool, providing new opportunities for patient management such as early
(presymptomatic) identification and treatment of individuals at risk for developing fatal
arrhythmias. The identification of genetic modifiers (such as polymorphisms) is the challenging
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next step in our understanding of the pathogenesis of arrhythmias. In the next years, our
increasing knowledge may lead to better targeted treatment of patients suffering from these
disorders.

Table 1: Inherited arrhythmia syndromes
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Abstract

Voltage-gated sodium channels are responsible for the upstroke of the action potential and
thereby play an important role in propagation of the electrical impulse in excitable tissues like
muscle, nerve and the heart. Duplication of the sodium channels encoding genes during evolution generated the sodium channel gene family with the different isoforms differing in
biophysical properties and tissue distribution. In this review article, mutations in these genes
leading to various inherited disorders are discussed.
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2.1 Introduction

CHAPTER 2

Voltage-gated sodium (Na+) channels are responsible for the upstroke of the action potential and
thereby play an important role in propagation of the electrical excitable impulse in tissues
including muscle, nerve and the heart. The channels are composed of pore-forming α-subunits
of ~260 kDa associated with one or two β-subunits of 30–40 kDa that alter the properties of
the channel. The α-subunit gene family consists of nine genes (and one additional sodium
channel-like gene, see below), that are highly conserved across species. The channels are
characterized by differential sensitivities to the sodium channel blocker tetrodotoxin (TTX) and
inactivation kinetics: highly TTX-sensitive α-subunits (encoded by SCN1A, SCN2A, SCN3A,
SCN4A, SCN8A, SCN9A) have faster inactivation kinetics compared to α-subunits that are less
sensitive to TTX (encoded by SCN5A, SCN10A, SCN11A). Mutations in these genes cause
various inherited disorders, which will be discussed in this review article.

2.2 The sodium channel genes

Duplication of genes encoding the α-subunits during evolution generated the sodium channel
gene family with the different genes differing in their biophysical properties and tissue distribution (Table 1).1 SCN9A, SCN10A and SCN11A are expressed in the peripheral nervous system.
SCN1A, SCN2A, SCN3A and SCN8A are also expressed in the peripheral nervous system, but are
more abundant in the brain and the rest of the central nervous system. SCN4A and SCN5A are
highly expressed in muscle: SCN4A is expressed in adult skeletal muscle and SCN5A in embryonic and denervated skeletal muscle and heart muscle. SCN6A/SCN7A (probably referring to the
same gene) is expressed in a diversity of tissues, including peripheral nervous system, heart,
uterus and skeletal muscle.2,3 Since SCN6A/SCN7A is the only sodium channel encoding gene that
has not been expressed in an exogenous system and consensus amino acid sequences essential
for voltage sensitivity and channel inactivation are not well conserved,4 it was debated whether
this gene encodes a functional voltage-gated Na+ channel. On the other hand, SCN6A/SCN7A
has been implicated in regulation of salt-intake behavior in a knockout mouse model.5,6
Alternative RNA splicing has been described for several α-subunits (Table 2): SCN1A
(extended exon 11), SCN3A (3 different variants of exon 12), SCN5A (exon 18, difference of one
amino acid), SCN8A (extended exon 12), SCN9A (extended exon 11) and SCN11A (lacking exon
16).7-13 Additionaly, developmentally regulated splice variants of SCN2A (exon 5N and 5A),
SCN3A (exon 5N and 5A), SCN8A (exon 5N and 5A) and SCN9A (exon 5N and 5A) that differ in
a few amino acids and are either predominantly expressed neonatally (N) or in adults (A) have
been described.10,14-16 In the case of SCN8A, another splice variant (exon 18N and 18A) contains
an in-frame stop-codon in the neonatally expressed variant which encodes a truncated twodomain protein the function of which is unknown.8 In addition, four alternatively spliced noncoding exons which generate alternative 5’UTRs for transcripts of this gene have been reported.17
Electrophysiological studies on splice variants of SCN2A did not show any functional
differences,18 while splice variants of SCN3A, SCN5A and SCN8A resulted in channels that have
altered kinetics.7,12,19 The functional significance of the other alternative splicing events is still
unknown.
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The four β-subunit isoforms can be divided into 2 groups. β1 (SCN1B; localized in brain,
skeletal and cardiac muscle20) and β3 (SCN3B; localized primarily in neuronal tissue,21,22 but also
detected in the heart22-24) are most similar in amino acid sequence and are noncovalently
associated with α-subunits.22,25 β2 (SCN2B; localized in the central nervous system and cardiac
muscle) and β4 (SCN4B; localized in many tissues, including brain, heart, and skeletal muscle26)
subunits are also closely related in amino acid sequence to one another but as opposed to β1
and β3 are disulfide-linked to the α-subunits.21,26 Alternative RNA splicing has also been
described for β-subunits: SCN1Ba and SCN1Bb differ beyond the immunoglobulin (Ig)-loop
region, resulting in a distinct C-terminal cytoplasmic domain and a longer SCN1Bb transcript.27,28
Table 1: The voltage-gated sodium channel gene family: Tissue specificity and clinical association of mutations in these
genes

CNS: central nervous system; PNS: peripheral nervous system;
* Speculated clinical association derived from animal models
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N: neonatally; A: adult; ND: not determined

Table 2: Different splice variants of voltage-gated sodium channels
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2.3 Structure and function of sodium channel
subunits

α-Subunits
The pore-forming α-subunits are large transmembrane proteins that contain four structurally
homologous domains (DI-DIV), each composed of six helical transmembrane segments (S1-S6)
(see Catterall et al. for review,29 see figure). The S5 and S6 segments and the P-loop between
them from each domain line the channel pore. The pore contains the selectivity filter also
referred to as the DEKA ring (consisting of aspartic acid, glutamate, lysine, alanine; one of these
amino acids per P-loop), which attracts positive Na+ ions and excludes negatively charged ions.30
The lysine residue in the P-loop of DIII is important for discrimination for Na+ over Ca2+.31,32
Depending on the membrane potential, voltage-gated Na+ channels can switch
between three functional states: resting (closed), activated (open), and inactivated (closed). The
highly conserved S4 region in each domain has a positive amino acid at every third position, and
is considered the voltage sensor. The transition from the resting state to the activated state
occurs when a change in transmembrane voltage moves S4 from within the pore towards the
extracellular side of the cell, activating the channel which becomes permeable to ions.33
Inactivation is mediated mainly by the inactivation gate (DIII-DIV linker), which blocks the
inside of the channel shortly after it has been activated, and the C-terminal cytoplasmic
domain.34-36 During an action potential the channel normally remains open for only a few
milliseconds after depolarization before it is being inactivated. When the membrane potential
becomes negative after the repolarization phase of the action potential, the channels return to
their resting state and can be activated again during the next action potential.

β-Subunits
β-Subunits consist of one transmembrane segment, an intracellular domain and a glycosylated
extracellular domain. The structure of the extracellular domain resembles the structure of the
V-like family of Ig-fold proteins, containing domains similar to the variable regions of antibodies and including motifs as found in cell adhesion molecules.37
The multifunctional β-subunits control channel gating, regulate the level of expression
of the α-subunit at the plasma membrane38,39 and are involved in cell adhesion through interaction with the cytoskeleton, extracellular matrix, and other cell adhesion molecules that
regulate cell migration and aggregation.40
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2.4.1 Cardiac Sodium Channelopathies

SCN5A (Figure 1C)
Mutations in the cardiac voltage-gated Na+ channel α-subunit gene SCN5A result in multiple
arrhythmia syndromes.41 Mutations leading to loss of Nav1.5 channel function can result in
Brugada syndrome (BrS; MIM 601144),42 (progressive) cardiac conduction defect (PCCD; MIM
113900),43 sick sinus syndrome (SSS; MIM 608567),44 sudden infant death syndrome (SIDS; MIM
272120)45 and dilated cardiomyopathy associated with conduction defects and arrhythmias
(CMD1E; MIM 601154).46 In combination with modifier genes, a loss-of-function defect causes
atrial standstill.47 Mutations leading to a gain-of-function of the channel cause long QT
syndrome type 3 (LQT3; MIM 603830).48 Some mutations in this gene lead to more than one
disease phenotype, referred to as overlap syndromes of cardiac Na+ channelopathy, which are
usually only recognized in large families.49,50

Loss-of-function mutations: Brugada syndrome and conduction defects
The Brugada syndrome, with an estimated 5–50 cases per 10,000 individuals (with a higher
incidence in Asia than in the United States and Europe51), is an autosomal dominant disorder
characterized by sudden cardiac death from ventricular tachyarrhythmias, in combination with
a typical ECG pattern of ST segment elevation in leads V1-V3. It is believed to cause 4 to 12%
of all sudden cardiac deaths and ~20% of deaths in patients without structural abnormalities.52
To date, 80 mutations in SCN5A (of which 14 % are nonsense or frameshift mutations, leading
to truncation of the protein) have been described in BrS patients or in BrS patients with a mixed
(overlap) phenotype (Inherited Arrhythmias Database: http://www.fsm.it/cardmoc/). These
loss-of-function mutations are associated with dysfunctional channels or with a reduction of
membrane expression of the channel due to a trafficking defect. Loss of Na+ channel function
reduces the upstroke of the action potential and may slow down action potential propagation.
Thus, not surprisingly, patients with BrS often present with (progressive) conduction defects.53,54
Loss-of-function mutations in SCN5A can also cause isolated cardiac conduction disease, i.e.
without ECG features of BrS. Recently, a haplotype in the promoter region of SCN5A that
occurs frequently in Asians was found to be associated with slower cardiac conduction,55
suggesting that decreased expression of SCN5A transcripts may contribute to differences in BrS
prevalence as a function of ethnicity.

Gain-of-function mutations: Long QT syndrome
Multiple genes have been associated with LQTS, an inherited cardiac arrhythmia associated with
syncope and sudden death from torsades de pointes polymorphic ventricular tachycardia,
estimated to affect 1 per 5000 individuals. One subtype of this syndrome is associated with
mutations in SCN5A (LQT3). Gain-of-function mutations in Nav1.5 result in an increase in the
late component of the Na+ current by slowing of inactivation or an increase in the reversibility
of inactivation, resulting in a slow and constant entry of Na+ in the plateau phase of the action
potential, leading to a prolonged QT interval on the surface electrocardiogram (ECG).56
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Because in SCN5A-related LQTS QT-prolongation is most pronounced at lower heart rates, bradycardia presents an important factor in developing lethal arrhythmias in LQTS families with
mutations in SCN5A.57 Thus far, 62 LQTS-causing missense mutations and small (in frame)
insertions and deletions have been identified in SCN5A (Inherited Arrhythmias Database:
http://www.fsm.it/cardmoc/).

SCN4B
Very recently, the first mutation in the SCN4B gene encoding Navβ.4 was presented.58 This
missense mutation functionally disturbs Nav1.5 in a LQTS patient and therefore SCN4B very
likely is a new LQTS-susceptibility gene.

Figure 1: Diagrammatic representation of voltage-gated sodium channels showing locations of mutations causing channelopathies. A: SCN1A; Generalized epilepsy with febrile seizures plus (blue), Severe myoclonic epilepsy of infancy (red),
Intractable childhood epilepsy and frequent generalized tonic-clonic seizures (orange), Borderline severe myoclonic
epilepsy of infancy (green), Familial febrile convulsions-3 (purple), Familial autism (light blue), Familial hemiplegic migraine
(yellow) and mixed phenotypes (white). B: SCN2A; Benign familial neonatal-infantile seizures (red), Severe myoclonic
epilepsy of infancy (green), Febrile and afebrile seizures (blue), and Familial autism (orange). C: SCN4A; Hyperkalemic
periodic paralysis (red), Hypokalemic periodic paralysis (green), Paramyotonia congenita (orange), Potassium-aggravated myotonia (blue) and mixed phenotypes (white). D: SCN5A; Brugada syndrome (red), Long QT syndrome type 3
(green), (Progressive) cardiac conduction defects (orange), Sick sinus syndrome (blue), Atrial standstill (purple), Sudden
infant death syndrome (light blue), Drug-induced torsade des pointes (yellow), Dilated cardiomyopathy (brown) and mixed
phenotype (white). E: SCN8A; Ataxia. F: SCN9A; Primary erythermalgia.
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Brain Sodium Channelopathies

SCN1A (Figure 1A)
SCN1A, the neuronal voltage-gated Na+ channel α-subunit gene encoding Nav1.1, is part of the
SCN1A-SCN2A-SCN3A gene cluster on chromosome 2q24. Missense mutations have been
identified in patients with generalized epilepsy with febrile seizures plus (GEFS+; MIM 604233),59
an autosomal dominant epilepsy characterized by febrile seizures in children, and afebrile seizures
in adults.60,61 A large number of mutations of SCN1A have been identified in patients with
severe myoclonic epilepsy of infancy (SMEI; MIM 607208),62 a rare disorder characterized by
various types of generalized and partial seizures, including myoclonic seizures. Many of the
mutations characterized in children with SMEI are de novo (69 out of 75 cases).63 Also, many of
the observed mutations in SMEI patients are nonsense or frameshift mutations that cause
protein truncation,64 with deletion of the C-terminal cytoplasmic domain resulting in disease of
similar severity to deletion of the N-terminal cytoplasmic domain.63 No nonsense or frameshift
mutations in SCN1A have been described so far in patients with GEFS+. One report suggests that
in SMEI, pore region missense mutations are associated with a more-severe phenotype.65
SCN1A mutations have also been associated with intractable childhood epilepsies and
frequent generalized tonic-clonic seizures (ICEGTC),66 familial febrile convulsions-3 (FEB3; MIM:
604403),67 and borderline SMEI (SMEB, when not all the SMEI criteria are fulfilled).68
In 2005, Dichgans et al.69 described a mutation in SCN1A leading to familial
hemiplegic migraine (FHM; MIM 141500), an autosomal dominant severe subtype of migraine
with aura. This gain-of-function missense mutation in the inactivation gate of the channel was
present in three families with the same disorder. This finding underlines the molecular links
between migraine and epilepsy, two common paroxysmal disorders.
The association of SCN1A mutations with familial autism is also being investigated.70

SCN2A (Figure 1B)
Despite the fact that SCN1A and SCN2A are closely related genes, only a few epilepsy mutations
have been identified in SCN2A encoding Nav1.2.14,71,72 Loss-of-function missense mutations in
SCN2A were found in patients with benign familial neonatal-infantile seizures (BFNIS; MIM
607745), a mild autosomal dominant syndrome in which afebrile seizures occur in clusters
during the first year of life but does not progress to adult epilepsy. Interestingly, one mutation
(located in the conserved transmembrane segment S4 of DIII) was identified in affected
members of 3 families, which occurred independently according to haplotype analysis.73
Unlike SCN1A, SCN2A does not show evidence of haploinsufficiency. Only one (de novo)
truncation mutation has been identified in SCN2A in a patient with intractable epilepsy and
mental decline, a severe form of epilepsy resembling SMEI.71 In this case the truncated protein
had a dominant-negative effect possibly arising from direct or indirect cytoskeletal interactions
of the mutant protein.
One mutation in SCN2A has been described that might play a role in autism, but needs
to be further analyzed.70
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SCN3A
Studies in rats have indicated that seizure activity induces alterations in the developmental
splicing of neonatal and adult SCN2A and SCN3A transcripts,74 whose genes are located side by
side on the chromosome: seizures were found to re-activate the neonatal splicing event,
causing an increase in the presence of the neonatal SCN2A and SCN3A transcripts in localized
regions of the adult rat brain. In contrast to SCN2A, SCN3A mRNA was found to be expressed
at significantly higher levels in CA4 hilar cells in the epileptic hippocampus when compared
with control, and therefore possibly contributes to the pathophysiology of epilepsy.75 However,
no mutations in this gene have been reported.
SCN8A (Figure 1E)
Mutations in the mouse ortholog of SCN8A cause ataxia and other movement disorders.76 So far,
only one protein truncation mutation has been described in human, causing cerebellar atrophy,
ataxia and mental retardation.77 This loss-of-function frameshift mutation was located in the
pore loop of domain IV, resulting in truncation of the C-terminal cytoplasmic domain. Interestingly, Wasserman et al. described a single nucleotide polymorphism in SCN8A that may
contribute to risk for suicide attempt, possibly through alterations in neuronal conduction which
hypothetically could lead to disturbed analysis of incoming information in periods of emotional
and physical stress.78

SCN1B
Mutations in the Navβ.1 encoding SCN1B gene are associated with GEFS+.79 The loss-offunction mutation C121W has been described in two families with GEFS+.80 In another family
with febrile seizures plus and early-onset absence epilepsy, a mutation in the splice acceptor site
of SCN1B that predicts a deletion of five amino acids in the extracellular Ig-loop region was
identified that could lead to loss-of-function.81 Both mutations are expected to disrupt proper
folding of the protein and therefore can inhibit interaction with α-subunits or impair subcellular distribution, which will reduce the inactivation rate of Na+ channels and results in
neuronal hyperexcitability.81,82
To study the loss-of-function effects of SCN1B in vivo, knockout mice were generated,
which appear ataxic and reveal spontaneous seizures, growth retardation, and premature death.83
These phenotypes were the result of slowing of neuronal action potential conduction, reduced
number of mature nodes of Ranvier, alterations in nodal architecture, loss of Na+ channelcontactin interactions, and abnormalities in the expression of SCN1A and SCN3A. From this, it
was clear that SCN1B regulates Na+ channel density and localization, is involved in axo-glial
communication at nodes of Ranvier, and is required for normal action potential conduction and
control of excitability in vivo.
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SCN9A (Figure 1F)
Mutations in the SCN9A gene encoding the Nav1.7 channel cause primary erythermalgia (MIM
133020), a rare autosomal dominant disorder characterized by sporadic intense burning pain
with redness and heat in the extremities.84 These gain-of-function mutations modify thresholds
of activation and are therefore likely to contribute to increased excitability of spinal sensory
neurons that express the channels and may cause the abnormal pain sensations in patients
suffering from this disorder.85,86 Missense mutations in SCN9A have also been associated with
familial rectal pain (FRP; MIM 167400), a disorder characterized by brief episodes of excruciating pain of the submandibular, ocular, and rectal areas with flushing of the surrounding skin.87
Additionally, conditional inactivation of SCN9A in sensory neurons of the mouse resulted in
increased threshold for mechanical, thermal, and inflammatory pain.88 The association of SCN9A
mutations with pain syndromes shows that this Na+ channel could be a target for local
anesthetics.
SCN10A
SCN10A encodes Nav1.8, a channel that is restricted to the peripheral sensory nervous system.89
The down-regulation of SCN10A expression in rat can (I) prevent thermal hyperalgesia (hypersensitivity to noxious stimuli) and allodynia (pain response to non-noxious stimuli) in a rat model
of neuropathic pain90 and can (II) suppress responses caused by pain in a rat model of visceral
pain.91 No mutations in humans have been described thus far, but SCN10A could be a potential
target for analgesic drugs.

SCN11A
The Nav1.9 channel encoded by SCN11A is expected to contribute to setting the resting membrane potential and modulating sub-threshold electrogenesis in nociceptive neurons.92 Its
expression is adjusted in response to axotomy92 and inflammation.93 Priest et al.94 observed no
differences in passive membrane properties and action potential characteristics between acutely
dissociated peripheral sensory neurons in the dorsal root ganglia between wildtype and Nav1.9
knockout mice. However, expression of SCN11A contributes to the persistent thermal hypersensitivity and spontaneous pain behavior after peripheral administration of inflammatory
agents.94 Although no mutations in SCN11A in humans have been described to date, this gene
can possibly act as a target for analgesic drugs.
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2.4.3 Muscle Sodium Channelopathies

SCN4A (Figure 1C)
Mutations in the muscle voltage-gated Na+ channel Nav1.4 encoding gene SCN4A have been
identified in a group of related muscular disorders, including hyperkalemic periodic paralysis
(HYPP; MIM 170500)95 and hypokalemic periodic paralysis (HOKPP; MIM 170400),96 paramyotonia congenita (PMC; MIM 168300),97 and a group of disorders classified as potassiumaggravated myotonia (MIM 608390).98 The gain-of-function mutations in SCN4A associated
with HYPP, PMC and myotonia cause a disruption of fast inactivation,99-101 which results in
channel re-opening and intracellular Na+ accumulation. In that case, muscle cells depolarize
and generate recurrent action potentials. This can lead to enduring hyperexcitability which
causes myotonia,102 or it can lead to general opening of the channel which can cause
paralysis.103 In contrast, HOKPP is associated with loss-of-function mutations leading to
hypoexcitability of the fiber membrane resulting in muscle weakness.104-106 However, the
mechanism leading to this decreased excitability is still poorly understood.
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In the last decades, much research has been done to identify new phenotype-linked mutations
in voltage-gated Na+ channels. Despite the fact that the relationship between mutations, altered
Na+ channel function, and disease phenotypes has become clearer, many questions still remain.
Our understanding of the sodium channelopathies is complicated by several factors, among
which is the complexity of the clinical phenotypes (pleiotropy), the allelic heterogeneity
involved, the diverse impact of the different mutations on channel function, and the contribution of other (yet-unknown) genetic and environmental factors to the final form or severity of
the disease.107,108 Gain-of-function and loss-of-function mutations in the same gene lead to
different diseases. In contrast to the obvious association between truncation mutations and loss
of channel function, no relationships have been described so far between the locations within
the channel protein of amino-acid changing mutations and these mechanisms, which appear to
be random. In rare instances, a given mutation may even harbor biophysical defects associated
with both gain and loss of channel function.63
Genetic factors other than the causal mutation itself that play a role in modulation of
disease severity are starting to be uncovered. For example, the combined effect of a mutation
in SCN5A and polymorphisms in the atrial-specific gap junction protein connexin40 gene has
been reported to cause familial atrial standstill.47 In mice, genetic variation in a putative RNA
splicing factor (SCNM1) has been shown to modulate movement disorder severity in SCN8A
mutant mice.109 In another mouse study, an interaction between two mild mutations, one in
SCN2A and the other in the potassium channel gene KCNQ2, has been described to result in
severe epilepsy.110 Furthermore, two modifier loci affecting epilepsy severity caused by a SCN2A
mutation have been reported.111 The genetic factors modulating disease severity may also reside
in the gene affected itself55 and even on the same allele. In SCN5A for example, a common
polymorphism that attenuates the biophysical defect of a mutation on the same allele has been
described.112
Not all voltage-gated Na+ channels have been linked to human disease. Although no
mutations have been described in SCN3A, SCN10A and SCN11A, in vivo animal studies indicate
that other Na+ channelopathies probably exist. Furthermore, the different splice variants of the
Na+ channel genes could play a role in the pathogenesis of the sodium channelopathies.
Since voltage-gated Na+ channels are action players with many faces, our
understanding of how mutations cause disease has lagged somewhat behind. In the next years,
our increasing knowledge may lead to better targeted treatment of patients suffering from these
disorders.
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Abstract

Background Mutations in the gene encoding the human cardiac sodium channel (SCN5A) have
been associated with three distinct cardiac arrhythmia disorders: the long QT syndrome, the
Brugada syndrome and cardiac conduction disease. Here we report the biophysical features of
a novel sodium channel mutation, E161K, which we identified in individuals of two non-related
families with symptoms of bradycardia, sinus node dysfunction, generalised conduction disease
and Brugada syndrome, or combinations thereof.
Methods and Results Wild-type (WT) or E161K sodium channel α-subunit and β-subunit were
cotransfected into tsA201 cells to study the functional consequences of mutant sodium
channels. Characterization of whole-cell sodium current (INa) using the whole cell patch-clamp
technique revealed that the E161K mutation caused an almost threefold reduction in current
density (p<0.001), and an 11.9 mV positive shift of the voltage-dependence of activation
(p<0.0001). The inactivation properties of mutant and WT sodium channels were similar. These
results suggest an overall reduction of E161K INa. Incorporation of the experimental findings into
computational models demonstrate atrial and ventricular conduction slowing as well as a
reduction in sinus rate by slowing of the diastolic depolarization rate and upstroke velocity of
the sinus node action potential. This reduction in sinus rate was aggravated by application of
acetylcholine, simulating the dominant vagal tone during night.
Conclusion Our experimental and computational analysis of the E161K mutation suggests that
a loss of sodium channel function is not only associated with Brugada syndrome and conduction disease, but may also cause sinus node dysfunction in carriers of this mutation.

Keywords

Arrhythmia, sinus node dysfunction, Brugada syndrome, conduction disease, electrophysiology,
ion channel, sodium channel, genetics, mutation
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Cardiac arrhythmias in the absence of structural abnormalities form an extending group of
cardiac diseases. These so-called ‘primary electrical diseases’ of the heart are of a hereditary
nature and can be associated with specific mutations in genes mostly encoding ion channel
proteins.1,2 The consequences of such mutations are alterations in the biophysical properties of
ion channel proteins, which may affect normal cardiac electrophysiology and render the heart
susceptible to the development of life-threatening arrhythmias.1,2
Mutations in the gene encoding the pore forming α-subunit of the human cardiac
sodium channel (SCN5A) have been associated with a variety of cardiac rhythm disorders. The
majority of sodium channel (hH1) mutations identified thus far, produce the long QT syndrome
type 3 (LQT3), Brugada syndrome and cardiac conduction disease.2 Albeit more rarely, other
forms of arrhythmia syndromes have also been linked to mutations in this gene,1-7 including
acquired LQTS,7 idiopathic ventricular fibrillation,3 sick sinus syndrome4,6 and atrial standstill.5
Sinus node dysfunction has also been evidenced in patients with a sodium channel mutation that
causally associated with LQT3.8,9 Sinus node dysfunction in combination with QT-interval
prolongation has also been reported due to a mutation in the gene ANK2, encoding ankyrin-B
(LQT410-12). An isolated case of sinus node dysfunction has been reported as a consequence of a
de novo mutation in the HCN4 gene encoding the pacemaker current If.13
With regards to SCN5A mutations, a general concept has emerged that links gain-offunction mutations to LQT3 and loss-of-function mutations to Brugada syndrome or conduction disease.2 In this study we present a novel SCN5A mutation, E161K, which we identified in
individuals from two non-related families with sinus node dysfunction as well as features of
conduction disease and Brugada syndrome. By characterization of the clinical phenotype and the
basic electrophysiological properties of E161K mutant Na+ channels, along with computer
simulations, we provide insight into the mechanisms underlying the complex clinical
phenotype observed.

3.2 Materials and Methods

Clinical data
Informed consent was obtained from study participants according to the guidelines of the
medical ethics committee of the hospital. Our study and all experiments conform to the
Declaration of Helsinki. Subjects were evaluated by medical history, cardiac catheterization,
magnetic resonance imaging (MRI) and echocardiograms. On a 12-lead electrocardiogram (ECG)
the following ECG parameters were determined: heart rate, P wave duration (leads II and V1),
PQ-, QRS-, and QTc-intervals (QTc was calculated according to Bazett’s formula). J-point
elevation was measured in leads V1 and V2 of the ECG. A flecainide test was performed in 2
members of family A and in 8 of family B (including B-II-9, B-III-14, B-III-15 and B-III-17, but
not in B-III-13). This test is applied when patients are suspected of having Brugada syndrome
because of J-point elevation on their baseline ECG, or because of suspicious family history. It
consists of a challenge with flecainide administered intravenously (2 mg/kg; maximum dose
150 mg).14 Also, 24-hour Holter recordings were obtained for 10 mutation carriers. For each
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mutation carrier, Holter recordings from 2-3 patients matched for age and gender were
obtained from hospital records to serve as controls. In this control group, there was no evidence
for the presence of structural heart disease or medication that would affect heart rate.
Additionally, the two index patients underwent a clinical electrophysiological study (EPS),
testing the inducibility of ventricular arrhythmias, using up to 2 premature stimuli.
Sinus node dysfunction was considered if one of the following conditions was recorded
at one or more occasions when inappropriate for the circumstances: (i) sinus bradycardia, (ii)
sinus arrest or exit block, and (iii) combinations of sinoatrial (SA)-, and atrioventricular (AV)-conduction disturbances; these bradyarrhythmias often occurred in conjunction with paroxysmal
atrial tachyarrhythmias.15

Mutation detection
Genomic DNA was extracted from peripheral blood lymphocytes using standard protocols. All
exons of SCN5A and HCN4 were amplified by PCR using primers located in flanking intronic
sequences (listed in references 16 and 13, respectively), and sequenced directly for mutation
screening. The coding region of connexin40 (Cx40) was screened by sequencing of PCR products
generated with primers: 5’-GGGAGACGAAAGTTTTGGCAT-3’ (F) and 5’-ATGCAGGGTGGTCAGGAAGAT-3’ (R), and 5’-GCTTCATTGTGGGCCAGTAC-3’ (F) and 5’-GGTCCTGATCCTCCCATAAAG-3’ (R).
The presence of the nucleotide substitution leading to the E161K mutation in SCN5A
was validated by restriction enzyme digestion using Taq I since this substitution abolished a
recognition site for this enzyme. A control population of 100 individuals drawn from the same
ethnic group (Dutch, Caucasian) was screened for the presence of this mutation in the same way.
SCN5A haplotype analysis
SCN5A haplotype analysis was carried out by genotyping two microsatellite markers, D3S1298
and D3S1100, which tightly flank the SCN5A gene using standard semi-automated methods.

Heterologous expression of the mutant and wild-type sodium channels
Mutant sodium channel cDNA was generated by site-directed mutagenesis on the pSP64T-hH1
plasmid followed by subcloning of the mutated cDNA into the Hind III-Xba I site of the
mammalian expression vector pCGI (GFPIRS, for bicistronic expression of the channel protein and
GFP reporter), as described previously.17 E161K or wild-type sodium channel α-subunit construct
(1 µg) was tranfected into tsA201 cells together with 1 µg hβ1-subunit construct (provided by
AL George, Vanderbilt University, Nashville, TN) using lipofectamine (Gibco BRL, Life Technologies). Cells displaying green fluorescence 24-48 hours after transfection were used for
electrophysiological experiments.
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Electrophysiology
Sodium currents were measured in the whole-cell configuration of the patch-clamp technique
using an Axopatch 200B amplifier (Axon Instruments Inc.). Currents were sampled at 20 kHz
using a Digidata 1200 analog to digital board (Axon Instruments Inc.) and low-pass filtered at
2 kHz. Data acquisition was performed using pClamp 8.0.1 (Axon Instruments Inc.) and data
were analyzed using Clampfit (Axon Instruments Inc.). Series resistance was compensated by ≈
80%.
All experiments were performed at room temperature (21°C). The bath (external)
solution contained (in mmol/L): NaCl 140, KCl 4.7, CaCl2 1.8, MgCl2 2.0, NaHCO3 4.3, Na2HPO4
1.4, glucose 11.0, HEPES 16.8, pH adjusted to 7.4 (NaOH). The pipette (internal) solution
contained (in mmol/L): CsF 100, CsCl 40, EGTA 10, NaCl 10, MgCl2 2.0, HEPES 10, pH adjusted
to 7.3 (NaOH).

Voltage protocols and data analysis
The voltage protocols used to determine voltage dependence of activation, steady-state
inactivation, recovery from inactivation and development of slow inactivation are provided as
insets in the relevant figures. Cycle time for each voltage protocol was 5 seconds.
Steady-state activation and inactivation curves were fit using the Boltzmann equation:
I/Imax=A/{1.0+exp[(V1/2−V)/k]} to determine the membrane potential for half-maximal (in)activation V1/2 and the slope factor k. Recovery from inactivation was analyzed by fitting the data
with a bi-exponential equation: I/Imax= Afast [1−exp(−t/τfast)] + Aslow [1−exp(−t/τslow)],
where t is the time from onset of recovery and τfast and τslow are the fast and slow time
constants of recovery from inactivation. Development of slow inactivation was analyzed by
fitting the data with a mono-exponential function I/Imax=Ae−t/τ. The time course of inactivation was determined by fitting current decay with a two-exponential function: I/Imax=
Afexp(−t/τf) + Asexp(−t/τs), where Af and As are fractions of fast and slowly inactivating components and τf and τs are the time constants of the fast and slowly inactivating components,
respectively.

Computer simulations
The functional effects of the altered biophysical features of the mutant sodium channel on
ventricular action potential propagation were tested by computer simulations using the single
human ventricular cell model by Priebe and Beuckelmann.18 As diagrammed in Figure 6A,
individual myocytes were coupled into a linear strand of 80 cells with an intercellular coupling
conductance Gc and a cytoplasmic resistivity of 150 Ω cm.19 A propagating action potential
was elicited by stimulating the strand at one end using a 2-ms, ≈20% suprathreshold stimulus
current, and its conduction velocity was determined by monitoring the time required for
conduction across the middle third of the strand. To obtain a conduction velocity of 65 cm/s
during sinus rhythm as reported for human ventricles,20 Gc was set to 6 µS. This value is well
within in the estimated range of 3–12 µS for the gap junctional conductance between human
ventricular myocytes.19 To represent control individuals (non-carriers), no changes were made to
the fast sodium current of the Priebe-Beuckelmann model, which has a maximum (fullyactivated) conductance (GNa) of 16 nS. To represent the heterozygous E161K mutant carriers,
the model sodium current was separated into a component carried by wild-type channels and
a component carried by E161K channels. The wild-type component had a maximum
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conductance, whereas the mutant component had a maximum conductance of 3.2 nS (20% of
control, thus accounting for the observed 2.5-fold reduction in current density for the E161K
mutant channels) as well as an 11.9 mV shift in steady-state activation, as observed for the
E161K mutant channels. In this implementation of the mutant channel properties, it is assumed
that the relative changes that were observed at room temperature, i.e., a 2.5-fold reduction in
current density and an 11.9 mV shift in steady-state activation of the E161K mutant vs. wildtype, also hold at the model temperature of 37ºC. The minor change in the slope factor of the
steady-state activation curve for the E161K channels was not incorporated into the model.
The functional effects of the altered biophysical features of the mutant sodium
channel on atrial action potential propagation were assessed in a similar way, now using the
single human atrial cell model by Courtemanche et al.21 For this model, we increased its
original value of GNa by a factor of 3.8 in order to obtain a single cell upstroke velocity of ≈540
V/s, in accordance with data from patch clamp experiments on isolated human atrial myocytes
obtained in our laboratory (Dr. Arie O. Verkerk, personal communication). For the atrial cell
strand, we set Gc to 8 µS, which yields a conduction velocity of 84 cm/s, in accordance with the
values of 88±3 cm/s22 and 83±4 cm/s23 reported for human atrium during sinus rhythm. It should
be noted that conduction velocities >58 cm/s could not be obtained without increasing the
original value of GNa. Interestingly, in their simulations of atrial action potential propagation
using the human atrial cell model by Nygren et al.,24 Nygren and Giles also found that “the
maximum permeability parameter of INa had to be increased by a factor 3.19 to reach a desired
nominal conduction velocity of 60 cm/s”.25
The effects of the altered biophysical features of the mutant sodium channel on SA
node activity were tested by computer simulations using the model of a single peripheral SA
nodal cell as introduced by Zhang et al.26 and subsequently modified to allow for physiological
control of intrinsic rate by application of acetylcholine (ACh).27 The E161K mutation was
incorporated into the model as set out above for the ventricular cell model.
Models were coded using Compaq Visual Fortran 6.6 and run on a 3-GHz Intel Pentium4 processor workstation as a 32-bit Windows application, applying a simple and efficient
Euler-type integration scheme with a 1-µs time step for simulations of atrial or ventricular
action potential propagation and a 10-µs time step for simulation of the SA nodal action
potential. The spatial discretization step in the strand simulations was 100 µm, i.e., the length
of a single cell, which was treated as isopotential. All simulations were run for a sufficiently
long time to reach steady-state behavior.

Statistical analysis
Data are expressed as mean±SEM. Statistical analysis of ECG and electrophysiological data was
done using the unpaired Student’s t-test. For analysis of the 24-hour ECG data a Wilcoxon test
was used. A two-tailed probability value <0.05 was considered statistically significant.
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Genotype and haplotype analyses, and clinical phenotype
The index patients who, as evidenced by analysis of SCN5A haplotypes, originated from nonrelated families (referred to as families A and B, Figure 1) consulted their physician because of
palpitations. Due to the fact that they had abnormal ECGs (Figure 2) and suspicious family
histories, an inherited primary electrical disease of the heart was suspected. Affected patients
had a complex clinical phenotype of conduction disease, Brugada syndrome and sick sinus
syndrome. DNA sequencing of the HCN4 gene in individual II-4 from family A (A-II-4) and
individuals B-II-6, B-II-11 and B-II-17 from family B (Figure 1) uncovered no mutation in this
gene. Since reduced expression of the cardiac gap junction protein connexin40, which is
expressed in the conduction system and atria, has been associated with impaired conduction,28
the gene encoding Cx40 was additionally screened and also revealed no mutation. Screening of
the SCN5A gene in the same individuals identified a g>a substitution at nucleotide 481 in exon
4 in all individuals except B-II-6. This nucleotide substitution results in the replacement of the
acidic residue glutamic acid at position 161 – located within the second transmembrane
segment of the first domain of the channel – by the basic residue lysine (E161K). Testing of
other family members identified more carriers of this mutation in both families (Figure 1). The
mutation was not detected in 200 control chromosomes tested.

63

GENETIC BASIS OF CARDIAC ION CHANNEL DISEASES

Family A
The index patient (Figure 1, A-II-4) is a 67 year old female who presented with palpitations due
to sinus arrhythmia and occasional SA exit block. Examination of the ECG revealed a broad Pwave (120 ms), prolonged QRS duration (130 ms), and a coved type elevated ST-segment in
leads V1 (2 mm) and V2 (3 mm) (Figure 2A). The coved type ST-segment elevations in leads V1
and V2 increased in magnitude (>2mm) after challenge with intravenous flecainide (Figure 2B).
These ST-segment abnormalities fulfill the current ECG criteria for Brugada syndrome (type I).14
During electrophysiological testing, non-sustained polymorphic ventricular tachycardia could
be induced by two premature stimuli. Additional electrocardiographical investigation, by 24hour Holter recordings, revealed the occurrence of SA exit block and sinus arrhythmia. Echocardiographic investigation and cardiac cathetherization did not reveal any structural cardiac
abnormalities. When the first-degree family members of the index patient were screened, her
62 year old asymptomatic sister (A-II-9) was also observed to have coved type ST-segment
elevation on her ECG in lead V1 (1 mm). When challenged with intravenous flecainide, her
ST-segment elevations also fulfilled the criteria for Brugada syndrome (2 mm coved-type STelevation in V2).
A total of 8 individuals from this family agreed to genetic and electrocardiographical
examination. Besides the index patient and her sister, their brother was also found to be a
carrier of the E161K mutation and showed the clinical features of Brugada syndrome. No cases
of sudden cardiac death occurred in this family, the sister of the index patient (A-II-5) died of
a malignancy.

Figure 1: Pedigrees of two non-related families in which the E161K cardiac sodium channel mutation was identified.
Individuals marked with a plus sign are carriers of the E161K mutation. Individuals marked with a minus sign were tested
for the presence of the E161K mutation and were found to be non-carriers. D3S1298 and D3S1100 are polymorphic
microsatellite markers tightly flanking SCN5A. Arrows indicate the index patient of each family.
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Family B
The index patient (Figure 1, B-III-23) is a 37 year old male who presented with palpitations.
Examination of his ECG revealed features suggestive of Brugada syndrome (Figure 2C), SA node
dysfunction (Figure 2D), and conduction abnormalities, including SA node exit block (Figure 2D),
1st degree A-V block with a PQ interval of 240 ms, incomplete right bundle branch block and
saddle-back type J-point elevations in leads V1 (1 mm) and V2 (2 mm) (Figure 2C). The J-point
elevation increased during challenge with flecainide. During electrophysiological investigation,
abnormal sinus node function with a prolonged sinus node recovery time was observed and
self-terminating polymorphic ventricular tachycardia could be induced. No structural cardiac
abnormalities could be found using echocardiography or MRI. The patient was treated with an
implantable cardioverter-defibrillator (ICD) with pacing mode. Two other family members (B-II9 and B-II-11) had pacemakers implanted. No cases of sudden cardiac death occurred in this
family, patient B-II-2 died of a malignancy, patient B-III-5 of meningitis, and the cause of death
of individuals B-II-4 and B-II-19, at age 64, are unknown. Twenty-eight individuals from this
family were genetically and electrocardiographically analyzed. The E161K mutation was
identified in 11 family members (Figure 1B).

Figure 2: ECG data from the index patients. A, B: Right precordial leads, V1 to V3, of the index patient of family A (A-II4), recorded during baseline conditions (A) and after flecainide challenge during which ST segment elevation increased
(B). C: Right precordial leads V1 to V3 of the index patient of family B (B-III-23), recorded during baseline conditions. D:
Holter recording of the same patient showing a sinus exit block.
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Averaged ECG characteristics
The baseline electrocardiographic data of the 36 genotyped individuals from families A and B
were pooled and averaged to allow comparison between mutation carriers and non-mutation
carriers (Table 1). Carriers of the E161K mutation had ECG features typical for conduction
disease, Brugada syndrome and sick sinus syndrome in various combinations and to variable
degrees.
On average, E161K carriers were found to have longer P-wave, PQ- and QRS-intervals,
indicative for conduction abnormalities. Average P-wave duration was 121±6 ms in mutation
carriers and 98±3 ms (p<0.0005) in family members without the E161K mutation (23 ms
increase). PQ-intervals were prolonged (>200 ms) in 4 out of 14 mutation carriers. On average,
mutation carriers had a PQ-interval of 181±9 ms while that of family members without the
E161K mutation was 156±6 ms (p=0.015). Widening of QRS-intervals (>100ms) was observed
in 7 out of 14 E161K carriers, giving rise to an average value of 106±4 ms for mutation
carriers vs. 88±2 ms for family members without the E161K mutation (p=0.00015). Sinus node
dysfunction was observed in 8 out of 14 mutation carriers. Average heart rate (HR), obtained
from baseline ECGs, was not significantly different between mutation carriers and family
members without the E161K mutation (66±4 beats/min vs. 65±3 beats/min). In neither of the
two families were spontaneous ventricular tachyarrhythmias documented. Spontaneous STsegment elevation was observed in 7 out of 14 mutation carriers. The J-segment elevation in lead
V1 was 0.6±0.2 mm for mutation carriers vs. 0.1±0.1 mm for non-mutation carriers (p=0.0017).
It should be noted that individual B-II-6, who does not carry the E161K mutation, did
have spontaneous saddleback type ST-segment elevation that turned into a Type I ECG (coved)
during flecainide challenge.14 In addition, this patient also showed sinus bradycardia and sinus
pauses, although less frequent than in E161K carriers.

Table 1. Averaged baseline ECG parameters from E161K mutation carriers and non-carriers.
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24-hour Holter recordings
Although mean heart rate obtained from baseline ECG’s was not significantly different between
mutation carriers and family members without the E161K mutation, analysis of 24-hour Holter
recordings did show differences in heart rate. Of 7 mutation carriers, complete 24-hour Holter
recordings were available from which maximum, minimum and mean heart rate during sinus
rhythm were determined. Figure 3A shows that the averaged mean heart rate of E161K mutation carriers differed from that of 20 age- and gender-matched controls. With the exception of
the time interval between 8am and 1pm, this difference was statistically significant (p<0.05).
The absolute minimum heart rate, not necessarily during sinus rhythm, was additionally significantly lower in E161K mutation carriers (39±1 beats/min) compared to controls (51±0.6
beats/min (p<0.001) (Figure 3B). The maximum heart rate was not different, 133±1.3 beats/min
for E161K mutation carriers and 134±0.8 beats/min (ns) for controls (Figure 3C). Of note, the
incidence of signs of sick sinus syndrome in mutation carriers was particularly high at night.

Figure 3: A: Mean heart-rate during 24 hour Holter monitoring of 7 E161K carriers from whom complete Holter recordings were available compared to 20 control individuals (non-family members). Except for the time interval between 8am
and 1pm, E161K carriers had a significantly lower mean heart rate. B, C: Averaged absolute minimum (B) and maximum
heart rate (C) for 10 E161K carriers and 28 control individuals (non-family members) as measured during Holter registration. For three E161K mutation carriers, the complete 24 hour Holter registrations were no longer available, only the
final analysis reports were documented
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Electrophysiology
To determine the functional consequences of the E161K sodium channel mutation, electrophysiological characteristics of mutant and WT sodium currents were studied in tsA201 cells.
Figure 4 depicts examples of current traces (Figure 4A) and the averaged current-voltage (I-V)
relationships (Figure 4B) of the WT and E161K channels, clearly showing that tsA201 cells
transfected with E161K construct have a lower sodium current density. Peak INa for E161K
sodium channels at –20 mV was reduced by a factor of 2.5 compared to WT channels (p<0.001).
Fitting current decay with a bi-exponential function showed that the time constants of the fast
and slow components were similar for WT and mutant channels (Figure 4C). The relative
amplitude of the fast and slow components did not differ between WT and mutant channels.
Investigation of the voltage-dependence of activation and inactivation (Figure 5A)
revealed an 11.9 mV positive shift of the half maximal activation potential (V1/2) for E161K
sodium channels (WT: V1/2= –42.6±1.4 mV; E161K: –30.7±0.8 mV, p<0.0001). Also the
steepness of the activation curve was slightly reduced (WT: k= 6.7±0.4 mV; E161K: k= 7.9±0.3
mV, p<0.05). Voltage dependence of steady state inactivation was not different (WT: V1/2 =
−89.4±1.2 mV, k= −4.9±0.3 mV vs. E161K: V1/2 = −88.5±0.9 mV (ns), k= −4.4±0.1 mV (ns)).
Recovery from inactivation (Figure 5B) and development of slow inactivation (Figure 5C) were
not found to be different between E161K sodium channels compared to WT sodium channels (for
values see legend).

Figure 4: A: Representative examples of WT and E161K sodium current traces at various membrane potentials recorded
from tsA201 cells. B: Average current-voltage relationships for WT and E161K sodium channels. Peak current amplitudes were significantly smaller for the E161K mutant as compared to WT. C: Fast and slow time constants of inactivation (τfast and τslow, respectively), obtained by fitting the sodium current decay with a bi-exponential function. No
statistically significant differences were found.

68

CHAPTER 3

Computer simulations
To investigate the effect of the E161K mutation on atrial and ventricular conduction, we
studied action potential propagation in strands of human atrial or ventricular cells (Figure 6A),
which we stimulated at one end at a frequency of 1.1 Hz, in accordance with the clinically
observed heart rate of ≈66 beats/min (Table 1). As detailed in the Materials and Methods
section, we selected intercellular coupling conductance values based on clinical data on atrial
or ventricular conduction velocity during sinus rhythm.20,22,23 Incorporation of the heterozygous
E161K mutation by replacing half of the wild-type sodium current by ‘E161K sodium current’
(with a 2.5-fold reduction in current density and an 11.9 mV shift in steady-state activation)
resulted in a 15% decrease in atrial conduction velocity from 84 to 72 cm/s (Figure 6B, left
bars) and a 19% decrease in ventricular conduction velocity from 65 to 53 cm/s (Figure 6B,
right bars). Such reduction would increase atrial and ventricular conduction time by 17 and
23%, respectively, which correlates reasonably well with the clinically observed ≈23% increase
in P wave duration and ≈20% increase in QRS duration (Table 1).

Figure 5: A: Voltage dependence of activation and inactivation of WT (n=9) and E161K (n=13) channels. Data were fitted with Boltzmann equations where V1/2 is the half-maximal voltage and k is the slope factor. Values for activation were
WT: V1/2 = -42.6 ± 1.4 mV and k = 6.7 ± 0.4 mV vs. E161K: V1/2 = -30.7 ± 0.8 mV (p<0.0001) and k = 7.9 ± 0.3 mV
(p<0.05). Values for inactivation were WT: V1/2 = -89.4 ± 1.2 mV and k = -4.9 ± 0.3 mV vs. E161K: V1/2 = -88.5 ± 0.9 mV
(ns) and k = -4.4 ± 0.1 mV (ns). B: Recovery from inactivation for WT and E161K mutant channels. Data were fitted with
a biexponential function yielding the following amplitudes and recovery time constants: WT: Afast = 0.95 ± 0.02 and τfast
=1.9±0.2 ms vs. E161K : Afast = 1.01 ± 0.03 and τfast = 1.8 ± 0.1 ms (ns); WT: Aslow = 0.18 ± 0.01 and τslow = 40.2 ±
3.6 ms vs. E161K : Aslow = 0.14 ± 0.01 and τslow = 38.0 ± 7.1 ms (ns) C: Development of slow inactivation for WT and
E161K mutant channels. Abscissa: duration of P1, ordinate: amplitude of current elicited by P2 expressed as fraction of
the amplitude of current elicited by P1. Data were fitted using a single exponential function giving a time constant of 361.8
± 75.8 ms for WT (n=8) vs. 411.5 ± 132.9 ms for E161K (n=4) (ns).
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To study the effect of the E161K mutation on the peripheral SA node, and the effects
of subsequent vagal stimulation, we used the SA nodal cell model as designed by Zhang et al.26,27
In this model one can test the autonomic control of the node by simulated application of ACh,
which, in a concentration-dependent manner, depresses the L-type calcium current, shifts the
activation curve of the hyperpolarization-activated current If, and activates the ACh-induced
potassium current IK,ACh. We compared action potential (AP) simulations in the presence of
100% normal sodium channels (labeled ‘non-carriers’) to simulations in which we replaced half
of the sodium current by ‘E161K sodium current’ (with a 2.5-fold reduction in current density
and an 11.9 mV shift in steady-state activation), thus representing the (heterozygous) E161K
mutant carriers (labeled ‘E161K carriers’). Like for the simulations of Figure 6, the minor change
in the slope factor of the steady-state activation curve for the E161K channels was not incorporated into the model. Implementation of these altered properties gave rise to a reduction in
sodium current during the upstroke of the AP and during the diastolic depolarization phase
(Figure 7A). Together with a 2–3 mV shift in take-off potential to more positive values, as a
result of the positive shift in the activation curve of the E161K channels, the resultant decrease
in diastolic depolarization rate (DDR) and reduction in AP upstroke velocity, gave rise to a slight
slowing of sinus rate (Figures 7A and 8A).
One may argue that our simulations of peripheral SA nodal activity tend to overemphasize the role of the sodium channel mutation because central SA nodal cells exhibit
little or no sodium current. On the other hand, however, the electrotonic effects imposed by
surrounding atrial cells would slow down diastolic depolarization in peripheral SA nodal cells,
thereby increasing the effects of changes in sodium current, because these changes then occur
on top of a smaller net membrane current. We refrained from using multicellular models of the
sinus node and the sino-atrial interaction, because simulation results have shown to be
critically dependent on the exact geometry and cell distribution,30 which are a matter of
ongoing debate.31,32
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In two non-related families, we have identified a novel SCN5A mutation, E161K, which segregated with features of cardiac conduction disease, Brugada syndrome and sick sinus syndrome.
The clinical phenotype was highly variable as illustrated by the occurrence of different
combinations of the three diseases (Figure 1).
The electrophysiological consequence of the E161K mutation, as measured in tsA201
cells, is a reduction in cardiac sodium current. This results from a reduced current density
(Figure 4) and a positive shift in voltage dependence of activation (Figure 5A). As a consequence,
E161K channels will provide less INa during the upstroke and phase 1 of the AP. This will reduce
the AP upstroke velocity and slow down impulse propagation (Figure 6), and affect the AP
configuration and the resulting surface ECG.
Simulated application of ACh, to mimic the heart rate depression during rest by tonic vagal
activity and the signs of sick sinus syndrome, as observed at night in mutation carriers,27,29
amplified the effects of the altered properties of the E161K mutation on sinus rate (Figures 7B
and 8B). Although the E161K mutation gave rise to a slowing in sinus rate (SR) under baseline
conditions (no Ach; Figures 7A and 8A) as well as in the presence of ACh (Figures 7B and 8B),
this effect was far more pronounced in the latter (18% vs. 6%; Figure 7, top panels, and
Figure 8).

Figure 6: Simulated effects of E161K mutant biophysical properties on action potential propagation. A: Diagram of
linear strand model. See Materials and Methods for details. B: Conduction velocity in linear strands of human atrial or ventricular cells (labelled ‘atrium’ and ‘ventricle’, respectively). Data for carriers of the E161K mutation appear as grey bars
(‘E161K carriers’), whereas the open bars show data for control individuals (‘non-carriers’).
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This is mainly due to the larger decrease in DDR in the presence of ACh (27% vs. 8% under
baseline conditions; Figure 8). The sodium current during the diastolic depolarization phase is
reduced to approximately the same extent as in the absence of Ach (baseline conditions), but
since this occurs on top of a smaller net membrane current, the effect on the rate of depolarization is more pronounced.

Figure 7: Simulated effects of E161K mutant biophysical properties on membrane voltage (Vm, top), sodium current
(INa, middle), and net membrane current (Itotal, bottom), during SA node spontaneous electrical activity. The black lines
represent the (heterozygous) carriers of the E161K mutation (‘E161K carriers’), whereas the grey lines represent control
individuals (‘non-carriers’). A: During baseline conditions (no ACh). B: After simulated application of 100 nM ACh.

Cardiac conduction disease
In the two families, individuals carrying the E161K mutation had broader P-waves and
prolonged PQ and QRS-intervals as compared to non-carriers. The conduction disease in
carriers of this mutation is attributable to the reduced conduction velocity of the cardiac AP,
which results from the abnormal biophysical properties of the channel (Figure 6).
A reduction in upstroke velocity of the cardiac AP and a consequent slowing of
conduction, due to loss-of-function SCN5A mutations, is not an uncommon mechanism in
inherited cardiac conduction disease.2 For example, in a computational cardiac model fiber, Tan
et al.33 have shown that a positive shift in voltage dependence of activation, as observed for the
G514C sodium channel mutation, caused a reduction in AP upstroke velocity resulting in
conduction delay. A positive shift in activation shifts the voltage threshold of sodium channel
opening to more positive values, and will thus necessitate a greater voltage stimulus to
depolarize the cells, slowing AP propagation. This, in combination with the reduction in INa,
can also explain the abnormally widened P-wave and the longer PQ- and QRS-intervals in
carriers of the E161K mutation (Figure 6).
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Figure 8: Simulated effects of the E161K mutant biophysical properties on sinoatrial node action potential parameters.
The grey bars represent carriers of the E161K mutation (‘E161K carriers’), whereas the open bars represent control individuals (‘non-carriers’). SR=sinus rate, MDP=maximal diastolic potential, DDR=diastolic depolarization rate, defined as
the rate of diastolic depolarization over a 10 ms interval starting at MDP + 1 mV, Vmax=action potential upstroke velocity, APA=action potential amplitude, APD=action potential duration at 100% repolarization. A: During baseline (no ACh).
B: After simulated application of 100 nM ACh.

Impaired conduction can not only be caused by defects in the ion channels involved in
cellular excitation, but also by defects in intercellular communication through gap junction
channels. It has been demonstrated that P-wave duration, PQ interval, and QRS duration are
significantly prolonged in Cx40-deficient mice.34 However, screening of the gene encoding Cx40
did not reveal any genetic variation. This gene is therefore excluded as a possible modifier gene
for the cardiac conduction disease phenotype in the investigated families. We did not screen the
gene encoding connexin43 (Cx43), which is abundantly expressed in the ventricles.19 However,
genetic variation in this gene would specifically act on ventricular ECG parameters, as demonstrated by the observation that induced ablation of Cx43 in the adult mouse heart increased QRS
duration without significant effects on the P wave or PQ interval.35 Furthermore, both ECG
parameters and activation maps of adult heterozygous Cx43 knockout mice do not differ from
those of their control littermates.36,37 Therefore, it is unlikely that the Cx43 gene acts as a
modifier gene in the investigated families.
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The Brugada syndrome
Two hypotheses have emerged to explain the Brugada syndrome ECG features and arrhythmias,
both of which can result from reduction in INa. In the first hypothesis it is postulated that a
reduction in INa during phase 0 of the AP causes a shortening of the AP because during the
subsequent phase of early repolarization (phase 1) the presence of Ito may give rise to ‘all or none
repolarization’.1,14,38 Because the epicardial layers of the heart have more Ito than endocardial
cells, the epicardial AP will shorten to a greater extent. The resultant voltage gradient between
epi- and endocardial layers of the heart may then give rise to ST-segment elevation.1,14,38 The
second hypothesis attributes the Brugada syndrome features to preferential conduction delay
in the right ventricular outflow tract, for example due to a reduction in INa.39 The sodium
current reducing effects of the E161K mutation may explain the Brugada syndrome phenotype
in the mutation carriers by either of these mechanisms.

The sick sinus syndrome
The sick sinus syndrome was evidenced by sinus bradycardia, SA exit block, complete heart block
and paroxysmal atrial tachyarrhythmias. In addition, lower absolute heart rates and lower
average heart rates in E161K mutation carriers as compared to healthy gender-and-age matched
controls, were observed in 24-hour Holter recordings. The lower averaged heart rates were
especially apparent during the night, while this difference disappeared in the early morning
hours. This is probably due to the change in posture and the circadian variation in the autonomic
nervous system that shows radical physiological changes during the time period directly after
wakening, i.e. increase in catecholamine release.40
Two different mechanisms may underlie the sick sinus syndrome: (i) a hampered
conduction between the SA node and the atria, due to an increased stimulus threshold in the
atrial myocardium (the wider P waves are compatible with this), or (ii) a disorder of the SA node
itself, as established for patient B-III-23 of family B during EPS. Although the role of INa in the
SA node has been controversial, it is now well established that sodium channels contribute to
SA node pacemaking in mammals.40-44 To test for the effect of the reduced INa on intrinsic SA
node activity, we used computer simulations that additionally allowed testing for effects of the
parasympathetic nervous system. It was found that the reduced INa of the E161K mutant
carriers gave rise to a slight reduction in upstroke velocity and DDR with consequent slowing of
sinus rate (Figures 7 and 8). These effects were much more pronounced in the presence of ACh,
simulating vagal dominance.26,29 This is in accordance with the observations that significantly
lower heart rates occurred at night and during the day except for the time interval between 8am
and 1pm, when the sympathetic tone is dominant. This is supported by the fact that maximum
heart rates were indistinguishable between mutation carriers and non-mutation carriers.

Genotype-phenotype relationship
Since compound heterozygous mutations in SCN5A have been linked to sick sinus syndrome in
3 families,4 the involvement of a second SCN5A mutation in this family was excluded by
analysis of SCN5A haplotypes (Figure 1). This possibility was further excluded by sequencing
the entire SCN5A coding region in individuals B-II-6, B-II-11 and B-II-17, each bearing
different SCN5A haplotypes; in this way, the SCN5A coding region of all SCN5A alleles
segregating in affected individuals of generation II of this family were screened. No further
SCN5A mutation was found in these individuals.
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In spite of having saddleback type ST-segment elevations and a positive flecainide test,
individual B-II-6 (family B) was not a carrier of the SCN5A E161K mutation. This is unusual,
and only recently the first registration of two false positive sodium challenge tests, in this case
using ajmaline, has been reported in two sisters who showed no evidence of Brugada syndrome
and lacked the SCN5A (R367H) mutation presumed responsible for the disease in their (large)
family.45 In accordance with the speculations of the investigators involved in the latter study,
various mechanisms could be responsible for the false positive flecainide test observed in
individual B-II-6, among which is the occurrence of a second sodium channel mutation,
possibly de novo, in this individual. However, sequencing of the entire coding region of SCN5A
in this individual uncovered no such mutation. Another possibility could be that the E161K
mutation is not responsible for the phenotype in this family. Two facts argue against this
possibility: (i) the same mutation occurred in two non-related families presenting with the same
combination of electrical phenotypes; in the two families, the mutation occurred on two
different SCN5A haplotypes, suggesting an independent origin, and (ii) the mutation affects a
highly conserved residue (E161) and the consequence of the mutation, i.e. the loss-offunction, are in line with what one expects of a mutation causing the electrical phenotypes
observed in this family. Yet another possibility, which seems the most likely, is that an additional
mutation, in a gene other than SCN5A, also contributes to the phenotype in this family. With
regards to the involvement of other genes, a mutation in HCN4, the only other gene linked thus
far to sick sinus syndrome, was also excluded. We suggest that a possible second gene in this
family could be an important modifier of sodium channel function. Interestingly, a mutation in
SCN5A, the only gene hitherto linked to the disorder, is only found in 15-30% of patients with
the Brugada syndrome.46-48 In the remaining patients, the disease is often also inherited, which
suggests the involvement of other genes.1,2
In spite of being mutation carriers, individuals B-III-13, B-III-14, B-III-15 and B-III-17
did not display any phenotypic manifestations. This could be due to reduced penetrance, a
common finding in primary electrical diseases in general and also in sodium channelopathy.46,49
Other plausible explanations are that the expression of the disease is age-dependent, or that
these individuals did not inherit the putative second gene mutation.
To conclude, the E161K mutation in the SCN5A gene is related to a clinical phenotype
of cardiac conduction disease, sick sinus syndrome and Brugada syndrome with a variable
clinical presentation. Loss-of-function SCN5A mutations have often been reported in association with the Brugada syndrome and cardiac conduction disease. This is however the first report
of a loss-of-function SCN5A mutation in which the clinical phenotype is that of sick sinus
syndrome and Brugada syndrome, and for which the biophysical properties have been characterized. Additionally, by using a computer model of SA nodal electrical activity we have provided
novel insight into the mechanism underlying sick sinus syndrome due to loss-of-function
mutation in SCN5A.
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Abstract

Background Reduced cardiac sodium current slows conduction and renders the heart susceptible to ventricular fibrillation (VF). Loss of function mutations in SCN5A, encoding the cardiac
sodium channel, are one cause of the Brugada syndrome, associated with slow conduction and
a high incidence of VF, especially in Asians. In this study, we tested the hypothesis that an
SCN5A promoter polymorphism common in Asians modulates variability in cardiac conduction.
Methods and Results Resequencing 2.8 kb of SCN5A promoter identified a haplotype variant,
consisting of 6 polymorphisms in near-complete linkage disequilibrium, occurring at an allele
frequency of 22% in Asian subjects, and absent in Caucasians and African-Americans. Reporter
activity of this variant haplotype, designated HapB, in cardiomyocytes was reduced 62%
compared to wild-type (P=0.006). The relationship between SCN5A promoter haplotype and PR
and QRS durations, indices of conduction velocity, was then analyzed in a cohort of 71
Japanese Brugada syndrome subjects without SCN5A mutations and in 102 Japanese controls.
In both groups, PR and QRS durations were significantly longer in HapB individuals (P≤0.002)
with a gene-dose effect. In addition, up to 28% and 48% of variability in PR and QRS durations
respectively was attributable to this haplotype. The extent of QRS widening during challenge
with sodium channel blockers, known to be arrhythmogenic in Brugada syndrome and other
settings, was also genotype-dependent (P=0.002).
Conclusion These data demonstrate that genetically-determined variable sodium channel
transcription occurs in the human heart, and is associated with variable conduction velocity, an
important contributor to arrhythmia susceptibility.
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Sodium, conduction, arrhythmia, sudden death, genetics
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Sudden cardiac death (SCD) accounts for 20% of all mortality in Western countries.1 One key
determinant of normal excitation and conduction of the cardiac impulse is the cardiac sodium
channel, responsible for rapid depolarization in most cardiomyocytes. Reduced sodium current
predisposes to SCD. For example, while sodium channel blockers have been used for antiarrhythmic therapy, the Cardiac Arrhythmia Suppression Trial showed that these agents increase
the incidence of SCD.2 Loss of function mutations in SCN5A, the cardiac sodium channel gene,
cause ~20% of cases of the Brugada syndrome, associated with a high risk of SCD.3 Furthermore,
there is evidence that such sodium channel mutations may also lead to enhanced fibrosis in
myocardial tissue.4,5 The overall hypothesis underlying the work presented here is that variability in regulation of sodium channel expression contributes to inter-individual variability in
cardiac conduction, and consequently can be considered a candidate modulator of arrhythmia
susceptibility, especially in the presence of other stressors such as drugs or acute myocardial
ischemia.6 As a first step in testing this hypothesis, we cloned and characterized the proximal
promoter region of SCN5A and identified multiple cis-acting elements regulating gene
expression.7 We report here identification of an ethnic-specific, common SCN5A promoter
variant that modulates PR and QRS durations, indices of cardiac conduction.

4.2 Patients and Methods

Identification of polymorphisms
Resequencing 2.8 kb of the SCN5A promoter region in a single individual of Asian origin
identified him as a homozygote for 6 DNA polymorphisms in the region: T-1418C, T-1062C, T847G, -835insGC, G-354C, and C287T (Figure 1). The resequenced region encompassed
positions -2190 to +613, relative to major transcription initiation site7 of the SCN5A promoter
including 2.2 kb upstream of exon 1, exon 1 (which is 173 bp and non-coding), and the
proximal 439 bp of intron 1. The fragment was amplified by LA PCR (TaKaRa kit) with primers
F1 and R1 ( Table 1). Further studies described below established that these polymorphisms were
common and in near-total linkage disequilibrium, thereby identifying 2 common haplotype
blocks, designated HapA and HapB. We also detected a third combination of polymorphisms,
designated HapC, in <1% of subjects. In addition to the study populations, 150 Caucasian and
100 African-American individuals were tested for these haplotypes.

Generation of constructs
The 2.8 kb fragment described above was amplified from genomic DNA of HapA and HapB
homozygous individuals. These fragments were cloned into the pGEM-T Easy vector (Promega)
and inserts were subsequently subcloned into the pGL3-Basic vector (Promega), which contains
the firefly luciferase coding sequence, to generate SCN5A promoter-luciferase fusion constructs
for reporter assays. These constructs were designated pGL3-HapA and pGL3-HapB.

81

GENETIC BASIS OF CARDIAC ION CHANNEL DISEASES

Figure 1: Haplotypes identified in the cardiac sodium channel gene (SCN5A) promoter. Nucleotide variations are indicated by their position relative to the major transcription initiation site (+1, reference7) with the most frequent nucleotide
given below and the least frequent nucleotide given above from the position. *Frequency in the Japanese (control)
population.

Reporter activity
Reporter activity was assayed in neonatal mouse cardiomyocytes and in Chinese Hamster Ovary
(CHO) cells as described in detail previously.7 In brief, 1 µg pGL3-HapA or pGL3-HapB was
transfected into neonatal mouse cardiomyocytes or CHO cells. In each experiment, 0.05 µg
pRL-TK plasmid (Promega) encoding Renilla luciferase was co-transfected to normalize for
experimental variability caused by differences in cell viability or transfection efficiency.
Luminescence was measured 48 hr post-transfection using the Dual-Luciferase Reporter Assay
System (Promega). The pGL3-Basic (promoterless) plasmid was tested in each experiment and
its activity level served as the baseline.

Study participants
Participants in the clinical study were ascertained at the National Cardiovascular Center, Osaka,
Japan. All protocols (including molecular screening) were reviewed and approved by the Ethical
Review Committee of the National Cardiovascular Center, and informed consent was obtained
from all individuals.
The control population consisted of 102 subjects drawn from mutation-negative
relatives in congenital Long QT syndrome families, in which the causative mutation had been
identified. Only one person was drawn from each family. There were 67 males and 35 females
ranging in age from 9 to 69, with a mean age of 40±14 years (mean±SD).
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The Brugada syndrome population included 80 patients diagnosed with Brugada
syndrome, defined as Type 1 “coved” ST-segment elevation in V1-V3 (spontaneous in 70
patients, sodium channel blocker-induced in 10 patients).8 In all patients, physical examination,
chest roentgenogram, laboratory values, echocardiography with wall motion analysis and
Doppler screening excluded structural heart disease. Aborted cardiac arrest or ventricular
fibrillation (VF) was documented in 30 patients, syncope in 20, and 30 were asymptomatic. All
patients had been previously screened for SCN5A coding region mutations and a mutation had
been identified in 9 patients. The patient group included 76 males and 4 females ranging in age
from 1 to 76 years (mean±SD, 47±16).

ECG phenotypes
ECGs were assessed by an investigator (WS) blinded to age, gender, and genetic and clinical
information. Phenotypes assessed included RR interval, PR interval measured in lead II (PRII), QRS
interval measured in leads V1 (QRSV1) and V6 (QRSV6), ST amplitude at J point (STJ) and ST
amplitude at 80 ms after the end of the QRS (ST80).
The effects of intravenous administration of sodium channel blockers on these ECG
parameters were examined in 49/80 Brugada syndrome patients. Pilsicainide (maximum 1 mg/kg
at a rate of 0.1 mg/kg/min) was used in 37 patients, flecainide (maximum 2 mg/kg at a rate of
0.2 mg/kg/min) was used in 9 patients, and disopyramide (maximum 2 mg/kg at a rate of 0.2
mg/kg/min) was used in 3 patients.

Genotyping
Genomic DNA was prepared from blood leukocytes. Genotyping for the T-1418C and T-1062C
single nucleotide polymorphisms (SNPs) was performed by restriction fragment length polymorphism analysis after PCR amplification, with Ear I and Hae III, respectively. PCR primers used
to amplify the 161-bp fragment encompassing the T-1418C SNP were F2 and R2, and those
used to amplify the 123-bp fragment encompassing the T-1062C SNP were F3 and R3 (Table 1).
Genotyping for the other 4 polymorphisms (T-847G, 835insGC, G-354C, and C287T) was done
by DNA resequencing of both strands. PCR primers used to amplify the 638-bp fragment
encompassing the T-847G, 835insGC and G-354C polymorphisms were F4 and R4, while those
used to amplify the 599-bp fragment encompassing the C287T polymorphism were F5 and R5.

Statistical analysis
Using the individual genotypes for the 6 polymorphisms, haplotype frequencies were estimated
using an E-M algorithm.9 The haplotype frequencies were used to calculate the probabilities of
the haplotype pairs compatible with the genotype combinations of the multiple heterozygous
patients using Bayes’ theorem. Observed haplotype pair frequencies were compared with those
expected under Hardy-Weinberg equilibrium in the Brugada syndrome population and control
population separately using a chi-squared test. To compare haplotype pair frequencies among
Brugada syndrome patients and controls, a Fisher exact test was used.
All quantitative phenotypes were normally distributed and data are expressed as mean
± standard deviation (SD). Continuous ECG phenotypes were compared between SCN5A mutation-negative Brugada syndrome patients, SCN5A mutation-positive Brugada syndrome patients
and controls using analysis of variance (ANOVA), adjusted for age and gender followed by a
post-hoc test for pairwise comparisons. Student’s t-tests were used to compare the after drug
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challenge continuous ECG phenotypes between SCN5A mutation-negative and positive Brugada
syndrome patients. Correlations between quantitative phenotypes before and after sodium
channel blockade are expressed as Pearson correlation coefficients (r). For comparison of the
proportion of males a Fisher exact test was used.
The effect of haplotype pairs on the continuous ECG phenotypes was tested in the
Brugada syndrome patients and controls separately by ANOVA with adjustment for age and
gender. The nine SCN5A mutation-positive Brugada syndrome patients were treated as a
separate category (7 HapA/HapA homozygotes, 2 HapA/HapB heterozygotes, pooled). The two
individuals with the rare HapC variant (one patient from each group) were excluded from the
analyses. In all analyses, the proportion of variance attributable to the haplotype pair (R2) was
calculated, corrected for effects of age and gender.
Difference in reporter gene expression activity between Haplotype A and Haplotype B
were examined for statistical significance using Student t-test. Throughout, P-values < 0.05
were interpreted significant. All statistical analyses were done with SAS software (version 9,
SAS Institute, Cary, NC).

Multiple testing
When a Bonferroni correction for the 24 statistical models is used to compare the continuous
ECG phenotypes, the significance level for the overall P-values is 0.002. Similarly, the Bonferroni corrected significance levels for the pairwise comparisons between three or four groups is
0.017 and 0.008, respectively.

4.3 Results

Haplotypes
The 6 polymorphisms were in near-complete linkage disequilibrium, with only 2 (similar)
discordant haplotypes (out of 364; <1%), each occurring in 1 subject from each population. We
designated Haplotype A (HapA) as containing all common alleles and Haplotype B (HapB)
containing all minor alleles (Figure 1). The discordant haplotype was designated Haplotype C
(HapC). The estimated frequencies of HapA, HapB and HapC were 0.755, 0.240 and 0.005 in the
controls and 0.782, 0.211 and 0.007 in the SCN5A mutation-negative Brugada syndrome
patients, respectively. Haplotype distributions were in Hardy-Weinberg equilibrium (P>0.05) in
both populations. No significant difference in haplotype frequencies was observed between the
Brugada syndrome group and the controls. The haplotypes were absent in Caucasian and AfricanAmerican samples.

Functional analysis
In cardiomyocytes, reporter activity of HapB was markedly reduced, by 62%, compared to HapA:
5.5±0.4 (mean±SE) vs. 14.5±2.8 (normalized activity units; n=9 each, P=0.006, Figure 2). A
similar trend was seen in the non-cardiac cells: 2.7±0.3 vs. 3.6±0.3 (n=13 each, P=0.04, Figure
2).
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Figure 2: Reporter activity of SCN5A promoter haplotypes A and B. Firefly luciferase expression levels, which report the
activities of the inserted SCN5A sequence were divided by co-expressed Renilla luciferase activities and expressed as
relative luciferase units.7 Data are presented as mean±1SE (vs empty vector). CHO indicates Chinese hamster ovary.

Phenotypic characteristics of the control and Brugada syndrome patient populations
The decreased reporter activity for HapB suggested that individuals carrying this promoter
haplotype would display electrocardiographically-detectable conduction slowing. Accordingly,
the relationships between genotype and ECG intervals were evaluated in the control and
Brugada syndrome populations.
ECG data are shown in Table 2. As expected, Brugada syndrome patients had significantly longer conduction intervals (PRII, QRSV1, QRSV6) and greater ST segment elevation (STJ,
ST80) compared to controls. Heart rate was not significantly different between the two
populations. In addition, we found differences between SCN5A mutation-positive and SCN5A
mutation-negative Brugada syndrome patients similar to those previously reported10: mutationpositive subjects had significantly longer baseline PR and QRS intervals and longer RR intervals.
Data on the subset of Brugada syndrome patients who underwent drug challenge are presented
in Table 3.
Table 1. Sequence of Oligonucleotide Primers Used
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Values are given as mean ± standard deviation. Underlined P-values are below the Bonferroni corrected overall or pairwise significance levels (see:
Multiple testing)

Table 2: Baseline ECG characteristics of the control and Brugada syndrome patient populations.
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For all ECG parameters investigated highly significant (P<0.0001) correlations were
present between measures before and after drug challenge (Table 3). As previously reported,
SCN5A mutation-positive patients displayed longer PR and QRS intervals after challenge with
sodium channel blockers, compared to SCN5A mutation-negative patients.

Haplotype pair effects
PR and QRS durations were significantly longer in HapB individuals in both study populations
(Brugada syndrome, controls: P≤0.002 for PRII; P<0.0001 for QRSV1 and QRSV6, Figure 3). In
the control population PRII, QRSV1 and QRSV6 intervals showed a gene-dose effect, being
longest in HapB homozygotes, intermediate in HapA/HapB heterozygotes and shortest in HapA
homozygotes. A similar pattern was observed in the SCN5A mutation-negative Brugada
syndrome patient group. As discussed in the Methods section, these analyses excluded data in
the two individuals with HapC. PRII, QRSV1 and QRSV6 means (± SD) per haplotype group for
the two populations are listed in Table 4. Both the overall and pairwise P-values were highly
statistically significant even after correction for multiple testing.
The amount of variance (R2) in PR and QRS intervals explained by the haplotype pair
after correction for age and gender is shown in Table 5. As can be seen, a significant proportion
of variance in PR and QRS intervals, both at baseline (both groups) as well as after drug
challenge (Brugada syndrome group) was attributable to the haplotype. No significant association was found between haplotype and RR, STJ and ST80, in either population (data not shown).

Figure 3: SCN5A promoter haplotype effects on durations of QRSV6 and PRII in Brugada syndrome patients at
baseline and after challenge with sodium channel blocking agents, and non-Brugada syndrome controls. Patient
numbers are indicated between parentheses. Genotype effects on QRSV1 were similar to those on QRSV6 due to a high
correlation between these two parameters (Pearson’s coefficient, r=0.96). Data are presented as mean±SD. For Bonferroni corrected significance levels for pairwise comparisons, refer to Multiple Testing section in Materials and Methods.
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Drug challenge and haplotype
The haplotype pairs were also highly associated with conduction intervals (PRII, QRSV1, QRSV6)
after sodium channel blockade in 44 SCN5A mutation-negative Brugada syndrome patients who
underwent drug challenge (for PRII, QRSV1, QRSV6, P<0.0001, Figure 3). PRII, QRSV1 and QRSV6
means (± SD) per haplotype group are listed in Table 4. Also here, overall and pairwise P-values
were highly statistically significant even after correction for multiple testing.
In addition, the extent of QRS widening (∆QRS) following drug challenge was
genotype-dependent and a gene dose effect was also observed (∆QRSV6: HapB/HapB=30 ms
[mean±SD]; HapA/HapB=24.2±7.9; HapA/HapA=17.8±7.2; P=0.002, Figure 4). A similar trend
was seen for extent of PR widening (∆PR) following drug challenge (∆PRII: HapB/HapB=40 ms;
HapA/HapB=33.8±13.2; HapA/HapA=28.6±8.3; P=0.05).

Figure 4: SCN5A promoter haplotype effects on extent of QRS (∆QRSV1 and ∆QRSV6) and PR (∆PRII) widening following sodium channel blockade. AA, n=29; AB, n=13; BB, n=2. Data are presented as mean±SD. The Bonferroni corrected significance level is 0.002.

4.4 Discussion

We demonstrate that a set of six SCN5A promoter polymorphisms found in Asian subjects are
in near-complete linkage disequilibrium, have a significant impact on sodium channel
expression in vitro, account for a large proportion of variance in ECG conduction parameters in
two independent Japanese populations, and represent pharmacogenetic markers predicting
variable drug response.
Twin studies have identified strong genetic effects for ECG parameters including PR and
QRS durations.11-14 Indeed, associations have been reported between ECG parameters and
single coding region nonsynonymous (amino acid-changing) SNPs in ion channel genes.15,16
However, common functional variants in regulatory regions that strongly modulate basal ECG
intervals have not been previously identified; one preliminary report has suggested an association between a potassium channel promoter polymorphism and QRS axis in women only.17
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Values are given as mean ± standard deviation. Pearson correlation coefficients (r) observed between measures before and after sodium channel blocker
challenge (P<0.0001). Mean baseline ECG parameters for the 44 SCN5A-ve and 5 SCN5A+ve patients (not shown) were very similar to those for the total
patient group given in Table 2. Underlined P-values are below the Bonferroni corrected overall significance levels (see: Multiple testing).

Table 3: Clinical characteristics of the Brugada syndrome patients after sodium channel blocker challenge.
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Table 4: Haplotype pair effects on QRS and PR intervals in the control population and the SCN5A mutation-negative (SCN5A-ve) Brugada syndrome population at baseline and
after challenge with sodium channel blockers. Per haplotype pair, mean ± SD values are given.
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Only recently has the concept of tightly linked polymorphisms (constituting a haplotype block)
been applied to understanding variability in cardiac electrophysiology. In one study, a small
degree of variance (<1%) in QT-interval in a central European population could be attributed
to single SNPs and haplotype blocks in four potassium channel genes.18 By contrast, the SCN5A
promoter haplotype we report here explained a remarkable proportion of variance in conduction parameters in the Japanese subjects studied (Table 5). Such associations could arise because
the haplotypes studied are, in turn, in linkage disequilibrium with other functionally-important
variants in regulatory or other regions of the gene. However, in this case, the in vitro functional
studies indicate that the effect is attributable to a variant within the haplotype block; at this
point, the specific variant mediating this effect has not been identified.
A principal determinant of cardiac conduction in atrial and ventricular muscle is the
sodium current; sodium channel blockers prolong PR and QRS durations, an effect also seen
with loss of function mutations in SCN5A.3 Critical degrees of conduction slowing represent a
final common pathway to VF,19 so dissection of the genetic determinants of cardiac conduction
in the general population is a key step to understanding variable susceptibility to common
arrhythmias due to conduction slowing, as in myocardial ischemia or heart failure.19 Thus the
data we present here implicates the SCN5A promoter variant HapB, which slowed conduction
in normal subjects, and exacerbated conduction slowing in those with Brugada syndrome, as a
candidate modulator of variability in risk of SCD. Importantly, imposition of further depression
of sodium channel function by administration of sodium channel blocking drugs further
exacerbated conduction slowing, in a gene-dose-dependent fashion. Studies in large numbers
of subjects at risk for SCD will be required to further establish the role of this and other
regulatory region polymorphisms in modulating that risk.
Differences in disease penetrance and expression have been widely reported in the
cardiac sodium and other channelopathies.20-23 Relatives carrying SCN5A mutation identical to
that of the proband may be clinically unaffected,23 and family members may display different
phenotypes, for instance Brugada syndrome or conduction disease.21 Genetic variants like the one
presented here are obvious candidate modulators of this variability in phenotypic expression.
Inter-individual variability has also been noted in response to pharmacological challenge with
sodium channel blockers in Brugada syndrome patients.23,24 In some patients, some even
carrying an SCN5A mutation, drug challenge fails to unmask a Brugada syndrome ECG. The
significantly greater increases in PR and QRS durations with sodium channel block in HapB
carriers thus identify variability in expression of the drug target, the sodium channel, as key
mediator of this variable drug effect. It is thus possible, that other sodium channel blocker
response phenotypes, such as the increased mortality with sodium channel blockers in the
Cardiac Arrhythmia Suppression Trial,2 was determined by variable sodium channel expression.
DNA samples from that important clinical trial were not archived so this will remain an open
question. More generally, the data indicate that sodium channel function is additively
suppressed by drug challenge, Brugada syndrome mutations, and the HapB regulatory variant.
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Brugada syndrome is endemic in Asia, where the disorder is also known as sudden
unexplained nocturnal death syndrome (SUNDS)25, and in fact the incidence is higher in Asia than
in the United States and Europe.26 Because HapB is common in Asians and absent in Caucasians,
and has a large negative impact on cardiac conduction, a long-recognized feature of Brugada
syndrome,27 it may logically contribute to differences in Brugada syndrome incidence as a
function of ethnicity. In this study, PR and QRS durations in individuals matched for haplotype
were consistently longer in the Brugada syndrome group compared to controls; thus, the
greatest conduction slowing was in those subjects with Brugada syndrome and the HapB/HapB
genotype. Indeed, control HapB/HapB subjects had longer QRS durations than did those with
manifest Brugada syndrome and the commoner HapA/HapA genotype. Thus, although the minor
allele is quite common, it alone may give rise to one part of the spectrum of loss of sodium
channel function that constitutes the Brugada syndrome. More generally the data fit nicely the
concept that individuals vary in their ability to maintain sodium channel function to protect
against the arrhythmia-prone substrate, and identify HapB as a variant that contributes to such
variable “antifibrillatory reserve”.10,28
Table 5: Variance explained by the haplotype pair (R2, %)
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Abstract

Objective Variable transcription of the cardiac sodium channel gene is a candidate mechanism
determining arrhythmia susceptibility. We have previously cloned and characterized the core
promoter and flanking region of SCN5A, encoding the cardiac sodium channel. Loss-offunction mutations in this gene have been reported in ~20% of patients with Brugada
syndrome, an inherited cardiac electrical disorder associated with a high incidence of life-threatening arrhythmias.
Methods In this study, we identified DNA variants in the proximal 2.8 kb promoter region of
SCN5A and determined their frequency in 1121 subjects. This population consisted of 88
Brugada syndrome patients with no SCN5A coding region mutation, and 1033 anonymized
subjects from various ethnicities. Variant promoter activity was assayed in CHO cells and in
neonatal cardiomyocytes by transient transfection of promoter-reporter constructs.
Results Single Nucleotide Polymorphisms (SNPs) were identified at ~1/200 base pairs: 11 in the
5’-flanking region, 1 in exon 1, and 5 in intron 1. In addition, a haplotype consisting of 2 SNPs
in complete linkage disequilibrium was identified. Minor allele frequencies were >5% in at least
one ethnic panel at 5/19 polymorphic sites. In vitro functional analysis in cardiomyocytes
identified 4 variants with significantly (P<0.05) reduced reporter activity (up to 63% reduction).
The largest changes were seen with c.-225-1790 G>A which reduced reporter activity 62.8% in
CHO cells and 55% in cardiomyocytes.
Conclusion The SCN5A core promoter includes multiple DNA polymorphisms with altered in
vitro activity, further supporting the concept of interindividual variability in transcription of this
cardiac ion channel gene.

Keywords
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The SCN5A gene encodes the α-subunit of the predominant voltage-sensitive sodium channel
expressed in cardiac muscle. The channel is an integral membrane protein which selectively
allows sodium influx into the heart cell, propagates the initial upstroke of the action potential,
and underlies fast conduction in human atrium and ventricle.1,2 The human gene has been
mapped to chromosome 3p21,3 and “gain of function” mutations associated with defective fast
inactivation cause type 3 of the congenital long QT syndrome.4 Loss of function mutations have
also been described and linked to congenital arrhythmia syndromes, including conduction
system failure,5 sick sinus syndrome,6 atrial fibrillation,7 and Brugada syndrome8 which
predisposes to ventricular fibrillation (VF); in the Brugada syndrome, SCN5A coding region
variants can be identified in ~20-30% of affected patients. Loss of sodium channel function has
been associated with an increased risk for VF not only in Brugada syndrome, but also with
acquired lesions, such as acute myocardial ischemia9,10 or therapy with sodium channel
blocking drugs.9-11 Experimental evidence supports the idea that loss of sodium channel
function can cause reentrant excitation by slowing conduction12 or by enhancing heterogeneity of repolarization.13-15 Taken together, therefore, these data suggest that loss of sodium
channel function is a common mechanism predisposing to life-threatening cardiac arrhythmias.
For that reason, variable SCN5A transcription could be a candidate modulator of arrhythmia
risk, particularly in the presence of added factors such as myocardial ischemia, drugs, or
mutations. However, the role of DNA variants within SCN5A transcriptional control has not been
yet thoroughly investigated.16,17
Cis-acting elements are usually conserved among species and functionally organized
into modules in which each module integrates input from a specific set of transcription factors
to direct a corresponding spatio-temporal expression pattern.18,19 While many regions of DNA
may include regulatory functions, promoter elements are sites of assembly for transcription
factors through a site selection process which plays a central role in transcriptional
regulation.20,21 One recent promoter screening and functional study indicated that around a third
of promoter variants may alter gene expression to a functionally relevant extent.22 We have
previously cloned and characterized the core promoter and flanking region of human and mouse
SCN5A genes, and reported a single nucleotide polymorphism (SNP), c.-225-92 C>A (numbering see Table 2), present in 6/142 normal alleles, that increased transcriptional activity by ~50%
in cardiomyocytes.23 In addition, we have reported a 6-change haplotype variant within this
region that is common in east Asian populations, which reduces transcriptional activity, and is
associated with conduction slowing in human populations.24 To further evaluate the functional
effect of DNA variants in this region, we screened it for DNA variants in 88 patients with
Brugada syndrome but no SCN5A coding mutations, and 1033 control subjects of diverse
ethnicities. We report here the frequency of these variants and their functional characterization,
compared to wild-type, in promoter-reporter experiments.
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5.2 Methods

5.2.1 Study populations

Patients
The Brugada syndrome was diagnosed in 88 patients following standard published criteria.25,26
Cases are included from multiple medical centers that include the Vanderbilt University
Medical Center (n=13), the Academic Medical Center, University of Amsterdam (n=38), the
University Hospital Münster (n=27), and the LMU University Clinics Großhadern, Munich (n=10).
A blood sample was obtained from each patient for extraction of DNA from lymphocytes. DNA
was then harvested, and archived. The investigation conforms with the principles outlined in the
Declaration of Helsinki and informed consent was obtained from all individuals. All patients had
been previously screened for SCN5A coding region mutations and no mutation had been
identified.

Reference populations
Four reference populations were studied:
(1) A set of randomly selected and unrelated Dutch Caucasian individuals (n=98).
(2) Randomly selected and unrelated individuals from the general population living in Southern
Germany, surveyed during 2002 and 2003 (n=702, from the KORA S4 survey, a population-based
sub-survey originating from the WHO MONICA project).27
(3) A set of randomly selected, unrelated individuals with ethnicities representing those of the
middle Tennessee area (n=71; 48 white and 23 black).
(4) A subset of ethnicity-defined but otherwise anonymized individuals (n=162, Coriell
Polymorphism Discovery Resource multi-ethnicity panels that is available from the National
Human Genome Research Institute).28 The Coriell samples used in this study included 4
different ethnicity panels, consisting of unrelated and apparently healthy individuals. The
panels screened in this study were: a) the Caucasian Panel (self-declared Caucasians), n=47; b)
the African American Panel (individuals of self-declared African ancestry or ¾ grandparents
with African ancestry), n=45; c) Han Chinese from Los Angeles panel (individuals with all four
grandparents born in Taiwan, China, or Hong Kong), n=26; d) the Mexican-American Community of Los Angeles Panel (individuals with three or four grandparents born in Mexico), n=44.
Thus, a total of 2066 control alleles and 176 alleles in patients with Brugada syndrome were
studied.

5.2.2 Screening for variants

Polymorphism identification
Polymorphism identification was carried out in the Brugada syndrome patient group (n=88) and
the Coriell group (n=162). The screened segment included 2.1 kb of 5’ upstream sequence of exon
1, exon 1 (which is 173 bp and non-coding), and the proximal intron 1, regions which are relatively GC-rich (60.6% GC content) and highly conserved compared to mouse and rat. 439 bp of
proximal intron 1 were screened in the patient group, while in the Coriell group the
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screening was extended to 708 bp of proximal intron 1. A 2.8 kb PCR fragment encompassing
these regions was amplified with primer pair 1F/1R (Table 1), using the LA-PCR method (LA PCR
kit, TaKaRa). Thermal cycling conditions were 94ºC for 1 min, followed by 40 cycles of 94ºC for
30 s, 64ºC for 30 s, 68ºC for 3 min. The intron 1 fragment was amplified with primer pair 9F/9R
(Table 1), using AmpliTaq Gold (Roche). Thermal cycling conditions were 95ºC for 10min, followed
by 36 cycles of 95ºC for 1 min, 64ºC for 40 s, 72ºC for 40 s, followed by 72ºC for 10 min. After
purification (QiaQuick PCR purification kit, Qiagen), the PCR product was sequenced using
primers 1F-8R and 9R and the ABI BigDye Terminator Sequencing kit (Applied Biosystems),
according to standard protocols.
Table 1: Sequence of oligonucleotide primers

F: Forward primer; R: Reverse primer

Polymorphism genotyping
Polymorphism genotypes for the KORA population (n=702) were determined using PCR followed
by primer extension reactions and MALDI-TOF mass spectrometric analysis (Sequenom, San
Diego, USA) using the Homogenous MassEXTEND® Assay (Sequenom). PCR was performed using
primers flanking the relevant SNPs. Prior to the primer extension reaction, unincorporated
primers and dNTPs were removed from the PCR product by treatment with 0.2 U Shrimp
Alkaline Phosphatase (20 min at 37°C, 10 min at 85°C). Primer extension was performed by
addition of a mastermix containing extension primer, dNTP/ddNTP’s and Thermosequenase
(Amersham) to 7 µl dephosphorylated PCR product, followed by a thermal cycling protocol: 94°C
for 2 min, 55 cycles of 94°C for 5 s, 52°C for 5 s and 72°C for 10 s. Samples were desalted by
adding SpectroClean Resin. Fifteen nanoliters of sample were then spotted onto the pad of the
384-SpectroCHIP™ bioarray and subsequently subjected to mass spectrometric analysis.
Polymorphism genotyping in the remaining control populations (n=169) was performed
by direct sequencing or restriction enzyme analysis according to standard protocols.
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5.2.3 Plasmid construction

To investigate the functional consequences of DNA variants in the screened region, 0.5 µg human
genomic DNA was used as a template to amplify a fragment which contained the -2190 to
+613 segment, using primer pairs 1F and 1R (Table 1). This PCR product was designated as P1
as in our previous report.23 After cloning the P1 fragment into the pGEM-T Easy vector, the
plasmid was digested with Nco I and Sac I and the insert was subcloned into the pGL3-Basic
vector (Promega), which contains the firefly luciferase coding sequence to generate a wild type
SCN5A promoter-luciferase fusion construct designated as pGL-P1 WT. All constructs
containing mutations in the 5’ upstream region were subsequently generated using pGL-P1 WT
as template. To extend the functional characterization on those DNA variants identified in exon
1 and flanking intron 1 regions, a construct encompassing the -261 to +613 segment (designated P+613 WT in our previous report23) was generated and subsequently served as template
to generate mutated constructs containing variants in exon 1 and flanking intron 1.
Variants were generated by site-directed mutagenesis using the QuikChange site
directed mutagenesis kit (Stratagene) using pGL-P1 WT or pGL-P+613 WT as template, following the manufacturer’s instructions. All constructs were verified by direct sequencing.

5.2.4 Transient transfection assays

Transient transfection analyses were performed as previously reported.23 In brief, reporter activity
was assayed in neonatal mouse cardiomyocytes and in CHO cells. 1-Day-old B6D2 mice were
anesthetized and sacrificed. Neonatal hearts were removed and placed in 1x PBS solution.
Ventricular segments were digested by Trypsin-Versene (Biofluids, Inc.) and cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 15% (v/v) NuSerum (Beckton Dickinson), 2.5 mM thymidine and penicillin-streptomycin (10 units/ml and 10 mg/ml
respectively) in a humidified 5% CO2 atmosphere at 37◦C. Cells were allowed to attach for 48
hrs before being used. Chinese hamster ovary K1 (CHO-K1) cells were obtained from the
American Type Culture Collection (Manassas, VA) and cultured as previously described.23
The SCN5A promoter-luciferase fusion constructs (1 µg DNA) were transfected into
the neonatal mouse cardiac cells using Fugene 6 (Roche), and into CHO cells using lipofectamine reagent (Invitrogen). In each experiment, the pRL-TK plasmid (0.05 µg, Promega),
encoding Renilla luciferase, was co-transfected to normalize for experimental variability caused
by differences in cell viability or transfection efficiency. Luminescence was measured 48 hr after
transfection by using the Dual-Luciferase Reporter Assay System (Promega). The pGL3-Basic
(promoterless) plasmid was tested in each experiment and its activity level served as the
baseline.

5.2.5 Statistical analysis

Expression activity of mutant construct was divided by that of wild type that was obtained from
the same transfection experiment to generate activity relative to wild type. For each construct
analyzed, data obtained was based on at least 6 separate transient transfection experiments.
Data are presented as mean ± S.E. Reporter gene expression activities were compared between
wild type and mutant sequences. Statistical significance level was examined with Student’s ttest. Throughout, a value of P<0.05 was considered as being statistically significant. All
statistical analyses were conducted with SPSS software (version: SPSS 13.0).
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Polymorphism identification
Seventeen SNPs and a haplotype consisting of two SNPs (c.[-225-1823 C>T;-225-834 T>C]) in
complete linkage disequilibrium were identified in the 2.8 kb screened region (Table 2). Seven
SNPs (c.-225-1790 G>A, c.-225-1657 A>G, c.-225-1294 T>G, c.-225-988 G>T, c.-225-667
A>G, c.-53+167G>T, c.-53+274 G>A) were only identified in the control population and at low
minor allele frequency (<2%). Six SNPs and the 2-SNP haplotype were identified in both case
and control populations (Table 2). Among all variants identified, the most common were c.-2252038 G>T, c.-53+114 C>T, c.-53+708 G>A and the 2-SNP haplotype, with minor allele
frequencies of >5% in at least one studied population (Table 2). Rarer alleles were often
represented in a single ethnic group. For example, c.-225-1790 G>A, c.-225-1657 A>G, and the
intronic variant c.-53+649 G>T were only identified in the Coriell African American control
panel with minor allele frequencies of ~1%, ~1% and ~3% respectively. In the 5’ upstream
region, 8 out of the 11 polymorphisms were identified in the -1kb to -2 kb region while only 3
occurred within the region from the transcription start site through -1 kb. The overall frequency
of the 19 variants described here and those previously reported23,24 within the screened region
was ~1/200 base pairs. The nucleotide changes of the novel variants and variants described
before were 50% transition (pyrimidine to pyrimidine or purine to purine), 46.2% transversion
(purine to pyrimidine or vice versa), and 3.8% insertion/deletions. This is in agreement with
previous reports indicating that transitions are more common than tranversions.29
In vitro functional assays
Table 3 and Figure 1 show the effects of 12 of the 17 SNPs and the haplotype identified in this
study on SCN5A promoter activities. Two rare variants, c.-225-1790 G>A and the intron 1
variant c.-53+167 G>T, reduced expression activities significantly in both cardiac myocytes and
non-cardiac (CHO) cells. Compared with wild type, promoter activity in c.-225-1790 G>A was
0.45±0.08 in cardiomyocytes and 0.37±0.06 in CHO cells; promoter activity of c.-53+167 G>T
was 0.47±0.09 in cardiomyocytes and 0.58±0.09 in CHO cells. The c.-225-1790 G>A variant
was only identified in the Coriell African American sample, and c.-53+167 G>T was identified
in the Middle Tennessee control population (Table 2).
Promoter activity in c.-225-775 T>A, identified in 1/176 alleles in the Brugada
syndrome population and in Dutch and KORA controls was significantly reduced in cardiomyocytes (0.76±0.04 relative to wild type). Promoter activity of this variant was slightly but not
statistically significantly reduced in CHO cells (0.82±0.04 relative to wild type). In a similar
cardiac specific pattern, promoter activity in c.-225-1315 G>T, identified in 1/176 alleles in the
Brugada syndrome population and in KORA controls was significantly reduced in cardiomyocytes (0.55±0.07 relative to wild type). The c.-206 G>A variant, also identified in 1/176
alleles in the Brugada syndrome population and in Dutch and KORA controls, only reduced
promoter activity in CHO cells (0.78±0.03).
About half of characterized variants (7/12 SNPs and the haplotype) displayed activity
similar to wild type in the functional assay (Table 3, Figure 1). Figure 2 summarizes the results
of this and previous studies.23,24 In vitro functional analysis of variants in this study identified 5
novel variants with reporter activity reduced by >20% (P<0.05) compared to wild-type.
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Numbering based on SCN5A promoter RefSeq: AY_148488 and cDNA RefSeq: NM_000335 with +1 corresponding to the A of the ATG
translation initiation codon in the reference sequence. n: allele number.

Table 2: DNA variants identified in the transcriptional regulatory regions of SCN5A gene

The largest changes were seen with c.-225-1790 G>A. In addition, the previously reported23
variant in the core promoter region (c.-225-92 C>A) showed increased activity by >20% (P<0.05)
and the six-change haplotype produced approximately 62% reduction of reporter activity in
cardiomyocytes.24

5.4 Discussion
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This study systematically analyzed DNA variants within the SCN5A promoter in patients with
Brugada syndrome and a large data set of control populations. We demonstrate that DNA
variants are common within the transcription regulatory regions, and that 5 novel variants have
a significant impact on sodium channel expression in vitro.
Transcription regulatory sequences constitute only a small fraction of the roughly 95%
of the human genome that does not encode proteins, but determine the level, location and
chronology of gene expression. Functional polymorphisms in transcriptional regulatory regions
may affect numerous processes in mRNA biogenesis and metabolism, including processing,
trafficking, stability, and translational control. Sequence variants in regulatory regions are thus
logical candidates for modulating human physiology, disease susceptibility, and response to
environmental stressors. DNA polymorphisms in 5’ regulatory regions have been linked to a
variety of human disorders including lung cancer,30 depression,31,32 and decreased activity of
CYP3A4.33 Previous studies from our laboratory and elsewhere34 have characterized the
modulating components of SCN5A core promoter in human and rat and have validated 3
conserved GC boxes that resemble the consensus Sp1 recognition site. Although Sp1 binding
sites have been implicated as disease-associated “hot spots”,35-38 the DNA variant screening
efforts in this study did not identify any functional polymorphisms occurring in these Sp1
binding sites and the core promoter region. The absence of loss of function DNA variants in the
core promoter of SCN5A suggests that the functional components in SCN5A core promoter are
highly selectively constrained.

Figure 1: Functional analysis of DNA variants identified in the promoter and flanking regions in neonatal mouse cardiac
myocytes and CHO cells. Transcriptional activities for mutant constructs are shown relative to wild type (see methods).
Firefly luciferase expression levels, which report the activities of the inserted SCN5A sequence, were normalized for the
co-expressed Renilla luciferase activities to control for transfection efficiency. Data are presented as mean±SE and each
data point was derived from at least 6 separate transfection experiments.
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Changes in cis-acting response elements that lead to differences in protein abundance
are thought to act by altering the binding of trans-acting proteins (transcription factors).
Identifying transcription factors that bind to specific DNA regions to generate transcriptional
activity in vivo remains a major challenge in this area. One approach is to analyze potential
binding sites using sequence-based programs. Accordingly, we screened the variant sites
identified here in SCN5A by using MatInspector, a software tool that utilizes a library of
transcription factor binding sites to predict matches in specific DNA sequences.39,40 Interestingly, 2/15 and the 2-change haplotype were predicted to alter transcription factor binding sites
(Table 3). Among them, we observed that the c.-225-1790 G>A variant, that significantly
reduced expression activity, results in the generation of a GATA1 binding site and elimination
of a putative ZIC2 site. ZIC2 belongs to the strong transcriptional activator Cys2-His2 family of
zinc finger transcription factors.41,42 Elimination of this site could therefore hypothetically lead
to loss of SCN5A expression. The previously reported 6-change haplotype results in elimination
of a predicted E2F binding site and generation of 3 novel WT1 sites and 2 ZF5 sites, which is also
consistent with the in vitro expression activity data and the loss of function phenotype observed
in individuals carrying this haplotype allele (Table 3). Further investigation of these DNAprotein interactions predicted “in silico” will be needed to validate their biological significance.
The polymorphisms we identify here may be associated with variability in basal
electrocardiographic indices such as QRS duration, a manifestation of ventricular conduction
velocity; this was a major effect of the 6-change haplotype variant we have recently reported.24
On the other hand, such variants may be clinically-silent in the basal state, but still modulate
sodium channel-related physiology in the face of environmental stressors such as transient
myocardial ischemia or exposure to sodium channel blocking drugs. Some of the variants
identified here did not alter promoter activity in vitro and hence may simply be non-functional
polymorphisms.

Figure 2: Summary of SCN5A promoter polymorphisms. The diagram indicates the genomic structure of the SCN5A
promoter and flanking regions, and the positions of DNA variants identified in this study. * Indicates a minor allele
frequency >4% in at least 1 screened population; ^ indicates variant reporter activity <80% or >120% of wild-type control in myocytes.

In summary, DNA polymorphisms displaying variant in vitro activity have been
identified in the promoter region of the cardiac sodium channel gene: 2/88 (2.3%) Brugada
syndrome patients and 11/1033 (1.1%) control individuals have alleles in this region of SCN5A
that alter sodium channel function. The data further reinforce the concept that sodium
channel function varies on a transcriptional level even among apparently normal subjects.
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Table 3: Functional consequences of DNA variants and potential effects on cis-trans interaction
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Abstract

Brugada syndrome is a genetic disease associated with sudden cardiac death that is characterized by ventricular fibrillation and right precordial ST-segment elevation on ECG. Loss-offunction mutations in SCN5A, which encodes the predominant cardiac sodium channel
α-subunit Nav1.5, can cause Brugada syndrome and cardiac conduction disease. However,
SCN5A mutations are not detected in a majority of patients with these syndromes, suggesting
that other genes can cause or modify presentation in these disorders. Here, we investigated
SCN1B, encoding the function-modifying sodium channel β1-subunit, in 282 probands with
Brugada syndrome and in 44 patients with conduction disease, none of whom had SCN5A
mutations. We identified three mutations segregating with arrhythmia in three kindreds. Two
of these mutations were located in a newly described alternately processed transcript, β1B. Both
the canonical and alternately processed transcripts were expressed in the human heart and were
expressed to a greater degree in Purkinje fibers than in heart muscle, consistent with the
clinical presentation of conduction disease. Sodium current was lower when Nav1.5 was
coexpressed with mutant β1 or β1B-subunits than when it was coexpressed with WT subunits.
These findings implicate SCN1B as a disease gene for human arrhythmia susceptibility.
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Voltage-gated sodium channels are critical for the generation and propagation of the cardiac
action potential,1,2 and mutations in SCN5A, the gene encoding the major pore-forming sodium
channel α-subunit in the heart (Nav1.5), cause multiple cardiac arrhythmia syndromes.1-4
Mutations producing enhanced inward current during the course of the action potential plateau,
often as a consequence of destabilized fast inactivation of the channel, cause long QT syndrome
type 3 (LQT3, OMIM 603830).1,2 On the other hand, a reduction in sodium current leads to
cardiac conduction disease, which may be progressive (OMIM 113900),1,3 and Brugada syndrome
(OMIM 601144), characterized by ST-segment elevation in the right precordial leads (V1 to V3)
of the 12-lead electrocardiogram (ECG) and episodes of ventricular fibrillation.4 Multiple
mechanisms have been described that reduce sodium current in these syndromes, including
altered gating of the channel or reduced cell surface expression.5 In addition, mutations in
SCN5A may manifest with an overlap of these different phenotypes.6-10 However, mutations in
SCN5A are found in fewer than 30% of patients with Brugada syndrome, indicating involvement
of other genes.11 A mutation in the glycerol-3-phosphate dehydrogenase 1-like gene (GPD1L) has
recently been reported in a large kindred with Brugada syndrome12; however, GPD1L
mutations are rare in Brugada syndrome.13 Antzelevitch et al. have recently reported mutations
in the gene encoding the L-type calcium channel (CACNA1C) or its β2b-subunit (CACNBb2) in
Brugada syndrome patients with unusually short QT intervals,14 but the frequency of these
defects as a cause for more-typical Brugada syndrome is unknown. SCN5A mutations are also
not identified in the majority of patients with cardiac conduction disease.15
Sodium channels are multi-subunit protein complexes composed not only of
pore-forming α-subunits but also of multiple other protein partners including auxiliary functionmodifying β-subunits.16,17 In humans, four sodium channel β-subunits (β1 to β4, encoded by
SCN1B to SCN4B) have been identified, and they share a common predicted protein topology:
a large extracellular N-terminal domain (including an immunoglobulin-like domain), a single
transmembrane segment, and an intracellular C-terminal domain.17 Functions attributed to
β-subunits include an increase in sodium channel expression at the cell surface, modulation of
channel gating and voltage dependence, and a role in cell adhesion and recruitment of cytosolic proteins such as ankyrin G.17
The β1 transcript arises from splicing of exons 1-5 of the SCN1B gene (Figure 1, A and
B). More recently, a second transcript has been described, arising from splicing of exons 1-3
with retention of a segment of intron 3 (termed exon 3A), leading to an alternate 3’ sequence
(Figure 1, A and B).18,19 This latter transcript encodes the β1B-subunit, which, in spite of the
different 3’ sequence, has a predicted protein topology similar to that of β1 (Figure 1C).19 The
β1B-subunit has been shown to increase a neuronal sodium current (Nav1.2),19 but its effects
on Nav1.5 current have not yet been investigated, although β1 and β1B are both expressed in
heart.19,20
Since loss-of-function Nav1.5 mutations cause conduction disease and Brugada
syndrome, one could envision that mutations in sodium channel β-subunits could also underlie
these disorders by decreasing sodium current. Therefore, we tested the hypothesis that
mutations in SCN1B coding sequences, for either β1 or β1B, underlie cases of conduction
disease and Brugada syndrome.
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6.2 Methods

Study populations
The study populations consisted of (i) unrelated Brugada syndrome probands ascertained at the
Academic Medical Center, Amsterdam, the Netherlands (n=38), l’institut du thorax, Nantes,
France (n=216), and the Niigata University Graduate School of Medical and Dental Sciences,
Niigata, Japan (n=28); and (ii) patients with cardiac conduction disease ascertained at the
Academic Medical Center, Amsterdam (n=2), l’institut du thorax, Nantes (n=39), and Ege
University School of Medicine, Izmir, Turkey (n=3). The study was performed according to a
protocol approved by the local ethics committees. Informed consent was obtained from all
patients. Coding region and splice site mutations in SCN5A had been previously excluded in all
probands by SSCP-DNA sequencing, dHPLC-DNA sequencing, or by direct sequencing using
primers in flanking intronic sequences.
Mutation analysis
Probands with Brugada syndrome and cardiac conduction disease were screened for mutations
in regions of the SCN1B gene encoding β1 and β1B, except for Japanese probands, who were
screened only in the regions of SCN1B gene encoding β1B. Screening for mutations was
performed by PCR amplification of coding regions and flanking intronic sequences, followed by
direct sequencing of amplicons on an ABI Prism 3730 DNA Sequence Detection System
(Applied Biosystems, Foster City, CA). Primer sequences are listed in Table 1:
Table 1: Sequence of oligonucleotide primers for SCN1B screening

Control populations
We screened randomly selected and unrelated Dutch Caucasian individuals (n=176), Caucasian
individuals (n=702) selected from the KORA S4 survey, which included population-based
southern German individuals (n=4,261) surveyed between 1999 and 2001,21 unrelated Turkish
Caucasian individuals (n=150), and four different ethnic groups (Caucasian, African-American,
Hispanic, Asian, n=94 for each group) from the Coriell Cell Repositories (Camden, NJ). The Coriell
samples were resequenced as described above by the J. Craig Venter Institute through the NHLBI
Resequencing and Genotyping Program. The other control samples were genotyped at the
identified mutation sites.
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Subunit mRNA abundances in human cardiac tissue
Real-time RT-PCR was used to quantify subunit abundances. Assays were conducted in nondiseased human hearts obtained from the University of Szeged, that were technically unusable
for transplantation based on logistic considerations.22 Before cardiac explantation, organ donor
patients did not receive medication except dobutamine, furosemide and plasma expanders. The
investigations conformed to the principles outlined in the Helsinki Declaration of the World
Medical Association. All experimental protocols were approved by the Ethical Review Board of
the Medical Center of the University of Szeged (No. 51-57/1997 OEJ). The left ventricles from
6 donors and the right ventricles from 6 donors were dissected and stored in cardioplegic
solution at 4°C for 4~8 h before being frozen in liquid nitrogen. Purkinje fiber mRNA was
extracted from false tendons dissected from the ventricles of 6 donors. Further information on
the donors is presented in Table 2:
Table 2: Characteristics of non-diseased donors

Total RNA from each cardiac sample was isolated and DNase-treated with the RNeasy
Fibrous Tissue Mini Kit (Qiagen) following the manufacturer’s instructions. The quality of total
RNA was assessed with polyacrylamide-gel micro-electrophoresis (2100 Bioanalyzer). Absence
of genomic DNA contamination was verified by PCR. First-strand cDNA was synthesized from 2
µg total RNA with High-Capacity cDNA Archive Kit (Applied Biosystems). Real-time PCR was performed on a Taqman system with pre-designed 6-carboxyfluorescein (FAM-labeled) fluorogenic
TaqMan® probe and primers for β1, custom-designed TaqMan® probe and primers for β1B (located in the retained segment of intron 3), and 1x TaqMan® Universal PCR Master Mix (Applied
Biosystems). PCR efficiency of the β1 and β1B fluorescent probes was estimated at ≈98%. After
2 minutes at 50°C and 10 minutes at 95°C, 40 cycles of amplification were performed with the
ABI PRISM 7900HT Sequence Detection System (Applied Biosystems). Data were collected with
instrument spectral compensation by Applied Biosystems SDS 2.1 software and analyzed with
the threshold cycle (Ct) relative-quantification method.23
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Fluorescence signals were normalized to the housekeeping gene hypoxantine phosphoribosyl
transferase 1 (HPRT). For each sample, β1 and β1B transcripts were quantified in duplicate. The
values were averaged and then used for the 2–∆Ct x100 calculation, where 2–∆Ct corresponds to
expression relative to HPRT. Primer and probe sequences are listed in Table 3:
Table 3.: Sequence of oligonucleotide primers for quantitative PCR

Generation of expression vectors
Full-length human β1 cDNA (GenBank accession No. NM 001037) subcloned into a bicistronic
vector also carrying the cDNA for enhanced green fluorescent protein (pEGFP-IRES, BD
Biosciences-Clontech) was supplied by Dr. Al George (Vanderbilt University, Nashville, TN).
Full-length human β1B cDNA (GenBank accession No. NM 199037) was cloned from human
ventricular mRNA, supplied by Dr. Katherine Murray (Vanderbilt University). The β1B cDNA was
subcloned into a pEGFP-IRES vector (BD Biosciences-Clontech). Mutant constructs were prepared
using the QuikChange II XL Site-Directed Mutagenesis Kit (Stratagene) according to the
manufacturer’s instructions. The inserts were subsequently sequenced to ensure that there was
no other mutation besides the intended one.

Transient transfection in CHO cells
For functional analysis, cultured Chinese Hamster Ovary (CHO) cells were transiently transfected
with the constructs described above using FuGENE6 (Roche Applied Science). Constructs
encoding β1- or β1B-subunits (1 µg, unless otherwise specified) were cotransfected with the
pBK-CMV vector (1 µg, Stratagene) encoding SCN5A (GenBank accession No. NM 000335),
supplied by Dr. Al George. To study dominant negative effects, mutant β1 or β1B construct (0.5
µg or 1 µg) was cotransfected with the same amount of WT β1 or β1B-subunit construct and
subcloned into a bicistronic vector also carrying cDNA for red fluorescent protein from
Discosoma version T3 (pDsRed T3-IRES, supplied by Dr. Al George), along with SCN5A (1 µg).
When SCN5A was transfected without β-subunits, the plasmid encoding the enhanced green
fluorescent protein (pEGFP-IRES, BD Biosciences-Clontech) with no β-subunit insert was
cotransfected. Cells were grown for 48 hours after transfection before study.
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Electrophysiology
Cells displaying green fluorescence were chosen for study; in experiments with transfection of
both WT and mutant β-subunits, cells displaying both green and red fluorescence were chosen.
Sodium currents were measured at room temperature using the whole-cell configuration of the
patch-clamp technique with an Axopatch 200B amplifier (Molecular Devices). The extracellular
bath solution contained (in mmol/L): NaCl 145, KCl 4.0, MgCl2 1.0, CaCl2 1.8, glucose 10, HEPES
10, pH 7.4 (NaOH). Patch pipettes (~1.5 MΩ) contained (in mmol/L): NaF 10, CsF 110, CsCl 20,
EGTA 10, and HEPES 10, pH 7.4 (CsOH). Currents were filtered at 5 kHz and digitized at 50 kHz.
Cell capacitance and series resistance were compensated for by at least 80%. Voltage control,
data acquisition, and analysis were accomplished using pClamp9.2 and Clampfit 9.2 software
(Molecular Devices).
To study channel activation, cells were held at -120 mV, and currents were elicited
with 50 ms depolarizing pulses from -80 to 60 mV in 10 mV increments. The voltage dependence of inactivation was studied using 500 ms prepulses from -120 to -20 mV in 10 mV
increments followed by a test pulse to -20 mV. Recovery from inactivation was assessed by first
inactivating channels using a 50-ms conditioning pulse to -20 mV from a holding potential of
-120 mV, followed by a varying recovery duration, and a 10-ms test pulse to -20mV. The
voltage-clamp protocols are shown in the figures. All currents were normalized to cell
capacitance. Voltage-dependence of (in)activation was determined by fitting a Boltzmann
function (y=[1+exp{(V-V1/2)/k}]-1), yielding the voltage required to achieve half-maximal
conductance (activation) or channel availability (inactivation) (V1/2) and slope factor (k). The
time constants of recovery from inactivation were determined using a double-exponential
function (y=Af{1-exp(-t/τf)}+As{1-exp(-t/τs)}), where τf and τs are the time constants of fast
and slow components, and Af and As are the fractions of the fast and slow components.

Statistical analysis
Electrophysiological data are expressed as mean±SEM. Gene expression data are expressed as
median±MAD (median absolute deviation). All statistical analyses were conducted with SPSS,
version 12.0. To test for significant differences among groups, unpaired t-test or ANOVA was
used. The level of statistical significance was P<0.05.
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6.3 Results

Mutation analysis and clinical data
We screened 282 probands with Brugada syndrome and 44 with conduction disease for
mutations in exons 1-5 of SCN1B encoding the β1-subunit and in exon 3A, retained in the β1B
transcript (Figure 1, A and B). SCN5A coding region mutations had been previously excluded in
all 326 subjects. Three variants were identified in probands and family members (Figure 2A).
These variants were absent in 1,404 population controls.
A missense mutation, c.259G→C (Figure 2B) in exon 3 resulting in p.Glu87Gln within
the extracellular immunoglobulin loop of the protein (Figure 1C), was identified in a Turkish
kindred affected by conduction disease (family 1, Figure 2A). Alignment of the β1-subunit amino
acid sequence from multiple species demonstrated that Glu87 is highly conserved, supporting
the importance of glutamate at this position (Figure 2C). The proband was a 50-year-old white
Turkish female (II-1) who presented with palpitations and dizziness. Physical examination and
echocardiography were normal, and her ECG showed complete left bundle branch block. A
clinical electrophysiological study revealed a prolonged His-ventricle interval of 80 ms and
inducible atrioventricular nodal reentrant tachycardia; complete atrioventricular block occurred
following atrial programmed stimulation and during induced tachycardia. A dual-chamber
pacemaker was implanted with resolution of symptoms. The same mutation was found in her
brother (II-3), who had bifascicular block (right bundle branch block and left anterior
hemiblock) and her mother (I-2), who had a normal ECG. There was no family history of syncope,
sudden cardiac death, or epilepsy.
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Figure 1: Structure of β1- and β1B-subunits. (A) Genomic structure of SCN1B. (B) Extension of exon 3 (c.208-458) into
intron 3 creating a novel 3’ end of the transcript (exon 3A, c.208-978), which generates an alternate transcript encoding
β1B. The gray region indicates the unique sequence of exon 3A. (C) Predicted topology of β1 and β1B. The β1B protein
has unique juxtamembrane, transmembrane, and intracellular domains. The arrow indicates the initial amino acid of the
β1B specific segment. Circles indicate the location of the mutations.

A nonsense mutation, c.536G→A in exon 3A (Figure, 1B and 2D), was identified in a
French kindred affected with Brugada syndrome and conduction disease (family 2, Figure 2A).
This mutation results in p.Trp179X and is predicted to generate a prematurely truncated protein
lacking the membrane-spanning segment and intracellular portion of the protein (Figure 1C). The
proband was a 53-year-old white male (II-4) who presented with chest pain. Physical
examination, echocardiography, and coronary angiography were normal. His ECG showed
ST-segment elevation typical of Brugada syndrome and conduction abnormalities (prolonged
PR interval of 220 ms and left anterior hemiblock, Figure 2E).24 Ventricular fibrillation was
induced by programmed electrical stimulation in basal state (in absence of drugs). The same
mutation was detected in his brother (II-1), nephew (III-1), and sister (II-2). The brother had no
palpitations or history of syncope. His baseline ECG showed left anterior hemiblock and minor
ST-segment elevation suggestive of Brugada syndrome at baseline (type II saddle back
abnormality24); with flecainide challenge, the ST segment elevation was further exaggerated,
but did not meet criteria for a diagnostic (type I) pattern. The nephew had right bundle branch
block and type II Brugada syndrome ECG after flecainide challenge and the sister had a normal
ECG and a negative flecainide test. There was no family history of tachyarrhythmias, syncope,
sudden cardiac death, or epilepsy.
117

GENETIC BASIS OF CARDIAC ION CHANNEL DISEASES

A different nonsense mutation, c.537G→A in exon 3A (Figure 2D), resulting in
p.Trp179X, affecting the same codon as in family 2, was identified in a Dutch kindred (family 3,
Figure 2A). The proband was a 17-year-old white female (II-1). Physical examination and
echocardiography were normal, and a flecainide test for Brugada syndrome was negative. Her
ECG showed right bundle branch block and prolonged PR interval of 196 ms (normal upper limit
in teenagers: 180 ms).25 The same mutation was found in her father (I-1), with normal ECG and
negative flecainide test. The family history was negative for syncope, sudden cardiac death, or
epilepsy.

Figure 2: SCN1B mutations found in patients with Brugada syndrome and conduction disease. (A) Pedigrees and phenotypes of the families affected by Brugada syndrome and/or conduction disease. Individuals carrying the mutation are
indicated (+). Individuals tested negative for the mutation are indicated (-). Individuals I-1 from family 1, and I-1 and II-3
from family 2 did not undergo genetic testing. Arrows indicate probands. (B) The c.259G→C mutation in SCN1B resulting in p.Glu87Gln found in family 1. (C) Alignment of β1 across species showing the high conservation of Glu87. (D) The
c.536G→A (middle) and c.537G→A (right) mutations in exon 3A of β1B both resulting in p.Trp179X found in families 2
and 3, respectively. (E) Twelve-lead ECG from the proband of family 2 (II-4). The arrowheads indicate ST-segment elevation typical of Brugada syndrome

β1 and β1B transcript expression
To confirm and extend previous reports that β1B is expressed in brain, heart, skeletal muscle and
other organs,19 we used quantitative real-time PCR in non-diseased human heart. Both β1 and
β1B transcripts were detected in right and left ventricles and in Purkinje fibers (Figure 3). The
β1 transcript level was higher in Purkinje fibers (which make up the conduction system in the
ventricle) than left- (2.4-fold, P <0.05) and right- (1.6-fold, P = NS) ventricular free wall. β1B
transcript levels showed an even greater difference: Purkinje fibers versus left- (4.8-fold, P
<0.001) and right- (3.7-fold, P <0.001) ventricular free wall. Levels of both transcripts were
also slightly (but not statistically significantly) higher in right- versus left-ventricular free wall
(1.5-fold and-1.3 fold for β1 and β1B transcripts, respectively).
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Figure 3: Expression profile of β1 and β1B transcripts in non-diseased human ventricular tissue as determined by quantitative RT-PCR. Relative expression levels of the β1 and β1B subunits are presented, normalized to those of HPRT in
left ventricle (LV, circles), right ventricle (RV, squares), and Purkinje fibers (triangles). Tissues for each group were collected from 6 human donors (non-diseased hearts, n=6). Data points indicate the average of two measurements in each
tissue sample. Larger symbols and error bars indicate median±MAD for all samples.

Cellular electrophysiology
The effects of mutant and WT β1 and β1B variants on Nav1.5 sodium current were assessed
using the whole-cell patch-clamp technique in transfected CHO cells. As described in the
methods, bicistronic expression vectors encoding a reporter (GFP or DsRed) with or without
β-subunits were cotransfected with expression vector encoding Nav1.5. Currents were compared
in cells transfected with SCN5A alone or SCN5A plus WT, mutant, or both β-subunits.
p.Trp179X. Figure 4A shows representative current traces in cells expressing Nav1.5
alone, and Nav1.5 plus WT or mutant β1B (p.Trp179X β1B) or their combination; current
densities at -30 mV are summarized in Figure 4B. Coexpression of Nav1.5 with WT β1B
significantly increased sodium current density over Nav1.5 alone, by 69%, while currents
recorded with p.Trp179X β1B coexpression were no different from Nav1.5 alone. Similarly, while
coexpression of WT subunit with Nav1.5 shifted the voltage-dependence of both activation and
inactivation to more negative potentials compared to Nav1.5 alone, no such shift was observed
with the mutant (Figure 4C and Table 4). This result indicates that while WT β1B modulates
Nav1.5 gating (in a fashion similar to WT β1; see below), the mutant exerts no such effect.
Coexpression of WT or mutant β1B with Nav1.5 did not alter recovery from inactivation (Figure
4D and Table 4).
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Figure 4: Electrophysiological characteristics of the p.Trp179X β1B mutant. (A) Representative traces of sodium current
demonstrating an increase in sodium current with wild-type (WT) but not mutant subunit. (B) Sodium current density at –
30 mV for Nav1.5 alone (n=29), Nav1.5 coexpressed with WT β1B (n= 28), Nav1.5 coexpressed with p.Trp179X β1B
(n=18), Nav1.5 coexpressed with WT β1B + p.Trp179X β1B (1 µg of each, n=14), and Nav1.5 coexpressed with WT β1B
+ p.Trp179X β1B (0.5 µg of each, n=10). (C) Voltage dependence of activation and inactivation. Filled circles, open circles, and squares indicate Nav1.5 alone, Nav1.5 coexpressed with WT β1B, and Nav1.5 coexpressed with p.Trp179X β1B,
respectively. The pulse protocol used to study the voltage dependence of inactivation is shown in the inset. (D) Recovery from steady-state inactivation. Biophysical properties are provided in Table 4.
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To examine whether expression of the mutant influences the effect of WT β1B on Nav1.5- (e.g.,
to produce a dominant negative action), cells were transfected with Nav1.5 and varying amounts
of WT and p.Trp179X β1B. Figure 4B shows that the sodium current increase of Nav1.5 alone
recorded with transfection of 1 µg of both β1B-subunit constructs was identical to the increase
with that of 1 µg of WT β1B. In addition, the increase in sodium current recorded with
transfection of 0.5 µg of both β1B-subunit constructs was 51% of that with 1 µg of β1B alone.
These data indicate that p.Trp179X β1B does not exert a dominant negative effect on WT β1B
function, and further support the finding that the mutant, unlike WT, does not affect sodium
channel function.

Figure 5: Electrophysiological characteristics of the p.Glu87Gln mutant. (A) Representative traces of sodium current. (B)
Current density at –30 mV for Nav1.5 alone (n=13), Nav1.5 coexpressed with wild-type (WT) β1 (n=17), Nav1.5 coexpressed with p.Glu87Gln β1 (n=18), and Nav1.5 coexpressed with WT β1 + p.Glu87Gln β1 (n=15). (C) Voltage dependence of activation and inactivation. Filled circles, open circles, and squares indicate Nav1.5 alone, Nav1.5 coexpressed
with WT β1, and Nav1.5 coexpressed with p.Glu87Gln β1, respectively. (D) Recovery from steady-state inactivation. Biophysical properties are provided in Table 5.

121

122

Values are shown as mean ± SEM; * P<0.05 when comparing versus Nav1.5 alone; † P<0.05 when comparing versus Nav1.5 / WT β1.

Table 5: Biophysical Parameters of WT and mutant β1

Values are shown as mean ± SEM; * P<0.01 when comparing versus Nav1.5 alone; † P<0.01 when comparing versus Nav1.5 / WT β1B.

Table 4.: Biophysical Parameters of WT and mutant β1B
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p.Glu87Gln. Figure 5A shows representative current traces of Nav1.5 and Nav1.5 coexpressed
with WT and/or mutant β1 (p.Glu87Gln β1); current densities are summarized in Figure 5B.
Co-expression of Nav1.5 with WT β1 significantly increased sodium current density at –30 mV,
by 76%, while coexpression with mutant β1 (p.Glu87Gln β1) did not increase the sodium
current. The increase in sodium current recorded with coexpression of Nav1.5 and 1 µg of both
WT and p.Glu87Gln β1 (+20%) was markedly smaller than the increase with coexpression of
Nav1.5 with 1 µg WT β1 alone (+76%), indicating that this mutant exerts a dominant negative
effect on WT β1 function. Figure 5C shows that WT β1 produced negative shifts in the voltage
dependence of Nav1.5 activation and inactivation similar to those observed with WT β1B.
p.Glu87Gln β1 shifted the voltage dependence of inactivation to negative potentials (similar to
WT), but did not alter the voltage dependence of activation (Table 5). Coexpression of WT or
mutant β1 with Nav1.5 did not alter recovery from inactivation (Figure 5D, Table 5).
Since Glu87 is located in a region of the protein common to both β1 and β1B, we also
studied the effects of p.Glu87Gln β1B on Nav1.5 current properties (Figure 6, Table 6). While WT
β1B increased Nav1.5 current by 69% (Figure 4), p.Glu87Gln β1B did not increase the sodium
current compared with Nav1.5 alone. Similarly, WT β1B produced a negative shift in voltage
dependence of both activation and inactivation (Table 4), while p.Glu87Gln β1B shifted only
the voltage dependence of inactivation compared to Nav1.5 alone. As with the other β-subunit
constructs studied, there was no change in recovery from inactivation. Thus, the effects of
p.Glu87Gln were comparable in the β1 and the β1B backbones.

Figure 6: Comparison of p.Glu87Gln mutant function in β1- and β1B-subunits. (A) Representative traces of sodium current. (B) Current-voltage relationships for the p.Glu87Gln β1B-subunit (open circles, n=15). The dotted lines in panels BD indicate data for the p.Glu87Gln β1-subunit shown in Figure 5. (C) Steady-state activation and inactivation. (D) Recovery
from steady-state inactivation. Biophysical properties are provided in Table 6.
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Values are shown as mean ± SEM; * P<0.01 when comparing versus Nav1.5 alone; † P<0.01 when comparing versus Nav1.5 / WT β1B. Data for Nav1.5,
Nav1.5/WT β1B, and Nav1.5/p.Glu87Gln β1 are also shown in Tables 4 and 5.

Table 6: Biophysical Parameters for p.Glu87Gln β1
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6.4 Discussion
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In this study we provide what we believe to be the first report of mutations in SCN1B sequences
encoding the β1 and β1B transcript variants in patients with conduction disease and/or Brugada
syndrome. Further, we provide new data indicating that β1 and β1B transcripts in the heart vary
by region; greater expression in Purkinje fibers is consistent with the conduction system
phenotype we describe in mutation carrier patients. Finally, we demonstrate that the β1 and β1B
variants modulate function of the major cardiac sodium channel α-subunit Nav1.5, and that
the identified SCN1B mutations blunt or inhibit this effect.
The three mutations were identified in three probands with conduction disease and/or
Brugada syndrome as well as in other family members with or without these arrhythmia
phenotypes. Formal linkage analysis was not possible because the families are too small and
penetrance is incomplete. Thus, evidence in support of disease causality of these mutations
(beyond their identification in subjects with clinical phenotypes) includes the findings that both
β1 and β1B transcripts are expressed in heart and that the mutant subunits (p.Glu87Gln β1,
p.Glu87Gln β1B and p.Trp179X β1B) did not increase Nav1.5 currents in heterologous
expression experiments, while WT β1 and β1B did. Incomplete penetrance, a well-recognized
feature of the monogenic arrhythmia syndromes,12,26 was observed. For SCN5A mutations linked
to Brugada syndrome, penetrance as low as 12.5% has been described.27 A role for sex, age and
genetic modifiers (e.g., common polymorphisms) is suspected,5,28,29 but the mechanisms for this
common clinical finding remain poorly understood.
Two types of mutations were identified. The c.536G→A and c.537G→A mutations in
exon 3A both result in a stop codon at position 179, predicted to generate a β1B protein
lacking the transmembrane and cytoplasmic domains and thus unable to integrate into the
sarcolemma and to associate with Nav1.5. Thus, the a priori assumption is that a mutation such
as this will cause disease by simple haploinsufficiency. The electrophysiologic data support this
idea, since coexpression of p.Trp179X β1B failed to increase Nav1.5 current and did not
modulate the effect of the WT β1B protein. Furthermore, the voltage-dependencies of activation and inactivation of Nav1.5 coexpressed with p.Trp179X β1B were the same as those for
Nav1.5 alone, in contrast to the shifts observed with WT β1B.
On the other hand, the c.259G→C mutation leads to an amino acid substitution (p.Glu87Gln)
within the extracellular domain of the protein. The electrophysiological data demonstrate that
the mutant subunit did modulate Nav1.5 gating (shift in the voltage dependence of inactivation, in either the β1 or β1B background), supporting the idea that it associates with Nav1.5 at
the cell surface. In addition, in contrast to the p.Trp179X β1B, p.Glu87Gln did exert a
dominant-negative effect on the WT subunit. Thus, the three mutations lead to a decrease in
Nav1.5 current, through somewhat different mechanisms. This reduction of current is consistent
with the conduction disease and Brugada syndrome phenotypes of the patients.
Normal impulse propagation in the atria, ventricles and Purkinje network is critically
dependent on normal sodium channel function. Dysfunction of the sodium channel leads to
conduction delay and loss-of-function mutations in SCN5A have been described in “pure”
conduction disease.1,3 Thus, our finding of SCN1B mutations associated with reduced sodium current in patients with conduction disease is consistent with previous studies of the mechanism
of this disorder. The preferential expression of the β1 and β1B transcripts in human Purkinje
fibers further supports the prominent conduction delay seen as part of the clinical phenotypes.
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Loss-of-function mutations in SCN5A were the first reported cause of the Brugada
syndrome.4 These mutations reduce sodium current by reducing Nav1.5 cell surface expression
and/or altering gating.4,5,30 A common view is that in epicardial cells, this reduction in sodium
current produces marked action potential shortening, attributed to an “unopposed” early
transient outward potassium current. By contrast, reduction of sodium current in endocardial
cells is thought to produce only modest action potential shortening. The resultant increased
heterogeneity of repolarization predisposes to rapid reentry resulting in ventricular fibrillation.4,31
A common feature in Brugada syndrome – consistent with reduced sodium current – is slowed
conduction.32,33 Indeed, an alternate proposed mechanism suggests that the characteristic right
precordial ST-segment elevation on the ECG and initiation of arrhythmias is attributable
primarily to right-ventricular outflow tract conduction delay.33 The trend to higher expression
levels of β1B in right ventricle may thus contribute to the Brugada syndrome phenotype.
This idea is further supported by functional studies of the GPD1L mutation linked to
Brugada syndrome in a single large kindred: coexpression of mutant GPD1L with Nav1.5 was
reported to decrease sodium current, consistent with the loss-of-function mutations in SCN5A
itself as a cause for Brugada syndrome.12 In principle, reduction in L-type calcium current might
also produce differential effects in epicardial and endocardial sites, and thus cause the Brugada
syndrome; rare kindreds with this mechanism have now been described.14
Conduction disease was observed in families 1 and 3, while in family 2, mutation carriers
presented either solely with conduction disease or conduction disease in combination with ECGs
typical of Brugada syndrome. This phenomenon of overlapping clinical phenotypes is common
in individuals with SCN5A mutations leading to loss of sodium channel function,6,8 and
conversely in vitro electrophysiologic analysis of SCN5A mutations linked to Brugada syndrome
or isolated conduction disease consistently reveals loss of Nav1.5 channel function.3,4 Indeed, a
single mutation segregating in a given family can lead to conduction disease in some family
members and Brugada syndrome in others.6,8 What determines the ultimate phenotype –
Brugada syndrome versus isolated conduction disease – is unknown. Sex, age, and genetic
modifiers (e.g., common polymorphisms) have been proposed as modulators of the clinical
phenotypes.5,28,29
The reported effects of β1 on Nav1.5 channels are controversial.34 Some groups have
reported that β1 increases Nav1.5 currents with or without affecting voltage dependence or
channel kinetics, while others have reported no effect of β1 on Nav1.5 current.20,35-39 The β1B
variant has to date only been studied in coexpression studies with the neuronal sodium
channel Nav1.2 (encoded by SCN2A) where it was shown to increase sodium current and cause
a small negative shift in voltage dependence of activation.19 In our experiments, WT β1 and β1B
had similar effects on Nav1.5 current: both increased sodium currents and led to hyperpolarizing (negative) shifts in voltage-dependence of activation and inactivation.
Not only were the effects of the WT β-subunits on Nav1.5 current similar, but the
effects of the p.Glu87Gln mutation in the β1 background (p.Glu87Gln β1) were also similar to
those in the β1B background (p.Glu87Gln β1B). Although the β1 and β1B variants share the
same topology (an N-terminal extracellular immunoglobulin domain, a transmembrane domain,
and a C-terminal cytoplasmic domain), their sequence identity is limited to the extracellular
immunoglobulin domain; the C-terminal half of β1B, residues 150-268, has only ~17% amino
acid sequence identity with β1.19 Taken together, the data suggest that the molecular determinants of β1 and β1B modulation of Nav1.5 cell-surface expression and gating likely reside in the
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extracellular immunoglobulin domain. This is in line with previous studies of skeletal
muscle (Nav1.4 encoded by SCN4A) and neuronal (Nav1.2) sodium channel α-subunits that
have shown that deletion of the intracellular domain of the β1-subunit has no effect on its
modulation of α-subunit function, whereas deletions within the extracellular domain block
modulation.40-42 Alternatively, specific residues may not be as important as preservation of
overall structural motifs, as suggested by the data of Zimmer and Benndorf who reported that
the β1-subunit modulates Nav1.5 via the membrane anchor plus additional intracellular or
extracellular regions.43
In addition to modulating sodium channel α-subunit expression and function, other
roles have been suggested for β-subunits: these include acting as adhesion molecules or as
participants in signal transduction.17,34 The different transmembrane and C-terminal domains of
β1 and β1B might therefore lead to participation in different signaling pathways. For instance,
phosphorylation of the tyrosine at position 181 of the β1 C-terminus regulates its interaction
with ankyrin-G,44 which is thought to be critical for ankyrin-G localization within cardiomyocytes (intercalated discs versus T-tubules). β1B lacks this tyrosine in its C-terminal domain, so
a role for β1B as a modulator of this function seems less likely.
Mutations in SCN1B have been previously reported in generalized epilepsy with febrile
seizures plus,45 and β1 null mice exhibit a severe seizure disorder and die at age ~3 weeks.46 In
addition, these mice exhibit bradycardia and prolonged rate-corrected QT intervals.47 These
changes suggest that β1 plays an important role in the murine heart, although it is possible
that the changes are a consequence of the severe overall developmental phenotype in this
model.46 To our knowledge, defects in cardiac function have not been investigated in SCN1B
mutation carriers presenting with epilepsy.34,48 Conversely, we have observed no neurological
phenotype in our patients. Four SCN1B mutations have been linked to epilepsy to date,45,48,49 all
of which localize to the extracellular immunoglobulin-like fold of the protein, as does the
p.Glu87Gln mutation reported here. One additional possible link between the cardiac and
neurological phenotypes associated with β1 mutations is the syndrome of Sudden Unexpected
Death in EPilepsy (SUDEP),50 where a role for cardiac bradyarrhythmias has been proposed.51
A conventional heterologous mammalian expression system was used for functional
assessment of the mutations. The environment in this approach is different from that in native
cardiomyocytes and other proteins known to associate with the sodium channel complex, such
as other β-subunits, are generally absent. Despite these limitations, the in vitro characteristics
of the mutations were concordant with the phenotype observed in the patients and in
combination with the genetic data presented, supports the disease causality of the mutations.
In summary, we have for the first time to our knowledgde identified SCN1B mutations
in families with conduction disease and Brugada syndrome. We have shown expression of the
β1-subunit transcript and the alternate β1B-subunit transcript variant in human heart
and demonstrated reduced Nav1.5 sodium current as a result of loss or altered β-subunit
modulation of Nav1.5 current. These findings implicate SCN1B as a disease gene for human
arrhythmia susceptibility.
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Abstract

Background The Brugada syndrome is an inherited cardiac electrical disorder associated with a
high incidence of life-threatening arrhythmias. Screening for mutations in the cardiac Na+
channel encoding gene SCN5A uncovers a mutation in approximately 20% of Brugada syndrome
cases. Genetic heterogeneity and/or undetected SCN5A mutations, such as exon duplications and
deletions, could be involved in the remaining 80% mutation-negative patients.
Objectives Thirty-eight SCN5A mutation-negative Dutch Brugada syndrome probands were
studied. The SCN5A gene was investigated for exon duplication and deletion and a number of
candidate genes (Caveolin-3, Irx-3, Irx-4, Irx-5, Irx-6, Plakoglobin, Plakophilin-2, SCN1B, SCN2B,
SCN3B and SCN4B) were tested for the occurrence of point mutations and small insertions/
deletions.
Methods We used a quantitative multiplex approach (MLPA) to determine SCN5A exon copy
numbers. Mutation analysis of the candidate genes was performed by direct sequencing of
PCR-amplified coding regions.
Results No large genomic rearrangements in SCN5A were identified. No mutations were found
in the candidate genes. Twenty novel polymorphisms were identified in these genes.
Conclusion Large genomic rearrangements in SCN5A are not a common cause of Brugada
syndrome. Similarly, the studied candidate genes are unlikely to be major causal genes of
Brugada syndrome. Further studies are required to identify other genes responsible for this
syndrome.

Keywords

Brugada syndrome, genetics, mutation, polymorphism, sodium channels, iroquois homeobox
transcription factors, adherens junctions, caveolin-3, GPD1L
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The Brugada syndrome (MIM 601144), with an estimated 5–50 cases per 10,000 individuals
(with a higher incidence in Asia than in the United States and Europe),1 is characterized by
sudden cardiac death from ventricular tachyarrhythmias, in combination with a typical ECG
pattern of ST-segment elevation in leads V1-V3.2 Brugada syndrome is associated with
mutations in the gene encoding the cardiac sodium (Na+) channel pore-forming subunit SCN5A.3
The mutations described in this gene result in reduced Na+ channel membrane expression,
nonfunctional channels or channels that inactivate rapidly (see Tan et al.4 for review), causing
a reduction in available Na+ current during the upstroke of the action potential. Mutations in
SCN5A are found in approximately 20% of Brugada syndrome patients. Until now, mutation
screening of this gene was focused on finding point mutations and small deletions or
insertions. Screening for large rearrangements such as large duplications or deletions, which
could also cause loss of Na+ channel function has not yet been investigated. The first aim of this
study was to analyze SCN5A exon copy numbers in mutation-negative Brugada syndrome
probands by Multiplex Ligation-Dependent Probe Amplification (MLPA), a quantitative multiplex
approach to determine the relative copy number of gene exons.5
Furthermore, other genes are very likely involved in the pathogenesis of Brugada
syndrome. Weiss et al. excluded SCN5A as the gene causing Brugada syndrome in a large
family, confirming genetic heterogeneity of the disorder.6 Linkage to chromosome 3p22-25 close
to SCN5A was found in this family. A mutation in the glycerol-3-phosphate dehydrogenase
1-like gene (GPD1L), was found in this family.7 The second aim of this study was to screen the
GPD1L gene as well as a number of candidate genes in Brugada syndrome. The candidate genes
included Na+ channel β-subunits (SCN1B, SCN2B, SCN3B, SCN4B),8-14 caveolin 3 (CAV3),15,16
members of the Iroquois family of transcription factors 3-6 (Irx-3, Irx-4, Irx-5, Irx-6),17,18 and the
adherens junction proteins Plakophilin-2 (PKP2) and Plakoglobin (PKGB).19

133

GENETIC BASIS OF CARDIAC ION CHANNEL DISEASES

7.2 Material and methods

Patients
Thirty-eight Dutch Caucasian probands with a definite Brugada syndrome phenotype were
ascertained at the Academic Medical Center (AMC), Amsterdam. The study was performed
according to a protocol approved by the local ethics committee. Informed consent was obtained
from the patients. Coding region and splice site mutations in SCN5A had been previously
excluded in all probands by SSCP-DNA sequencing, dHPLC-DNA sequencing or by direct
sequencing using primers in flanking intronic sequences.20
MLPA analysis
Probes for MLPA analysis of SCN5A exons 1-4, 6, 7, 9, 11, 15, 17, 19, 21-23, 25, 27, 28 and
intron 1 (exon and intron numbering according to transcript NM_000335) were developed by
MRC Holland (Amsterdam) in close collaboration. The remaining exons of this gene were not
probed since they are in very close proximity to exons that were probed. In probe design,
polymorphic sequences were avoided, because they could hamper hybridization and quantification. An additional 13 control probes for unlinked loci were also included. The MLPA
procedure and analysis were carried out according to the manufacturer’s instructions and as
described previously.21

Mutation analysis
Mutation screening of GPD1L, SCN1B, SCN2B, SCN3B, SCN4B, CAV3, Irx-3, Irx-4, Irx-5, Irx-6,
PKP2 and PKGB was performed by PCR amplification of coding regions and flanking intronic
regions followed by direct sequencing of amplicons on an ABI prism 3730 DNA Sequence
Detection System. All primer sequences and PCR conditions are available upon request.
Seventy-five Caucasian controls (150 alleles) were used to investigate whether identified novel
nucleotide changes predicting a non-synonymous amino acid substitution occurred in the
general population. This was done by direct sequencing or restriction enzyme analysis.
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The study included 38 patients, of which 33 were male. Thirty patients showed spontaneous
ST-segment elevation on baseline ECG, while 8 patients had ST-segment elevation after drugchallenge with flecainide.

MLPA analysis
No large exon duplications or exon deletions in SCN5A were detected by MLPA analysis.

Mutation analysis
No coding region mutations were found in the GPD1L gene as well as the candidate genes tested.
We identified 52 polymorphisms (of which 11 were non-synonymous), including 20 novel ones
(Table 1). In these patients, 34 polymorphisms were detected with a minor allele frequency of
≥5%. The most common polymorphism was a transition in intron 3 of SCN2B (rs8192613), which
was present in 68% of patients. Novel variants predicting non-synonymous amino acid
substitution (p.Val99Met in SCN2B; p.Arg142His and p.Val648Ile in PKGB; p.Asp26Asn, p.Ser70Ile
and p.Ser140Phe in PKP2) were screened in 75 control individuals and were found to be rare
polymorphisms (data not shown).

7.4 Discussion

Large genomic rearrangements in SCN5A, coding region mutations in GPD1L, and coding
region mutations in a number of candidate genes (SCN1B, SCN2B, SCN3B, SCN4B, CAV3, Irx-3,
Irx-4, Irx-5, Irx-6, PKGB, PKP2) were excluded in 38 patients with Brugada syndrome. Mutations
in these candidate genes are therefore unlikely to be major causes of Brugada syndrome.

SCN5A gene rearrangements
Till now, mutations in SCN5A causing Brugada syndrome have included missense and nonsense
mutations, small insertions and deletions, frameshift mutations, and mutations affecting splice
sites. In this study we examined the possibility that large genomic rearrangements in SCN5A that
hypothetically lead to loss of Na+ channel function, could also cause Brugada syndrome. Such
mutations were however not detected in our Brugada syndrome patients previously tested
negative for SCN5A coding region and splice site mutations. With regards to the pathogenetic
mechanism of SCN5A in Brugada syndrome, the possibility remains that mutations in intronic
regions could also be responsible for the disorder in these patients.
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Table 1: Polymorphisms identified during candidate gene screening in Brugada syndrome patients (n=38). Minor allele
frequency (MAF) refers to the frequency in the 76 alleles tested.

*Novel variant; ‡data from the Ensembl database (www.ensembl.org); NA: not applicable.
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GPD1L
Mutations in the Brugada syndrome associated gene GPD1L were not found, implying that
Brugada syndrome-causing mutations in this gene are rare.

Candidate genes
The multifunctional β-subunits SCN1B, SCN2B, SCN3B and SCN4B regulate the level of
expression of voltage-gated Na+ channels at the plasma membrane, control gating of these
channels, and are involved in cell adhesion.8-14 Recently, a nonsense mutation in SCN4B that
functionally disturbed cardiac Na+ channel function was reported in a patient with long QT
syndrome,22 a primary rhythm disorder associated with syncope and sudden death.23
Caveolae are involved in vesicular trafficking and serve as a platform to organize and regulate
a variety of signal transduction pathways. Interestingly, caveolae have been described to
colocalize with SCN5A and thereby may be involved in the formation of a Na+ channel
macromolecular complex.16 Caveolins are the principal proteins of caveolae. CAV3-encoded
caveolin-3 is specifically expressed in cardiomyocytes and skeletal muscle. Recently, mutations
in CAV3 altering cardiac Na+ channel function have been described in Long QT syndrome.15
The Ito–mediated phase 1 repolarization which gives rise to a notched appearance of
the action potential, is more prominent in ventricular epicardium compared to endocardium.24,25
This transmural gradient of expression of Ito has been implicated in the pathogenesis of
Brugada syndrome.26 It is thought that the transcription factors Irx-3 and Irx-5 underlie this
transmural gradient.17,18 Furthermore, Irx-4 and Irx-5 interact with the cardiac transcriptional
corepressor mBop17,27 and thereby repress expression of Kcnd2 which encodes the α-subunit of
the voltage-gated K+ channel Kv4.2 conducting Ito. Besides Irx-3-5, Irx-6 was also considered
a candidate gene in this study, since its expression pattern is similar to that of Irx-5.28
Mutations in PKP2 and PKGB, components of adherens junctions, have been associated
with arrhythmogenic right ventricular cardiomyopathy (ARVC, see Sen-Chowdhry et al.29 for
review). Like ARVC, Brugada syndrome affects primarily the right ventricle and a structural
degeneration component is also increasingly recognized.19
Mutation screening of these candidate genes did not reveal any mutations in our Brugada
syndrome patient cohort. We cannot however exclude the possibility of mutations in these genes
in other cohorts. Similarly, mutations within promoter and intronic regions of these genes could
still be involved.
In this study, numerous novel variants were uncovered in the candidate genes studied.
The exact prevalence of these polymorphisms in Caucasians needs to be investigated further in
a larger sample. These variants could be of interest in future studies interrogating the
association between common genetic variation and modulation of arrhythmia susceptibility in
various settings. In conclusion, we have excluded multiple candidate genes in a Dutch Brugada
syndrome cohort. Further studies are required to identify novel gene(s) responsible for the
Brugada syndrome.
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Abstract

Background Studies carried out in large cohorts of Long QT syndrome (LQTS) probands have
shown that in 30% of cases no mutation is identified in the LQTS-associated genes. Furthermore,
the numerous mutations reported so far in these genes are point mutations or small insertions
and deletions in coding regions or at splice junctions. However, the PCR-based exon-scanning
methodologies employed routinely to date in mutation analysis are unable to detect large
genomic alterations such as large deletions and duplications.
Objective The aim of this study was to test whether LQTS may be caused by large genomic
alterations in the KCNH2 or KCNQ1 genes.
Methods Multiplex Ligation-Dependent Probe Amplification (MLPA) analysis, a quantitative
multiplex approach to determine the relative copy number of gene exons, was used to screen a
series of LQTS probands for large genomic alterations in the KCNQ1 and KCNH2 genes.
Results We identified the first large gene rearrangement consisting of a tandem duplication of
3.7 kb in KCNH2, responsible for LQTS in a Dutch family. All affected individuals were carriers
of the duplication. This large duplication is expected to disrupt proper KCNH2 pre-mRNA
splicing, leading to non-functional or severely debilitated channels, decreasing IKr and thereby
prolonging the QT-interval.
Conclusion Our findings carry implications for genetic testing in LQTS patients. Analysis for
large gene alterations as the one described herein in routine genetic testing may provide a
genetic diagnosis in a number of patients in whom conventional mutation screening fails to
uncover a mutation.

Key words

Long QT syndrome, arrhythmia, ion channel, K+ channel, genetics, mutation
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8.1 Introduction
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The Long QT syndrome (LQTS) is an inherited cardiac arrhythmia characterized by a prolonged
QT interval on the surface electrocardiogram (ECG) associated with syncope and sudden death
from torsades de pointes polymorphic ventricular tachycardia.1 It is estimated to affect 1 per
5000 individuals.
LQTS may be caused by mutations in genes encoding K+ channel pore-forming (KCNQ1,
KCNH2) and ancillary (KCNE1, KCNE2) subunits and the gene encoding the cardiac Na+ channel pore-forming subunit (SCN5A). Studies carried out in large cohorts of probands have shown
that mutations in these genes are found in about 70% of cases.2,3 However, the PCR-based
exon-scanning methodologies (such as single-stranded conformation polymorphism (SSCP)
analysis, denaturing high performance liquid chromatography (dHPLC) analysis, or direct
sequencing of PCR-amplified coding regions) employed routinely to date in mutation screening
of LQTS-associated genes are only able to identify point mutations or small insertions and deletions in coding regions or at splice junctions.2,3 Due to the presence of the remaining normal
allele, they do not detect large gene rearrangements such as large duplications and deletions
(which may involve multiple exons), not-infrequent mutations in other disorders.4 Thus, although
yet-unknown genes could be involved in the remaining 30% mutation-negative patients, a
number of cases might be attributable to large genomic rearrangements in these genes.
In this study we analyzed a series of mutation-negative LQTS probands for large genomic rearrangements in the KCNQ1 and KCNH2 genes by Multiplex Ligation-Dependent Probe
Amplification (MLPA) analysis,5 a quantitative multiplex approach to determine the relative copy
number of gene exons. With this approach, we identified the first large gene rearrangement in
KCNH2 involving a duplication of 3.7 kb, responsible for LQTS in a Dutch family.

8.2 Methods

Patients
Twenty-one probands with a clear LQTS phenotype were ascertained at the Academic Medical
Center, Amsterdam. The study was performed according to a protocol approved by the local
ethics committee. Informed consent was obtained from the patients. Coding region or splice
site mutations in the commonly involved LQTS-causing genes had been previously excluded in
all probands by SSCP-DNA sequencing, dHPLC-DNA sequencing or by direct sequencing using
primers in flanking intronic sequences.
MLPA analysis
Probes for MLPA analysis of KCNH2 exons 1-4, 6, 9, 10 and 13 and KCNQ1 exons 1-6 and 8-19
(exon numbering according to transcripts NM_000238 and NM_000218, respectively) were
developed and manufactured for us by MRC Holland (Amsterdam) in close collaboration. The
remaining exons of these genes were not probed since they are in very close proximity to those
probed. In probe design, polymorphic sequences were avoided, because they could hamper
hybridization and quantification. An additional 13 control probes for unlinked loci were also
included. MLPA was carried out according to the manufacturer’s instructions. In brief, 100 ng
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DNA was denatured and hybridized overnight at 60°C with SALSA probe mix. After treating the
samples with Ligase 65 for 15 min at 54°C, PCR amplification was performed with the specific
SALSA FAM PCR primers. Electrophoresis of PCR products was done on an ABI PRISM 310. Data
analysis was performed by exporting the peak-areas to a Microsoft Excel file. Sample-related and
peak-related differences in PCR and electrophoresis efficiency were corrected by first calculating the peak-area relative to the sum of peak-areas per sample and subsequently expressing each normalized peak-area relative to the mean of that peak across samples. To detect
deviating peaks, each such normalized peak was divided by the mean of that peak in the
control samples. Peak heights outside the range 0.7 to 1.3 times the control peak height were
considered abnormal, with those below 0.7 representing deletions and those above 1.3 representing duplications. Several control samples were included in each MPLA test. Each result was
confirmed by two independent experiments.

Confirmation and analysis of the large duplication in KCNH2 gene by PCR
For confirmation of the duplication in KCNH2 and to estimate the size of the duplicated
fragment and locate its boundaries, PCR was performed using the LA-PCR method (TaKaRa),
with the following primer combination: 5’-CTTCCGCACCACCTACGTCAATGCC-3’ (Forward) and
5’-GGGCTGTAATGCAGGATGGTCCAGC-3’ (Reverse). Both primers hybridize to sequences in exon
6, with the forward primer located 3’ to the reverse. Thus, an amplification product is only
possible in DNA of duplication carriers.

Figure 1: Pedigree of the family displaying KCNH2 haplotypes. Haplotypes were constructed by genotyping gene-flanking microsatellite markers and intragenic polymorphisms. The allele represented in solid black contains the 3.7 kb-duplication. Individuals marked with a plus sign are carriers of the duplication. Individuals marked with a minus sign are
non-carriers

144

8.3 Results

CHAPTER 8

Detection of a large duplication in the KCNH2 gene
An aberrant exon copy number was detected in one proband (Figure 1, III:3). After quantification, the copy number of KCNH2 exon 6 was estimated to be 3.0 (Figure 2A), indicating that the
exon 6 on one of the alleles was duplicated. PCR amplification using the exon 6 primers
described above confirmed this finding and revealed that the region duplicated was ~3.7 kb
(Figure 2B). All affected family members were positive for this PCR product, while no PCR
product resulted with DNA from control individuals (Figure 2B). DNA sequencing of this
junction fragment revealed that the heterozygous duplication consisted of a tandem duplication
of 3682 bp, from position c.1129-2543, and included 2.5 kb of intron 5, exon 6 (429 bp), intron
6 (589 bp) and the first 121 bp of exon 7 (Figure 2C). The duplication therefore disrupts exon 7.
Clinical data of the family with the large genomic duplication in KCNH2
The family history is characterized by a sudden unexpected nocturnal death of a 26 year old,
previously syncopal female patient (III:2, see pedigree in Figure 1). Shortly after her death, the
diagnosis LQTS was made in her younger sister (III:3), who was symptomatic from age 17 with,
among others, acoustic triggers. The QTc interval (Bazett’s formula) was 0.48 s and a torsades
de pointes arrhythmia could be evoked by an early morning wake-up call. Syncopal attacks
triggered by acoustic stimuli were also reported by the mother (II:2) and for the deceased
sister. A cousin (III:5) from the maternal side collapsed at age 27 after a period of diarrhea while
on Mephaquin (malaria prophylaxis). QTc was 0.48 s. One of her sisters (III:6) also had slightly
prolonged QT-intervals. Subject II-4 is asymptomatic. No clinical data is available for subject II:3.
All symptomatic patients are successfully treated (for many years) with β-blockers.
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8.4 Discussion

Using MLPA analysis we identified a 3.7 kb-duplication in KCNH2 underlying LQTS in a Dutch
family. KCNH2 encodes the α-subunit of the channel for the rapidly activating delayed rectifier
K+ current, IKr, a key player in cardiomyocyte repolarization.6 Mutations in KCNH2 prolong
repolarization, and consequently the QT interval, by a loss-of-function mechanism. Outward K+
current may be reduced by alterations in channel gating or kinetics, or by protein trafficking
defects that reduce delivery of channels to the cell surface membrane.7, 8 The identification of
a KCNH2 gene defect in this family is not surprising since acoustic triggers, observed in II:2,
III:2 and III:3, occur predominantly in patients with a KCNH2 genetic defect.9
The duplication identified in this family is expected to disrupt proper KCNH2 pre-mRNA
splicing with profound consequences on KCNH2 protein structure, leading to non-functional or
severely debilitated channels. Various scenarios may be envisaged. Naming only two possibilities, the disrupted exon 7 may be included in the transcript through cryptic splicing with
retention of intronic sequences and introduction of a premature termination codon, or may be
skipped resulting in a mRNA including a duplicated exon 6. Moreover, exon 7 encodes critical
structural components of the channel protein (transmembrane segments S4, S5, and part of the
pore loop) and disruption of this exon is therefore expected to have serious consequences on the
channel protein structure.
The limited number of LQTS probands studied precludes the assessment of the
prevalence of large gene duplications or deletions in LQTS. This needs to be assessed in future
studies by centers with larger patient cohorts. While large gene rearrangements as the one we
describe here might explain some of the LQTS cases, one should take into account that
mutations in non-coding regions (such as introns or promoter regions) of known LQTSassociated genes, as well as mutations in yet unknown genes can also be responsible for the
remaining 30% mutation-negative LQTS patients. Furthermore, similar genetic defects may
occur in KCNE1 or KCNE2, not tested in this study.
Although MLPA testing in KCNQ1 and KCNH2 is new, and aspects such as sensitivity,
specificity and reproducibility of this test are yet to be determined, the importance of
identification of the causative mutation to the individual patient and relatives, favor
implementation of MLPA analysis in routine genetic testing of those individuals in whom a
mutation has been excluded by the exon-scanning methodologies.
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Figure 2: A: Relative copy number of KCNH2 exons of a control individual (left panel) and of patient III:3 (right panel) determined by MLPA analysis. Note the increased copy number of exon 6 in the patient. B: PCR amplification confirmed the
presence of the duplication and revealed that the region duplicated was ~3.7 kb. A PCR product was obtained with DNA
from affected family members. No PCR product resulted with DNA from control (C) individuals. C: Diagrammatic representation of the KCNH2 gene tandem duplication (left panel) and the DNA sequence across the duplication junction (right
panel). The small arrow heads in the left panel indicate the location of the primers used for PCR analysis of the duplication.
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The genetic background of many diseases is very complex due to the involvement of many genes
and diverse modifiers. New techniques and databases may help us to understand the genetic
basis of (cardiac) disorders.
Disorders of cardiac ion channels may lead to a heterogeneous group of diseases, also known
as cardiac channelopathies. Loss-of-function or gain-of-function of cardiac ion channels may
result in critical changes of the action potential in parts or throughout the heart, which may
subsequently result in abnormal cardiac behaviour. Our understanding of channelopathies is
complicated by several factors, among which the complexity of the clinical phenotypes. The
phenotypic expression of channelopathies is often heterogeneous (both in severity and
differences in disease features); where it may give a disastrous outcome in one patient, another
may experience no or only minor complaints. Importantly, as malignant arrhythmias may only
occur once or intermittently during life, day to day functioning of the heart is most often
normal. This implies that only during certain conditions (such as psychological stress, exercise,
auditory stimuli, hyperthermia, use of certain drugs, premature ventricular contractions,
bradycardia etc.) and a simultaneously increased vulnerability of the heart, the channelopathy
emerges and gives rise to ventricular arrhythmias, which may ultimately lead to syncope or
sudden cardiac death.
Another complicating factor is that abnormal ion channel functioning may not only
alter the cardiac action potential in different ways, but in rare cases may also give rise to other
cardiac or extra-cardiac abnormalities: Frustaci and Priori et al.1 showed that biopsy samples
taken from SCN5A mutation-positive Brugada syndrome patients demonstrated myocardial cell
degeneration and death, suggesting that abnormalities in the function of Na+ channels may
induce structural abnormalities and cell death. Another example is that reductions in SCN5A
function are associated with dilated cardiomyopathy (DCM),2-4 which leads to dilation of the
cardiac chambers and congestive heart failure; transcriptional downregulation of RyR2 mRNA
expression has also been associated with DCM in a mouse model.2,5 In addition, abnormal ion
channel functioning has been described in multisystem disorders: mutations in KCNJ2 are
associated with Andersen syndrome,6 a rare skeletal muscle disorder often associated with
prolongation of the QT interval, with the classical triad of periodic paralysis, cardiac arrhythmias,
and congenital dysmorphisms7,8; gain-of-function mutations in CACNA1c can cause Timothy
syndrome,9 which is characterized by multiorgan dysfunction, including lethal arrhythmias,
congenital heart defects, immune deficiency, intermittent hypoglycemia, syndactyly, cognitive
abnormalities, and autism.
Other difficulties in understanding cardiac channelopathies are the allelic
heterogeneity and the diverse impact of the different mutations on channel function:
variations in a single gene can cause a wide range of distinct clinical phenotypes. There are
several examples of mutations that are associated with a highly variable clinical phenotype.
One of the clearest cases concerns the SCN5A mutation 1795insD: patients carrying this
mutation show sudden nocturnal death and signs of multiple arrhythmia syndromes including
bradycardia, conduction delay, QT prolongation, and right precordial ST-elevation.10 Another
example is the E161K mutation in SCN5A that is discussed in chapter 3, which is associated with
different combinations of cardiac conduction disease, Brugada syndrome and sick sinus syndrome.11
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The contributions of other (yet-unknown) genetic and environmental factors also play
a role in the final form or severity of the disease. This is foremost evident in the incomplete
penetrance, which appears to be common in all forms of cardiac channelopathies.12 Probably,
delicate gene-gene interactions and co-existing abnormalities play an important role in
determining the ultimate phenotype of the disease. Genetic factors other than the causal
mutation itself that play a role in modulation of disease severity are starting to be uncovered.
For instance, several cases of compound heterozygosity have been reported, where two
mutations in the same gene or even in two different genes are responsible for the (most often
severe) phenotype.13-17 Furthermore, the combined effect of a mutation in SCN5A and polymorphisms in the atrial-specific gap junction protein connexin40 gene has been reported to cause
familial atrial standstill.18 The genetic factors modulating disease severity may also reside in the
gene affected itself and even on the same allele: a common polymorphism in SCN5A (H558R)
that attenuates the biophysical defect of a mutation on the same allele has been described.19
As reported in chapters 4 and 5, variants in the promoter regions of genes can affect gene
expression,20 which may cause variability in phenotypic expression and thus might also explain
the observed differences in disease penetrance and expression of channelopathies. The
challenging next step in this research field is therefore the identification of genetic modifiers
(such as single nucleotide polymorphisms, SNPs), which are expected to influence the susceptibility for arrhythmias.20,21
One should take into account that not all disease-causing mutations can be identified
by current PCR-based exon-scanning methodologies, which are only able to identify point
mutations or small insertions and deletions in coding regions or at splice junctions. These
methods do not detect copy number variations of genes or large gene rearrangements such as
large duplications and deletions (which may involve multiple exons), as discussed in chapter
8.22 Also mutations in non-coding regions (such as introns or promoter regions) of candidate
genes, as well as mutations in yet unknown genes can be responsible for the phenotype in the
remaining mutation-negative patients. Therefore, mutation detection in the future should also
focus on finding large gene rearrangements, copy number variations and mutations in noncoding regions, which may affect gene expression or could for instance abolish or create
putative binding sites for spliceosomes, leading to alternative exon-splicing.
One is just starting to understand the data generated by the Human genome project and the SNP
consortium. Researchers are working to identify and understand the function of disease-related
genes. Technological advances now allow the systematic study of whole-genome sequences, so
that research that may have taken years in the past now takes weeks to months, and will only
improve in time. In a few years, computer chips containing specific aspects of the genetic
makeup can be used for DNA analysis by using a single blood sample from a patient. The obtained
genetic information may be used to predict the risk of developing certain (cardiac) diseases,
allowing earlier diagnosis and possible prevention and to more accurately diagnose the cause
of symptoms or diseases. This will also help researchers to more efficiently discover and develop
safer, more effective medication aimed at the causes of diseases, not just their symptoms.
Preliminary clinical studies already indicate the possibility for genotype-specific therapy in
congenital Long QT syndrome (Table 1). One should however discuss whether presymptomatic
screening is always ethically justified.
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Although many cardiac channelopathies are quite rare, its understanding is essential to unravel
the pathogenesis of arrhythmias. These studies are important both because they tell us about
the uncommon patients who have genetic variants and because they (1) inform important basic
biology and (2) suggest approaches to understand how common variation may modulate
arrhythmia susceptibility even in "run-of-the-mill" cases. By knowing which genes are involved
in disease, researchers can develop better medical treatments and prevention strategies that
are specific for those gene defects. In the years to come, our increasing knowledge may lead to
better targeted treatment of patients at risk.
Table 1: Overview of genotype-specific therapy based on abbreviations of the QT interval by agents or other interventions
in congenital Long QT syndrome (LQTS).
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SUMMARY

Sudden death is mostly caused by structural cardiac disorders that ultimately result in lethal
ventricular arrhythmias and is responsible for 50% of mortality from cardiovascular disease. In
individuals >40 years of age, coronary artery disease is by far the most prevalent cause. In
individuals ≤40 years, various other causes are predominant. An estimated 60% to 75% of these
young victims die of potentially inherited diseases, but many sudden death cases remain
unexplained in clinical practice. Because sudden unexplained deaths in patients with or
without structural cardiac abnormalities (secondary or primary cardiac arrhythmias respectively)
may have heritable causes, cardiological and genetic assessment of surviving relatives of victims
may reveal the underlying disease and unmask presymptomatic carriers. Especially the
pathogenesis of primary cardiac arrhythmias, such as long QT syndrome and Brugada syndrome,
remains unclear. Most mutations associated with these disorders are found in genes coding for
ion channels: pore forming structures on the cell membrane responsible for transport of ions
(such as sodium, potassium and calcium), that together bring about the cardiac action
potential. The activity of these channels is regulated by voltage (voltage-gated ion channels) or
agonist binding. Mutations in ion channel genes can lead to channel dysfunctioning, resulting
in action potential changes (and cardiac arrhythmias). The aim of this thesis is to study the
genetic basis of cardiac arrhythmias, which is essential for unraveling the pathogenesis of these
arrhythmias. Such knowledge in turn provides new opportunities for patient management such
as early (presymptomatic) identification and timely treatment of individuals at risk for developing
fatal arrhythmias.
The first two chapters from this thesis are general introductions to the structures and function
of several ion channels, as well as their involvement in cardiac arrhythmias. Chapter 1 is a
general introduction to the genetics of primary cardiac arrhythmias. Chapter 2 concerns the
biophysics and genetics of voltage-gated sodium channels in the heart and other organ
systems. Sodium channels are responsible for the upstroke of the action potential and thereby
play an important role in impulse propagation.

In chapter 3 a mutation in SCN5A, encoding the α-subunit of the cardiac sodium channel, is
discussed. Mutations in SCN5A result in multiple arrhythmia syndromes, like (progressive)
cardiac conduction disease, Brugada syndrome and sick sinus syndrome. Loss of sodium
channel function reduces the upstroke of the action potential and may slow down action
potential propagation, which leads to conduction defects. Mutations can also result in Brugada
syndrome (BrS), an autosomal dominant disorder characterized by sudden cardiac death from
ventricular tachyarrhythmias, in combination with a typical ECG pattern of ST segment
elevation in leads V1-V3. This elevation is thought to be caused by abolishment of the action
potential “dome” in epicardial but not endocardial cells, leading to increased heterogeneity of
repolarization and ultimately rapid reentry resulting in ventricular fibrillation. An alternative
explanation for the inscription of the ST-segment on the ECG and initiation of arrhythmias
which is based on conduction delay in the right ventricular outflow tract (which could be caused
by fibrosis), has also been proposed. Sick sinus syndrome (SSS) is an abnormality involving the
generation of the action potential by the sinus node and is characterized by an inappropriate
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atrial rate (too slow) for physiological requirements. The E161K mutation studied in this
chapter was found in patients from two Dutch families and is associated with an overlap of
syndromes: BrS, conduction disease and SSS. Electrophysiological and in silico measurements
showed a decrease in sodium current, leading to conduction defects in atria and ventricles as
well as a reduction in sinus rate by slowing of the diastolic depolarization rate and upstroke
velocity of the sinus node action potential.
The involvement of a second gene could be an important modifier of sodium channel function,
which might explain the difference in phenotype between patients in these families.
In chapters 4 and 5 the gene-regulating promoter region of SCN5A is studied. In chapter 4 we
describe a haplotype variant in the SCN5A promoter, consisting of 6 polymorphisms in
near-complete linkage disequilibrium. The haplotype has a significant impact on sodium
channel expression in vitro, accounting for a large proportion of variance in ECG conduction
parameters (prolonged PR and QRS durations) in normal subjects and BrS patients. Because the
haplotype is common in Asians and absent in Caucasians, and has a large negative impact on
cardiac conduction (a long-recognized feature of BrS) it may logically contribute to differences
in BrS incidence as a function of ethnicity.
These data demonstrate that genetically-determined variable sodium channel transcription
occurs in the human heart, and is associated with variable conduction velocity, an important
contributor to arrhythmia susceptibility.
To further evaluate the functional effect of DNA variants in the SCN5A promoter, this region was
screened for DNA variants in BrS patients and control subjects of diverse ethnicities. In chapter
5 several Single Nucleotide Polymorphisms (SNPs) were identified. In vitro functional analysis in
neonatal mouse cardiomyocytes identified 4 variants with significantly reduced reporter
activity up to 55%. The data further reinforce the concept that sodium channel function varies
on a transcriptional level even among apparently normal subjects.

In chapter 6 we investigated SCN1B, encoding the β1 subunit, a key component of the sodium
channel complex, in 282 probands with BrS and 44 with conduction disease. We identified three
mutations segregating with arrhythmia in three kindreds, two of which were located in a
newly-described alternately-processed transcript, β1B. Both the canonical and alternatelyprocessed transcripts are expressed to a greater degree in Purkinje cells consistent with the
clinical presentation of conduction disease. Coexpression of the mutant β1 and β1B-subunits
with Nav1.5 demonstrated reduced Nav1.5 sodium current as a result of loss or altered βsubunit modulation of Nav1.5. These findings implicate for the first time SCN1B as a disease
gene for human arrhythmia susceptibility.

Screening for mutations in SCN5A uncovers a mutation in approximately 20% of BrS cases. In
chapter 7 we investigated whether genetic heterogeneity and/or undetected SCN5A mutations,
such as exon duplications and deletions, could be involved in the remaining 80% mutationnegative patients. SCN5A mutation-negative Dutch BrS probands were studied. The SCN5A gene
was investigated for exon duplications and deletions and 11 candidate genes (such as sodium
channel regulating β-subunits, Caveolin-3) were tested for the occurrence of point mutations
and small insertions/deletions. Mutations in the recently with BrS associated gene GPD1L were
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not found, implying that BrS-causing mutations in this gene are rare. Furthermore, large genomic
rearrangements in SCN5A are not a common cause of BrS. Similarly, the studied candidate genes
are unlikely to be major causal genes of BrS. Further studies are required to identify other genes
responsible for this syndrome.
The Long QT syndrome (LQTS) is a cardiac arrhythmia characterized by a prolonged (heart rate
corrected) QT interval on the ECG. LQTS is associated with syncope and sudden death caused by
polymorphic ventricular tachycardia also known as torsades de pointes. The LQTS phenotype is
caused by mutations in 12 different genes, such as the potassium channel encoding gene KCNH2.
Studies carried out in large cohorts have shown that in 30% of cases no mutation is identified
in the LQTS-associated genes. However, the PCR-based exon-scanning methodologies employed
routinely to date in mutation analysis are unable to detect large genomic alterations such as
large deletions and duplications. In chapter 8 the first large gene rearrangement consisting of
a tandem duplication of 3.7 kb in KCNH2 is described, responsible for LQTS in a Dutch family,
by using Multiplex Ligation-Dependent Probe Amplification (MLPA) analysis. MLPA is a
quantitative multiplex approach to determine the relative copy number of gene exons. These
findings carry implications for genetic testing in LQTS patients. Analysis for large gene alterations
as the one described herein in routine genetic testing may provide a genetic diagnosis in a
number of patients in whom conventional mutation screening fails to uncover a mutation.
In conclusion, in the last decades, much research has been done to unravel the pathogenesis of
primary cardiac arrhythmias. This research remains very important, since our increasing
knowledge may lead to better targeted treatment of patients suffering from these (life
threatening) disorders.
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Samenvatting

Plotse dood wordt in de meeste gevallen veroorzaakt door structurele hartafwijkingen, die uiteindelijk leiden tot letale hartritmestoornissen (kamerfibrilleren). In patiënten >40 jaar is coronair
lijden de meest voorkomende oorzaak van plotse hartdood, in tegenstelling tot patiënten jonger
dan 40 jaar, waar andere oorzaken verantwoordelijk zijn voor het plotselinge overlijden.
Erfelijke aandoeningen zijn in ongeveer 60 tot 75% van deze jonge slachtoffers de oorzaak,
maar in veel gevallen wordt geen verklaring gevonden. Hoewel erfelijke levensbedreigende
(familiaire) hartritmestoornissen verantwoordelijk kunnen zijn voor het optreden van plotse
hartdood in de af- en aanwezigheid van structurele hart afwijkingen (respectievelijk primaire en
secundaire aritmie syndromen), zijn de onderliggende mechanismen van voornamelijk de
primaire aritmie syndromen, zoals het lange QT syndroom en het Brugada syndroom, nog niet
opgehelderd. De meeste mutaties die geassocieerd zijn met deze hartziekten zijn gevonden in
genen die coderen voor ionkanalen. Ionkanalen zijn structuren in de celmembraan die
verantwoordelijk zijn voor iontransport en zijn selectief doorgankelijk zijn voor bepaalde ionen
(zoals natrium, kalium en calcium). De activiteit van de kanalen wordt gereguleerd door onder
andere de membraanspanning of door binding van een agonist aan een nabijgelegen receptor
(respectievelijk spannings- of receptorgestuurde kanalen). De ionkanalen zorgen samen voor de
totstandkoming van de cardiale actiepotentiaal. Wanneer een van deze ionkanalen, door een
mutatie bijvoorbeeld, niet normaal functioneert, kan dat leiden tot verschillende primaire
hartritmestoornissen.
Het doel van dit proefschrift is het onderzoeken van de genetische basis van primaire
hartritmestoornissen om meer inzicht te krijgen in het ontstaan en de behandeling van deze
(levensbedreigende) ziekten.
De eerste twee hoofdstukken van dit proefschrift zijn algemene inleidingen over de structuren
en functies van verschillende ionkanalen, evenals de rol van deze ionkanalen in het ontstaan van
hartritmestoornissen. Hoofdstuk 1 is een algemene inleiding in de genetica van primaire
hartritmestoornissen. Hoofdstuk 2 gaat over de biofysica en genetica van spanningsgestuurde
natriumkanalen die tot expressie komen in het hart en in andere delen van het lichaam.
Natriumkanalen zijn verantwoordelijk voor het genereren van actiepotentialen en spelen een
belangrijke rol in het doorgeven van de elektrische impuls.

In hoofdstuk 3 wordt een mutatie beschreven in SCN5A, het gen dat codeert voor de α-subunit
van het natriumkanaal in het hart. Mutaties in SCN5A geven aanleiding tot minder goed
functioneren van dit kanaal, wat kan leiden tot bijvoorbeeld geleidingsstoornissen, het Brugada
syndroom en sinusknoop disfunctie. Geleidingstoornissen door een verminderde natriumstroom
worden veroorzaakt door een minder snelle fase 0 van de actiepotentiaal, waardoor de
depolariserende stroom naar omliggende hartspiercellen minder snel loopt en dus de geleiding
van de cardiale actiepotentiaal wordt vertraagd. Mutaties in SCN5A zijn ook geassocieerd met
het Brugada syndroom (BrS). BrS is een ziekte met karakteristieke ECG-afwijkingen in
combinatie met een verhoogd risico op plotselinge hartdood. De ECG-afwijkingen betreffen
rechts precordiale ST-segment-elevatie en (discrete) geleidingsstoornissen in alle hartcompartimenten. De rechts precordiale ST-elevatie wordt verklaard door het ontstaan van inhomo162
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geniteit in actiepotentiaal vorm en duur tussen epicardiale en endocardiale actiepotentialen of
een toenemende lokale geleidingsvertraging in de uitstroombaan van de rechter kamer, eventueel
veroorzaakt door fibrose.
Hoewel de rol van SCN5A in de sinusknoop niet duidelijk is, zijn mutaties in dit gen ook
geassocieerd met sinusknoop disfunctie. Aangeboren sinusknoop disfunctie, zonder verworven
hartafwijkingen zoals ischemie, cardiomyopathie of hartfalen, wordt gekarakteriseerd door
sinusbradycardie en sinusknoop arrest.
De E161K mutatie beschreven in dit hoofdstuk is gevonden in patiënten uit twee Nederlandse
families en is geassocieerd met een overlap van syndromen: BrS, geleidingsstoornissen èn
sinusknoop disfunctie. Electrofysiologische en in silico onderzoeken wezen uit dat de E161K
mutatie leidt tot geleidingsstoornissen in atria en kamers, en verminderde diastolische
depolarisatie en upstroke van de sinusknoop actiepotentiaal, als gevolg van verminderde
natriumstroom. Een verklaring voor de verschillende fenotypes geassocieerd met dezelfde
mutatie zou kunnen zijn dat er meerdere mutaties of veelvoorkomende variaties (polymorfismen)
in SCN5A en andere genen aan het fenotype bijdragen.
In hoofdstuk 4 en 5 is de gen-regulerende promotor van SCN5A onderzocht. In hoofdstuk 4
wordt een haplotype in de promotor beschreven, bestaande uit 6 variaties in bijna kompleet
linkage disequilibrium, wat betekent dat ze samen overerven. Het haplotype heeft een significante invloed op de expressie van het natriumkanaal in vitro en is verantwoordelijk voor
variatie in ECG geleidingsparameters (verlenging van de PQ- en QRS-interval duur) in gezonde
patiënten en Aziatische BrS patiënten. Genetisch bepaalde variabele genexpressie van het
natriumkanaal zoals beschreven in dit hoofdstuk is geassocieerd met variabele geleiding, wat kan
bijdragen aan het optreden van hartritmestoornissen.
In hoofdstuk 5 is gezocht naar variaties in de SCN5A promotor in BrS patiënten en controle
individuen met verschillende ethnische achtergronden, die mogelijk invloed hebben op de expressie van dit gen. Verschillende polymorfismen zijn geassocieerd met een verminderde SCN5A
expressie (tot 55% in muis cardiomyocyten) in een in vitro systeem. Deze polymorfismen kunnen verantwoordelijk zijn voor variatie in transcriptie van het natriumkanaal en kunnen daarom
een rol spelen bij de verschillen in penetrantie en expressie van primaire aritmie syndromen.

In hoofdstuk 6 hebben we SCN1B, coderend voor de β-subunit, een belangrijk onderdeel van het
natriumkanaal complex, onderzocht in 282 BrS patiënten en 44 patiënten met geleidingsstoornissen. We hebben 3 mutaties gevonden, die co-segregeren met ritmestoornissen in 3 families.
Twee van de beschreven mutaties zijn gevonden in een SCN1B coderend isovorm, β1B. Beide
isovormen komen het meest tot expressie in de Purkinje cellen, wat consistent is met geleidingstoornissen. Co-expressies van de mutante β1 en β1B-subunits met Nav1.5 demonsteerden
een verminderde Nav1.5 natriumstroom door een verminderde of andere modulatie van βsubunit met Nav1.5. Dit onderzoek associeert voor de eerste keer SCN1B met het ontstaan van
hartritmestoornissen.
In slecht 20% van de patiënten met BrS wordt een mutatie gevonden. In hoofdstuk 7 worden
meerdere kandidaatgenen onderzocht op mutaties en wordt gezocht naar exon duplicaties,
deleties of inserties in SCN5A, die verantwoordelijk zouden kunnen zijn voor de resterende 80%
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van de mutatie-negatieve BrS patiënten. Nederlandse BrS patiënten zonder mutatie in SCN5A
werden onderzocht. De 11 kandidaatgenen bestonden onder andere uit genen die een
regulerende rol spelen in het functioneren van SCN5A (β-subunits, Caveolin-3) en het recent met
BrS geassocieerde gen GPD1L, die ook een SCN5A-regulerende rol speelt. Er zijn geen mutaties
in GPD1L gevonden, wat waarschijnlijk betekent dat mutaties in dit gen geen grote spelen bij
BrS in Nederland. Ook zijn geen mutaties in de kandidaatgenen of grote deleties/inserties in
SCN5A gevonden in deze patiënten. Dit suggereert dat andere (nog niet bekende) genen een rol
kunnen spelen bij het ontstaan van BrS.
Het lange QT-interval syndroom (LQTS) is een ziekte die zich uit door verlenging van het QTinterval op het ECG, waardoor gemakkelijk ritmestoornissen kunnen ontstaan die kunnen leiden
tot wegrakingen en/of terugkerende syncopes en plotseling overlijden. Tot nu toe zijn
twaalf genen geassocieerd met LQTS, waaronder het kaliumkanaal coderende gen KCNH2. In
ongeveer 70% van de LQTS patiënten is een mutatie aangetoond in een van deze genen. In
hoofdstuk 8 wordt voor het eerst een 3.7 kb duplicatie in KCNH2 in een familie met LQTS
beschreven. Zulke grote duplicaties of inserties/deleties van meerdere exonen kunnen met de
huidige niet-kwantitatieve exon-screening methoden niet aangetoond worden. In dit geval is
gebruik gemaakt van Multiplex-Ligation dependent Probe Amplification (MLPA), een nieuwe
kwantitatieve techniek om het aantal kopieën van een exon vast te stellen. Diagnostische
mutatiedetectie in LQTS patiënten moet in de toekomst wellicht uitgebreid worden met MLPA
analyse, om mutaties te vinden in de resterende 30% van mutatie-negatieve LQTS patiënten.
Concluderend, hoewel de laatste jaren veel vooruitgang is geboekt wat betreft het begrijpen
van de genetische mechanismen die kunnen leiden tot primaire hartritmestoornissen, blijft
onderzoek erg belangrijk om alle genetische mechanismen te ontrafelen. Hopelijk kunnen in de
toekomst patiënten preventief opgespoord en behandeld worden, waardoor het risico om
plotseling te overlijden verminderd wordt.
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